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A B S T R A C T

Salmonella enterica serovar Mbandaka, a prevalent foodborne pathogen, poses a threat to public health but re-
mains poorly understood. We have determined the phylogenomic tree, genetic diversity, virulence, and anti-
microbial resistance (AMR) profiles on a large genomic scale to elucidate the evolutionary dynamics within the 
Mbandaka pan-genome. The polyphyletic nature of this serovar is characterized by two distinct phylogenetic 
groups and inter-serovar recombination boundaries, that potentially arising from recombination events at the 
H2-antigen loci. The open pan-genome exhibited a flexible gene repertoire, with numerous cloud gene families 
involved in virulence and AMR. Extensive gene gain and loss observed at the terminal nodes of the phylogenetic 
tree indicate that Mbandaka individuals have undergone frequent gene turnover. The resulting changes in 
virulence and AMR genes potentially pose emerging threats to public health. We explored serovar conversion due 
to recombination of H-antigen loci, inter-serovar divergences in gene gain and loss, prophage-mediated acqui-
sition of virulence factors, and the role of incompatibility group plasmids in acquiring resistance determinants as 
key molecular mechanisms driving the pathogenicity and antibiotic resistance of Mbandaka. Our work con-
tributes to a comprehensive understanding of the complex mechanisms of pathogenesis and the ongoing 
evolutionary arms race with current therapeutic approaches in serovar Mbandaka.

1. Introduction

After diverging from a common ancestor with Escherichia coli, Sal-
monella has evolved into an invasive pathogen that causes foodborne 
diseases in both cold- and warm-blooded animals, including humans 
(Schaechter and Group, 2004; Kamali et al., 2024). Serological-based 
subdivisions are determined by somatic O antigens and flagellin H an-
tigens (phase-1 and phase-2 flagellin), as identified through reactions 

with specific antisera. According to the White-Kauffmann-Le Minor 
serotyping scheme, Salmonella enterica is divided into over 2600 sero-
vars, with 1500 belonging to Salmonella enterica subsp. enterica 
(Valizadeh et al., 2022). Serotyping has traditionally been the basis for 
surveillance of Salmonella due to its wide application in classification, 
identification, and epidemiological investigation. Serovars have been 
shown to correlate with host range and pathogenesis; however, varia-
tions in host specificity and/or virulence within a single serovar 
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necessitate further genetical subdivision. In particular, some serovars 
are polyphyletic, deriving from multiple independent ancestors (Alikhan 
et al., 2018). For example, the serovar Paratyphi B, known to be poly-
phyletic, can cause diseases that range from self-limiting gastroenteritis 
to severe systemic infections with differentiated host susceptibility 
(Pinna et al., 2016). Thus, subtyping and subsequent clustering of 
polyphyletic serovar isolates with different genotypes and phenotypes 
are essential for successful investigation and epidemic tracing. However, 
many polyphyletic serovars await systematically analysis based on 
extensive genomic data.

Serovar Mbandaka was first isolated from a human salmonellosis 
case in the Belgian Congo in 1948, with an antigenic formula of ‘6,7,14: 
z10:e,n,z15’ (Hoszowski et al., 2016). In recent years, Mbandaka has 
emerged as a common cause of salmonellosis outbreaks. In Europe, it is 
currently classified as one of the top ten serovars responsible for human 
salmonellosis and ranks fifth among the most frequently isolated sero-
vars from cattle and poultry (Hoszowski et al., 2016) (“The European 
Union Summary Report on Trends and Sources of Zoonoses, Zoonotic 
Agents and Food-Borne Outbreaks in 2011 Has Been Published.,” 2013). 
It is also prevalent in various other settings, including poultry feeds, 
foods (such as dairy products, fish and seafood, cereals, vegetables and 
fruits, pastries and sweets), and the environment (Hoszowski et al., 
2016). Additionally, the United States Centers for Disease Control (CDC) 
has repeatedly reported Mbandaka as being associated with multistate 
outbreaks (Keaton et al., 2022). The widespread dissemination of the 
Mbandaka serovar in poultry farms and hospitals in China has been 
observed recently (Yan et al., 2021) (Li et al., 2020). Furthermore, the 
emergence of multidrug resistant strains of Mbandaka in various coun-
tries poses an increasing threat to human health (Li et al., 2020) (Ma 
et al., 2023). Given the ongoing threat of virulence and AMR to public 
health and food safety, there is a growing focus on genomic insights into 
this serovar (Hayward et al., 2013). The rapid increase in genome data 
has intensified efforts to understand the phylogeny, host adaptation, 
pathogenesis, and AMR profiles of Mbandaka (Brockhurst et al., 2019) 
(Hosseini et al., 2024). In a previous genomic survey, Antony et al. 
characterized the population structure, AMR, and virulence profiles of 
Mbandaka using over 400 genomes (Antony et al., 2020). Recent studies 
have revealed the genetic characteristics of the global prevalent 
sequence type 413 (ST413) of Mbandaka, including its multidrug 
resistance, conserved virulence, and bovine-related host adaptation (De 
Sousa Violante et al., 2023) (Benevides et al., 2024). Although Mban-
daka has been the subject of several comparative studies, its 
inter-serovar phylogenetic relatedness, evolutionary dynamics, and ge-
netic profiles of pathogenesis and AMR remain incompletely understood 
at the broad genomic level. Gains and losses of genes are major forces 
driving the evolution of virulence and antimicrobial resistance (AMR) in 
Salmonella (Porwollik and McClelland, 2003). Pan-genome analyses 
have proved powerful for characterizing genetic diversity and evolu-
tionary dynamics in a certain pathogen, particularly the genetic in-
novations contributing to emerging virulence and AMR (Yin et al., 2022, 
2024).

This would provide a novel, global overview that can be used to 
investigate serovar Mbandaka. In this study, we collected 1452 high- 
quality Mbandaka genomes to construct a phylogenomic overview 
that reveals the accurate genetic relatedness among Mbandaka strains. 
The work investigates the presence of inter-serovar recombination 
boundaries and explores how strains from multiple independent ances-
tors are carrying this serovar. Genetic diversity and evolutionary dy-
namics across serovars were characterized through pan-genome and 
gene gain and loss analyses. Virulence and antimicrobial resistance- 
related genetic profiles were also assessed.

2. Materials and methods

2.1. Isolation and genome sequencing

A Salmonella strain, KNP01, was isolated from the faecal sample of a 
healthy carrier at a public institution in Fuzhou, Fujian Province, China, 
in 2000. The isolate was serotyped using an agglutination assay with 
anti-serum obtained from the Chengdu Institute of Biological Products 
(CDIBP, China). The isolate was cultivated in Luria-Bertani broth at 
37 ◦C for 12 h. Single colonies were inoculated into the LB medium and 
cultivated at 37 ◦C for 18 h. Antimicrobial susceptibility testing of strain 
KNP01 was performed by broth microdilution using dehydrated panels 
AST-N334 and AST-N335 (Biomerieux, Vitek2) according to standard 
protocols. The interpretative criteria were from the Clinical and Labo-
ratory Standards Institute (CLSI) document M100-28th edition (Wayne, 
n.d.).

The genomic DNA of KNP01 was extracted from overnight cultures 
grown at 37 ◦C in Luria–Bertani broth under 180 rpm shaking conditions 
by using a TIANamp bacteria DNA kit (Tiangen Biotech, China) ac-
cording to the manufacturer’s protocol. The Qubit Broad Range assay kit 
(Invitrogen, United States) was used for quantification. Qualified 
genomic DNA was sequenced using the PacBio Sequel platform (SMRT 
sequencing) and Illumina NovaSeq 6000 sequencer (PE150 with 2 ×
150-bp paired-end reads). A hybrid assembly was preformed that com-
bined high quality Illumina short reads and filled in the gaps with PacBio 
long reads. Continuous PacBio long reads were used for de novo as-
sembly using Falcon v0.3.0 (Chin et al., 2016). Raw data from the 
Illumina platform were filtered using FASTP v0.20.0 (S. Chen et al., 
2018) according to the following standards: 1) remove reads with ≥10% 
unidentified nucleotides (N); 2) remove reads with ≥50 % bases with 
Phred quality scores ≤20; 3) remove reads aligned to the barcode 
adapter. After filtering, the resulting clean reads were used to correct the 
genome sequences to improve the quality of the assembly and to 
determine the final genome sequences using Pilon v1.23 (Walker et al., 
2014). A segment of sequence was taken from the end and the beginning 
of the assembly, the two segments were spliced together, and the orig-
inal sequencing reads were compared to the assembly to determine if the 
sequence looped or not, i.e., if there were gaps at the end. The KNP01 
genome has been deposited in the National Center for Biotechnology 
Information (NCBI) RefSeq database (Accession number: CP113364.1). 
It was estimated to have 100.0% completeness with 0.08% contamina-
tion using checkM v1.0.13 software (Parks et al., 2015). The online 
interface of Type Strain Genome Server (TYGS) was utilized for accu-
rate, genome-based taxonomy (Meier-Kolthoff and Göker, 2019). 
Functional assignment of the Clusters of Orthologous Genes (COG) was 
conducted using the eggNOG-mapper 2.1.9 software (Huerta-Cepas 
et al., 2017).

2.2. Genome collection and filtering

A search for public genome data of serovar Mbandaka was conducted 
on the online interface of the EnteroBase Salmonella Database (https 
://enterobase.warwick.ac.uk/species/index/senterica) (Alikhan et al., 
2018) using “Mbandaka” as the keyword and filtering for coverage 
≥100. All genomes collected were downloaded on June 21, 2023. 
Serotyping of these genomes was verified using both SeqSero v2.0 
(Zhang et al., 2019) and SISTR v1.1.1 (Yoshida et al., 2016). Only strains 
with consistent serotyping results across both software tools were 
retained. Multilocus sequence typing (MLST: Achtman 7 Genes) were 
conducted using the mlst v2.23.0 software (https://github.com/tsee 
mann/mlst). In total, 1449 genomes were collected for subsequent an-
alyses. Additionally, 83 high-quality reference genomes of S. enterica 
were collected, which together represent 48 serovars and 71 MLST 
profiles (Cherchame et al., 2022). The final dataset for S. enterica (n =
1533) included the newly sequenced KNP01 genome, 83 high-quality 
reference genomes (including two Mbandaka genomes, CP019183.1 
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and CP022489.1) from the NCBI GenBank database, and 1449 Mban-
daka genomes from the EnteroBase database (Table S1).

2.3. Pan-genome and phylogenetic analysis

Unified gene finding and re-annotation of all genomes were con-
ducted using Prokka v1.14.5 software (Seemann, 2014). The resulting 
GFF files were analyzed with Panaroo v 1.3.4 using the default settings 
to determine orthologous groups of gene families within the 
pan-genome (Tonkin-Hill et al., 2020). Single-nucleotide poly-
morphisms (SNPs) from 1438 single-copy core gene families were 
extracted based on protein accession numbers and aligned using MAFFT 
v7.508 software (Katoh et al., 2019). To avoid phylogenetic confusion, 
we identified and excluded potential recombinational regions from the 
SNP set using ClonalFrameML v1.12 software (Didelot and Wilson, 
2015). The final set of SNPs was analyzed using the maximum-likelihood 
(ML) method in IQ-TREE v 2.2.5 with the general time reversible (GTR) 
model and 1000 bootstrap replicates (Minh et al., 2020). Pairwise SNP 
distances were calculated using snp-dists v0.8.2 (https://github.com/ 
tseemann/snp-dists). For the phylogenetic analysis of O-, H1-, and 
H2-antigens, core genes were extracted from the corresponding gene 
clusters within the serogroup C1 reference genomes (Yin et al., 2020). 
The extracted sequences were aligned using MAFFT v7.508 (Katoh and 
Standley, 2013), and phylogenetic trees were generated using MEGA 
v11 with the GTR model and 100 bootstrap replicates (Tamura et al., 
2021).

2.4. Distinguishing recombination boundaries

To delineate recombination boundaries based on the capacity for 
gene exchange, as suggested by the Biological Species Concept (BSC), we 
measured the ratio of homoplasies/recombinations (h: those not verti-
cally inherited from a common ancestor) to non-homoplasies/mutations 
(m: those due to new or vertically inherited mutations) using Con-
SpeciFix v1.3.0 (Bobay et al., 2018). To expedite the computational 
processing, these genomes were dereplicated using a 99.9% average 
nucleotide identity (ANI) cutoff using dRep v3.5.0 (Olm et al., 2017) 
with parameters (-pa 0.95 -sa 0.999 -cm larger). The dereplicated ge-
nomes subsequently served as input for ConSpeciFix. To assess popula-
tion membership, we calculated the h/m ratios for the genome sets of 
Mbandaka-A (dereplicated genomes) and Mbandaka-A + -B 
(CP019183.1). When recombination boundaries are present between 
Mbandaka-A and Mbandaka-B, polymorphisms confined to the 
non-recombining genome(s) reduce the h/m ratios. The plots may show 
a sharp reduction in the h/m ratios, representing subsample iterations 
with and without the non-recombining genome(s), respectively.

2.5. Comparative genomic analysis

Mobile genetic elements (MGEs) were predicted using the online 
interface of VRprofile2 (Wang et al., 2022). The prophages were iden-
tified using the online interface of the PHAge search tool - Enhanced 
Release (PHASTER) (Wishart et al., 2023). The fastANI v1.33 (Jain et al., 
2018) was used to calculate the average nucleotide identity (ANI) 
values. The Deeplasmid tool was used for distinguishing plasmids from 
assembled contigs or scaffolds (Andreopoulos et al., 2022). Plasmid-
Finder v.2.0 (Center for Genomic Epidemiology) was employed for 
screening plasmid replicons. AMR phenotype prediction were carried 
out using ResFinder v4.3.1 (Bortolaia et al., 2020), with a cutoff at 80% 
nucleotide identity and 60% nucleotide coverage. AMR genes were 
detected using Abricate v1.0.1 (https://github.com/tseemann/abricate) 
with the Comprehensive Antibiotic Resistance Database (CARD) v3.1.2 
(Alcock et al., 2020).

2.6. Statistical analysis

The statistical analyses of homologous gene or gene clusters related 
to SPI-1 to SPI-22, prophages, fimbrial operons, and effectors were 
performed using the LS-BSR tool with default parameters (Sahl et al., 
2014). The statistical analyses of pangenome comparisons were deter-
minated using Panstripe v0.3.0 (Tonkin-Hill et al., 2023), which em-
ploys interaction terms to compare the relationship of the covariates 
with gene gain and loss between subgroup A and B pangenomes. A 
significant P-value for the “tip” term indicates that there is a different 
rate of gene exchange at the tips of the phylogeny compared to the in-
ternal branches. A significant p-value for the “core” term indicates that 
there is a significant association between the branch length of the core 
genome and the number of gene exchange events.

3. Results and discussion

3.1. Isolation and whole-genome sequencing of a human isolate

In this study, the strain KNP01 was isolated from the faecal sample of 
a public health staff member (a healthy carrier) in Fuzhou, Fujian 
Province, China, in 2000. Antimicrobial susceptibility testing showed 
that KNP01 was resistant to piperacillin and tetracycline, yet susceptible 
to other antibiotics tested (Table S2). The complete genome of KNP01 
comprised one circular chromosome with no plasmid detected. It con-
sists of 4,756,748 base pairs (bp) with a guanine-cytosine (GC) content 
of 52.2%, 4493 coding sequences (CDSs), 22 ribosomal RNA (rRNA) 
genes, and 84 transfer RNA (tRNA) genes (Fig. 1A). A total of 2927 
(65.1%) CDSs were classified into COG categories (Fig. S1A). The 
genome-based taxonomic analysis using the TYGS assigned strain 
KNP01 to S. enterica subsp. enterica (Fig. S1B). In silico serovar prediction 
identified KNP01 as serovar Mbandaka with the antigenic formula ‘7: 
z10:e,n,z15’ and ‘6,7,14:z10:e,n,z15’. The MLST (Achtman 7 Gene) 
profile of KNP01 was assigned as ST413 (dnaN: 70; aroC: 15; hisD: 78; 
sucA: 6; purE: 113; thrA: 68; hemD: 93), also corresponding to serovar 
Mbandaka. Although at least two thousand Mbandaka genomes are 
available as of June 21, 2023, only 17 complete genomes are present. 
Thus, unveiling the complete genome of the human isolate KNP01 could 
broaden our understanding of the genomic diversity within this serovar.

3.2. General information of serovar Mbandaka genomes

To deepen our understanding of the genomic features contributing to 
the foodborne illness and the spread of serovar Mbandaka, we collected 
1452 serovar-checked genomes, including the KNP01 genome, two 
reference complete genomes (CP019183.1 and CP022489.1) from the 
NCBI GenBank database, and 1449 genomes from the EnteroBase 
database. The average genome size for serovar Mbandaka was 4778.7 ±
93.1 kb, containing 4470.6 ± 103.9 protein-coding genes. The genomes 
exhibited a minor variation in GC content (52.1 ± 0.1%) (Fig. 1B). In 
terms of the MLST (Achtman 7 Gene) profile, ST413 was the most 
prevalent sequence type (n = 1370; 94.4%), followed by ST1602 (n =
44; 3.0%), aligning with previous studies (Fig. S2A) (Antony et al., 
2020) (De Sousa Violante et al., 2023). Compared to the report by 
Antony et al., which identified ST2238, ST2404, and ST2444 (Antony 
et al., 2020), our collection displayed greater STs diversity, encom-
passing additional STs such as ST1611, T2141, ST3016, ST3760, 
ST4754, ST6107, ST8708, ST9156, ST9414, and ST10539. These rare 
types were found in less than ten genomes each. The genome data of 
these diverse STs may facilitate an understanding of the genomic di-
versity of serovar Mbandaka. Over half of the isolates within this serovar 
were sourced from host-associated sources, with 419 (28.9%) from 
“Human” and 343 (23.6%) from “Animal” (Fig. S2B). Indeed, this 
serovar is widely recognized as a common causative agent of salmo-
nellosis outbreaks in humans and poultry globally, especially within the 
European Union (Cheng et al., 2019) (Benevides et al., 2024). It is also 
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noteworthy that 221 (15.2%) and 113 (7.8%) were isolated from the 
“Environment” and “Food”, respectively, suggesting that Mbandaka is 
frequently excreted by livestock into the environment (Achtman et al., 
2020).

3.3. Phylogenomic analysis revealed the polyphyletic nature of serovar 
Mbandaka and intra-serovar recombination boundaries

To further investigate the genetic relatedness among Mbandaka 
members, we integrated these genomes with 81 reference genomes from 
other S. enterica serovars, creating a dataset of 1533 genomes for phy-
logenomic analysis. A ML phylogeny was constructed based on SNPs 
from the 1438 single-copy core gene families shared by all 1533 ge-
nomes. As shown in Fig. 1C, the topology of the core genome tree aligns 
with previous studies (Timme et al., 2013) (Worley et al., 2018), 
showing subsp. enterica deeply diverging from other subspecies into 
primary clades A and B. The Mbandaka members were categorized into 
two distinct evolutionary clades, Mbandaka-A and -B, both nested 
within primary clade A. Nearly all members grouped together to form a 
monophyletic clade (Mbandaka-A), positioned on a long primary branch 
adjacent to the members of serovars Kentucky and Senftenberg (Fig. 1C). 
Most genomes within Mbandaka-A clustered tightly with very short 
branch lengths, indicating minimal genetic diversity (Fig. S3). For the 
Mbandaka-B clade, a single strain (ATCC 51958) with the ST3016 MLST 
profile formed a deep clade near the members of serovars Indiana, Cerro, 
Typhi (Fig. 1C). These results underscore the polyphyletic nature of 
Mbandaka and clearly indicate that strains carrying this serovar do not 
share a recent common ancestor. This finding aligns with a previous 
phylogenetic analysis of S. enterica that identified polyphyletic nature in 
Mbandaka (Cherchame et al., 2022), even though this was not observed 
in several comparative genomic analyses (Antony et al., 2020; De Sousa 

Violante et al., 2023; Benevides et al., 2024).
A polyphyletic serovar, originating from multiple independent an-

cestors, may confound epidemiological investigations, as serotyping 
cannot accurately reflect the genetic differentiation among these strains 
(Alikhan et al., 2018) (Pinna et al., 2016). The BSC defines species 
boundaries based on reproductive isolation and the potential for gene 
exchange. Cobo-Simón et al. have shown that Salmonella serovars, while 
strictly clonal, experience sufficient levels of homologous recombination 
to establish species barriers, even amidst high nucleotide identity 
(Cobo-Simón et al., 2023). To determine whether recombination 
boundaries (as per the BSC) exist, we assessed the extent of homologous 
recombination within and between the Mbandaka clades using Con-
SpeciFix (Bobay et al., 2018). The ratio of homoplasies/recombinations 
(h) to non-homoplasies/mutations (m) polymorphisms across the entire 
set of core genes was calculated. Mbandaka-A displayed high h/m values 
(0.039 ± 0.017), suggesting prevalent recombination among its ge-
nomes. However, adding the ATCC 51958 genome, which represents 
Mbandaka-B, to the Mbandaka-A dataset significantly reduced the h/m 
values (0.009 ± 0.012) (Fig. 2A), indicating reproductive isolation be-
tween the Mbandaka-A and -B lineages and suggesting they should be 
regarded as distinct biological lineages. These findings indicate that 
recombination barriers exist between the polyphyletic lineages, even 
with a high degree of nucleotide identity and the same antigenic 
formula.

3.4. The polyphyletic nature of serovar Mbandaka appears to result from 
recombination events at the H2-antigen loci

Previous studies have suggested that the common serovars across 
distinct phylogenetic lineages may result from recombination at the 
genetic loci responsible for the serotype formula (O-, H1-, and H2- 

Fig. 1. A. Circular representation of the KNP01 genome. B. General genomic characteristics of 1452 Mbandaka genomes. The box plots illustrate the distribution of 
genome sizes (bp), the number of CDS, and GC content, respectively. C. Core genome phylogeny of S. enterica. The maximum likelihood (ML) tree was constructed 
based on single-nucleotide polymorphisms (SNPs) across 1438 single-copy core gene families shared by 1533 S. enterica genomes.
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antigen) (Pinna et al., 2016) (Yin et al., 2020). To explore the cause of 
the polyphyletic nature of serovar Mbandaka, we constructed phylog-
enies for the O-, H1-, and H2-antigen of Mbandaka-A, -B, and other C1 
serovars, utilizing reference genomes (Fig. 2B). A striking similarity was 
observed in the topology of the O-antigen tree when compared with the 
core genome tree, while Mbandaka-A and -B demonstrated low relat-
edness in genetic aspects, implying a distinct evolutionary history for the 
O-antigen. High homology and a similar organizational structure were 

observed in the O-antigen loci and surrounding regions of Mbandaka-A 
and -B (Fig. 2C), suggesting that the O-antigen gene cluster shares an 
evolutionary history with the core genome. In contrast, Mbandaka-A 
and -B were found to cluster together in the H1- and H2-antigen trees, 
indicating common flagella loci (Fig. 2B). In the H1-antigen phylogeny, 
each individual clade of serovars exhibited relatively short branch 
lengths, except for two primary clades. The H1-antigen loci and sur-
rounding regions of Mbandaka-A and -B also exhibited nearly identical 

Fig. 2. A. ConSpeciFix output graphs display the homoplasies (h) and mutations (m) ratios for Mbandaka-A genomes (top) and for groups of Mbandaka genomes 
including the Mbandaka-B genome (bottom). For each subsample size of genomes on the X-axis, black dots represent the median h/m ratio, with grey areas indicating 
the standard deviation. Dashed and dotted lines indicate average and maximal h/m ratios, respectively. B. Phylogenetic analysis of O-, H1- and H2-antigens. ML trees 
were generated based on the nucleotide sequences of core genes within O-, H1- and H2-antigen loci of the reference genomes that belong to serogroup C1. The 
primary node values of the trees are the bootstrap values (100 replicates). C. Comparisons of the genetic organization of O-, H1- and H2-antigen loci between the 
Mbandaka-A (CP113364.1) and -B (CP019183.1) reference genomes. Genes are denoted by arrows and colored based on their functional classification, with grey 
shading indicating homologous regions.
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homology and an identical organizational structure (Fig. 2C). Mean-
while, no significant rearrangements or MGEs were observed. Therefore, 
the common H1-antigen with limited diversity may be due to selective 
pressures rather than recombination events. In the case of the 
H2-antigen, several insertion sequences (ISs) were found flanking the 
corresponding loci in both Mbandaka-A and -B (Fig. 2C). Additionally, 
the H2-antigen locus of Mbandaka-B (ATCC 51958) was found near a 
prophage region, designated as PHAGE_Salmon_Fels_2 (Fig. S4). Yates 
et al. recently reported that H2-antigen loci are located at the end of 
prophage regions, such as Salmon_SEN_8 and Salmon_Fels_2, in several 
serovars, suggesting horizontal transfer of this locus or integration of 
these prophages adjacent to fljB (Yates et al., 2024). Thus, the lack of 
diversity within the H2-antigen and the polyphyletic nature of Mban-
daka may be attributed to recombination events at the H2-antigen loci, 
potentially mediated by MGEs.

Additionally, in this study, Mbandaka-B was a singleton, with no 
close relatives identified. However, two other strains, EA4368AA and 
WA9982AA, which were excluded from our collection due to low 
genome quality, share the same ST (ST3016) and are recorded in the 
EnteroBase database with the Mbandaka serovar. This suggests that 
Mbandaka-B is not merely a consequence of a sequencing or serotyping 
error. Distant evolutionary groups within polyphyletic serovars have 
been associated with divergences in pathogenesis, adaptation, and 
epidemicity (Pinna et al., 2016) (Sangal et al., 2010). Future studies 
should focus on the phenotypic differences corresponding to the two 
groups. Exploring virulence-related targets and quantifying key genomic 
differences between the two groups could provide a foundation for 
developing simple and rapid tests for clinical investigation and epidemic 
surveillance. Accordingly, it is essential to collect more diverse 
Mbandaka-B isolates, such as those belonging to ST3016, and to analyze 

Fig. 3. A. Core genome phylogeny of Mbandaka-A. The ML tree was constructed based on SNPs across 2255 single-copy core gene families shared by 1451 
Mbandaka-A genomes. The pie charts represent the percentage of isolation sources for members in subgroups A, B, and C, respectively. B. Pan-genome analysis of the 
Mbandaka-A genomes identified 12,845 gene families, with 3432 genes (29%) classified as core genes, present in ≥99% of the genomes. C. The accumulation curve of 
accessory genome size in the Mbandaka-A pan-genome inferred using Panaroo. The X-axis represents the number of genomes, while the Y-axis represents the number 
of genes. D. The accumulation curves of accessory genome size in the pan-genomes of subgroups A and B (Mbandaka-A). E. The cumulative number of gene gain and 
loss events versus the cumulative branch length starting from the root node of subgroups A and B in the Mbandaka-A core genome tree. F. Core genome phylogeny of 
Mbandaka-A with branches colored based on the number of gene gain and loss events inferred by maximum parsimony.
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their genomic data for future research.

3.5. Phylogenomic analysis of Mbandaka-A demonstrated little diversity

Given that the representation of the vast majority of members, sub-
sequent phylogenetic and pan-genomic analyses focused on Mbandaka- 
A. The core genome tree revealed that Mbandaka-A members formed a 
tight group with short branches (Fig. 3A). The majority of members were 
divided into three subgroups and six singletons, with the main branches 
between subgroups also being relatively short. Subgroups A and B rep-
resented two major subclades, comprising 553 and 860 strains, respec-
tively, while subgroup C comprised 32 strains. The pairwise SNPs 
differences within the core gene families among Mbandaka-A members 
did not exceed 1345, with a mean of 39.6 ± 46.3. Members within 
subgroups A and B showed a mean SNP difference of 41.3 ± 17.4 and 
29.3 ± 15.7 SNPs, respectively. The pairwise SNP difference between 
subgroups A and B was also small, averaging 42.8 ± 16.1. Additionally, 
Mbandaka-A members shared high whole-genome ANI values, 
exceeding 99.5%. The ANI values from comparisons between subgroups 
A and B were all above 99.9%. The ANI values between the subgroup A 
and B members were also greater than 99.9%. These results indicated 
that there were relatively little genetic divergences among most mem-
bers of Mbandaka-A, even between subgroups.

In terms of isolation sources, the constituent strains of subgroups A 
and B showed a similar distribution patterns across “Food”, “Environ-
ment”, “Unknown” and host-associated sources (Fig. 3A). Within the 
host-associated sources, subgroup A members were more frequently 
isolated from “Animal”-related samples (subgroup A: n = 285; 33.1%; 
subgroup B: n = 45; 8.1%). In contrast, subgroup B showed a closer 
association with “Human”-related sources (subgroup B: n = 247; 44.7%; 
subgroup A: n = 167; 19.4%).

3.6. Pan-genome architecture of Mbandaka-A represented by cloud gene 
families

The emergence of pathogenic strains is primarily attributed to ge-
netic innovation, particularly the acquisition of virulence and AMR 
genes through horizontal gene transfer (HGT) (Balasubramanian et al., 
2022). Pan-genome analysis is a powerful approach for elucidating the 
potential genetic innovations within a bacterial species (Yin et al., 2019) 
(Yuan et al., 2020). The pan-genome analysis of Mbandaka-A revealed a 
pan-genome comprising 12,845 homologous gene families, including 
3432 core, 726 soft-core, 511 shell, and 8176 cloud gene families 
(Fig. 3B). Cloud gene families, found in ≤15% of the analyzed genomes, 
made up the majority (63.7%) of the Mbandaka-A pan-genome. As more 
genomes are analyzed, the accessory size of the pan-genome shows a 
clear, linear upward trend (Fig. 3C), suggesting that Mbandaka-A pos-
sesses a gene pool capable of continuously acquiring exogenous genetic 
elements and has the potential to discover additional genes as new 
genomic sequences become available. Cloud gene families, associated 
with HGT, typically confer selective advantages to bacteria, such as 
niche adaptation, antibiotic resistance, and pathogenicity (Tettelin 
et al., 2008; Vernikos et al., 2015). Considering that Salmonella patho-
genicity is largely due to the acquisition of more virulence factors 
(Worley et al., 2018) (Cobo-Simón et al., 2023), the flexibility of the 
Mbandaka-A pan-genome likely results in a diverse virulence gene 
repertoire, driven by the prevalence of horizontally acquired genes.

The generalist ecological lifestyle of the microbe is facilitated by a 
diverse accessory genome, shaped by gene gain and loss, and has 
important implications for the evolution of virulence and antibiotic 
resistance (Tonkin-Hill et al., 2023; Gladstone et al., 2021). We esti-
mated the evolutionary dynamics of Mbandaka-A by estimating the rates 
of gene gain and loss within the Mbandaka-A pan-genome, using the 
core genome phylogeny and gene presence/absence matrices. The in-
tensity of gene gain/loss, as mapped onto the phylogenetic tree, showed 
that Mbandaka-A experienced extensive gene gain/loss at its terminal 

nodes relative to its internal nodes (Fig. S5A). This suggests that the 
individuals have undergone frequent gene turnover, potentially ac-
counting for the predominance of cloud gene families in the 
Mbandaka-A pan-genome.

3.7. The divergences in several characteristics between the subgroup A 
and B pan-genomes

For the major subgroups within Mbandaka-A, we constructed and 
compared the pan-genomes of subgroups A and B. Subgroup A pan- 
genome comprised 10,582 gene families, with 3779 (35.7%) core, 438 
(4.1%) soft-core, 392 (3.7%) shell, and 5973 (56.4%) cloud gene fam-
ilies (Fig. 3C). For subgroup B, the pan-genome included 9088 gene 
families, consisting of 4066 (44.7%) core, 76 (0.8%) soft-core, 622 
(6.8%) shell, and 4324 (47.6%) cloud gene families (Fig. S5B). Subgroup 
A had a larger pan-genome, attributed to a higher presence of cloud gene 
families. Furthermore, the upward trend of the pan-genome accumula-
tion curve for subgroup A is steeper than that for subgroup B (Fig. 3D), 
indicating that greater accessory genome diversity in subgroup A. The 
pan-genome accumulation curve reflects the underlying population 
structure of the datasets; thus, the differences are likely driven by 
sampling biases, given that subgroup A encompasses a more diverse set 
of genomes from various poultry sources.

To further identify differences in pan-genome dynamics between 
subgroups A and B, we estimated the rates of gene gain and loss for the 
subgroup A and B nodes in the Mbandaka-A core genome tree using 
Panstripe. Subgroup A and B nodes exhibited similar rates of gene ex-
change, with a P-value of 0.659 for the “core” term in Panstripe output. 
However, the terminal nodes of subgroup B displayed a higher rate of 
gene exchange compared to those of subgroup A (P = 0.0264 for the 
“tip” term in Panstripe output) (Fig. 3E and F), suggesting that the 
number of genes involved in each gain and loss event in the tips of the 
phylogeny differs significantly between the two subgroups. This is 
typically attributed to variations in the gain and loss of highly mobile 
elements, which may not persist long enough to appear across multiple 
genomes (Tonkin-Hill et al., 2023). Subgroup B members were more 
closely associated with “Human”-related source, suggesting that the 
higher rate of gene exchange may reflect additional selection pressures 
within the human environment. It is evident that S. enterica, as an 
enteropathogen, can form persisters that survive antibiotic therapy in 
various host tissue and act as long-lived reservoirs of plasmid donors or 
recipients, facilitating the dissemination of promiscuous AMR plasmids 
in the gut (Bakkeren et al., 2019). Furthermore, the dynamics of gene 
gain and loss suggest that the more open pan-genome diversity of sub-
group B is indicative of greater underlying population structure diversity 
and potential sampling bias within its genome dataset.

Overall, while small differences in SNP distances were observed 
between the subgroups A and B datasets, several divergences in pan- 
genome characteristics were noted, indicating distinct evolutionary 
dynamics within the accessory genomes of the two subgroups.

3.8. Virulence-related genotypic profile in Mbandaka shows a similar 
gene repertoire, but mobile virulence-related elements mediated by HGT 
cannot be ignored

In this study, we identified and characterized potential virulence- 
related genetic elements in the Mbandaka genomes, including Salmo-
nella pathogenicity islands (SPIs), prophages, fimbrial operons, and type 
III secretion system (T3SS) effectors. Virulence factors encoded by SPI 
genes are believed to manipulate host cellular mechanisms and influ-
ence the host specificity of different S. enterica serovars (Eswarappa 
et al., 2008). The majority of Mbandaka genomes contained intact SPI-1 
to − 6, SPI-9, SPI-11, and two copies of SPI-12, which represent the core 
genome (Fig. 4). The intact SPI-13 and SPI-14 was detected in only one 
genome (SAL_JB2167AA_AA). The detection of SPI-1, SPI-2, SPI-4, 
SPI-5, SPI-13, and SPI-14 is consistent with the results of Antony et al. 
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(2020). SPI-3, SPI-6, SPI-9, SPI-11, and SPI-12 are in agreement with a 
previous comparative genomic analysis of two Mbandaka strains 
(Hayward et al., 2013). The intact SPI-18 was identified in Mbandaka-B, 
while no such detection was made in any Mbandaka-A members.

Prophages have been reported to influence the metabolic, virulence, 
and resistance characteristics of Salmonella (Yates et al., 2024). Incom-
plete Fels-2 and SopE Phi prophages were sporadically found in more 
than half of the Mbandaka genomes, indicating that these mobile ele-
ments are actively integrated in Mbandaka. The Fels-2 prophage carries 
the AMR gene sdiA, which encodes an antibiotic efflux pump, and plays a 
crucial role in the evolution of Salmonella surface antigens by facilitating 
the horizontal acquisition of the H2-antigen locus (Yates et al., 2024). 
The P2-like prophage SopE Phi carries the effector-coding gene sopE, 
which encodes a guanine nucleotide exchange factor that modulates 
host responses (Mirold et al., 2001). Furthermore, we identified eight 
fimbrial operons that are present in all Mbandaka-A genomes, including 
bcf, csg, fim, stb, std, ste, sth, and tcf (Fig. 4). The saf and stc operons were 
found in only one strain (JB2167AA), suggesting an individual HGT 
event. In contrast, in addition to also containing common bcf, csg fim, 
and ste, the Mbandaka-B genome uniquely contained stc, but stb and tcf 
were not detected.

SPI-1 and -2, as core components of the Mbandaka-A pan-genome, 
encode two T3SSs responsible for transporting a panel of effectors across 
bacterial and host cell membranes, facilitating bacterial entry and sur-
vival within host cells (e.g., intestinal epithelial cells and macrophages) 
(Sabbagh et al., 2010). In this study, we examined 41 effector-coding 
genes in the Mbandaka pan-genome, as previously reported in a 
comprehensive comparative genomic analysis of S. enterica (Yin et al., 
2020). A total of 40 effector-coding genes were identified in the 
Mbandaka genomes, except for the absence of gtgA (Fig. 4). The majority 
(29 out of 40) were present as core components in the Mbandaka-A 
pan-genome. In contrast, the remaining sopE, gogB, gtgE, spvC, spvD, 

sspH1, spvB, sseI, and sseK3 were sporadically found in ≤15% of the 
Mbandaka genomes, representing cloud gene families. These mobile 
effector-coding genes may be attribute to potential HGT events and are 
known to be associated with various mobile elements (Boyd et al., 
2012). In addition to the previously mentioned sopE within the SopE Phi 
prophage, gogB, encoding anti-inflammatory effector, is located on the 
Gifsy-1 prophage (Coombes et al., 2005); gtgE and sspH1 contribute to 
the full virulence of S. Typhimurium through the Gifsy-2 prophage (Ho 
et al., 2002; Miao et al., 1999); sseI within the Gifsy-3 prophage encodes 
an E3 ubiquitin ligase that is translocated into host cells to mediate 
long-term systemic infection (McLaughlin et al., 2009); sseK3 on the 
phage ST64B encodes an arginine N-acetylglucosamine transferase 
effector, essential for manipulating host cellular signal transduction 
(Esposito et al., 2018); spvB, spvC, and spvD encode the principal effec-
tors responsible for the plasmid-mediated virulence of S. Typhimurium, 
including inducing apoptotic cell death in eukaryotic cells (Matsui et al., 
2001). Furthermore, the Mbandaka-B genome uniquely contained steB, 
whereas srfJ, sseF, and sseK2, which is core components in the 
Mbandaka-A pan-genome, is not present.

Salmonella has developed strategies to resist the host’s physical 
barriers and evade the immune response through its virulence factors 
(Wang et al., 2020). For serovar Mbandaka, SPI-2 and its secreted 
virulence effectors are likely to be implicated in immune escape. For 
instance, activation of SPI2 suppresses flagellin expression within host 
cells, thereby hindering the recognition of NLR family CARD domain 
containing 4 (NLRC4) (Reyes Ruiz et al., 2017). Effector SpiC, is critical 
for the ability to evade antigen presentation to T cells when Salmonella 
reside inside dendritic cells (DCs) (Tobar et al., 2006). SifA, SspH2, SlrP, 
PipB2, and SopD2 were important for the interference with antigen 
presentation in DCs, resulting in an inadequate activation of naive T 
cells (Halici et al., 2008). With the exception of sspH2, most of the genes 
encoding for these virulence factors are core components of the 

Fig. 4. Heatmap of the distribution of SPIs, prophage, fimbrial operons, and effectors in the S. enterica genomes. The color coding for gene clusters (SPIs, prophages, 
and fimbrial operons) is based on the percentage of genes in a cluster present in a genome, defined as the Blast score ratio (BSR) of the query gene >0.75. Effector 
colors reflect BSRs from genomic screens against the effector database.
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Mbandaka pan-genome.
Taken together, the majority of identified SPIs, fimbrial operons, and 

effector-coding genes, representing the core genome, exhibited a similar 
virulence-related gene repertoire. This indicates that most Mbandaka 
strains have similar potential pathogenicity. Our analysis is consistent 
with the results of a previous comprehensive analysis, which reported 
that Mbandaka isolates displayed a similar ability to invade host cells 
and survive in an acidic environment, such as the stomach or intracel-
lular phagosomes. However, it is worth noting that cloud virulence- 
related elements driven by HGT may encode mobile virulence factors. 
This could result in potential functional differences in pathogenicity 
among Mbandaka strains. Furthermore, our results highlight that pro-
phages, acting as the key vehicles for mobile virulence-related elements, 
significantly contribute to the evolution of virulence, particularly in 
Mbandaka.

3.9. AMR-related genotypic profile of the Mbandaka pan-genome 
represented by cloud AMR genes

The extensive use of antimicrobial agents in livestock farming and 
food production has led to the emergence of globally resistant NTS 
strains, posing a significant threat to public health and food safety 
worldwide (Ahmadi et al., 2023; Yang et al., 2023). The WGS-based 
predicted AMR phenotypes were analyzed using ResFinder v4.3.1 
(Table S3). The AMR genotypic profile of Mbandaka was predicted to be 
resistant to 54 antibiotics, but we did not observe any strains resistant to 
the remaining 37 antibiotics (Table 1). All Mbandaka genomes were 
uniformly resistant to tobramycin and amikacin. More than 5% of the 
Mbandaka genomes also showed resistance to streptomycin, tetracy-
cline, doxycycline, sulfamethoxazole, minocycline, and spectinomycin. 
To further investigate the potential genetic mechanisms of resistance, 
we assessed the distribution of AMR-related genetic determinants in 
Mbandaka genomes (Fig. 5A). A total of 106 AMR genes (containing 
allelic variants) were identified, corresponding to resistance to 30 
antibiotic classes, with primary resistances to fluoroquinolone, amino-
glycoside, cephalosporin, penam, tetracycline, phenicol, and cepha-
mycin (Fig. S6A and Table S4). Of these, 46 were present in more than 
1444 Mbandaka genomes, representing core gene families (≥99%) 
(Fig. S6B). Most of the core AMR genes were also present in other 
S. enterica genomes, with the exception of AAC(6′)-Iaa. The remaining 
AMR genes (n = 60) were present in ≤15% of the Mbandaka genomes, 
representing cloud gene families. Among these, 15 were present in more 
than 10 genomes, and 45 were found in fewer than 10 genomes 
(Fig. 5A). The emergence of these scattered AMR genes may be attrib-
uted to HGT events. A total of 14.9% (217 out of 1452) Mbandaka ge-
nomes were found to harbor cloud AMR genes, averaging 1.7 ± 0.5. The 
number of cloud AMR genes per genome varied widely, from a minimum 
of zero to a maximum of 22. Eight strains were detected to contain at 
least 10 cloud AMR genes. Notably, two closely related strains, SM_F28R 
(SAL_BD0204AA_AA) and SM_B30R (SAL_BD0205AA_AA), exhibited the 
highest number of cloud AMR genes, totaling 22. These genes confer 
resistance to various antibiotics, including aminoglycosides (AAC 
(3)-IId, APH(3′)-Ia, APH(6)-Id, and ANT(3″)-IIa), beta-lactams (NDM-1, 
CTX-M-55, TEM-1, LAP-2, and FONA-5), diaminopyrimidines (dfrA12 
and dfrA14), fluoroquinolones (qnrS1), glycopeptide (brp), lincosamides 
(linG), macrolides (mphA, mphE, and msrE), phenicols (floR), rifamycins 
(arr-2), sulfonamides (sul1 and sul3), and tetracyclines (tet(A)). The draft 
genomes of SM_F28R and SM_B30R are recorded in the EnteroBase 
Salmonella Database, and their complete genomes have been updated in 
the NCBI GenBank database. Further complete genome analysis revealed 
that the IncC plasmids pSM30_NDM_1 (CP138306.1) and pSM28_NDM_1 
(CP138308.1) are responsible for carrying the majority of cloud AMR 
genes in these two strains. These plasmids include an aminoglycosides 
resistance gene (AAC(3)-IId), four beta-lactamases-coding genes 
(NDM-1, CTX-M-55, TEM-1, and FONA-5), a diaminopyrimidine resis-
tance gene (dfrA14), a sulfonamide resistance gene (sul1), three 

Table 1 
Percentage of the Mbandaka genomes with AMR phenotype by WGS-based 
prediction tool ResFinder v4.3.1

Drug class Antimicrobial Number Percentage

aminoglycoside gentamicin 12 0.83%
aminoglycoside tobramycin 1452 100.00%
aminoglycoside streptomycin 142 9.78%
aminoglycoside amikacin 1452 100.00%
aminoglycoside isepamicin 0 0.00%
aminoglycoside dibekacin 5 0.34%
aminoglycoside kanamycin 8 0.55%
aminoglycoside neomycin 8 0.55%
aminoglycoside lividomycin 1 0.07%
aminoglycoside paromomycin 1 0.07%
aminoglycoside ribostamycin 1 0.07%
aminoglycoside unknown aminoglycoside 1 0.07%
aminoglycoside butiromycin 0 0.00%
aminoglycoside butirosin 0 0.00%
aminoglycoside hygromycin 0 0.00%
aminoglycoside netilmicin 5 0.34%
aminoglycoside apramycin 5 0.34%
aminoglycoside sisomicin 5 0.34%
aminoglycoside arbekacin 0 0.00%
aminoglycoside kasugamycin 0 0.00%
aminoglycoside astromicin 0 0.00%
aminoglycoside fortimicin 0 0.00%
aminocyclitol spectinomycin 73 5.03%
quinolone fluoroquinolone 0 0.00%
quinolone ciprofloxacin 29 2.00%
quinolone unknown quinolone 0 0.00%
quinolone nalidixic acid 0 0.00%
beta-lactam amoxicillin 27 1.86%
beta-lactam amoxicillin + clavulanic 

acid
6 0.41%

beta-lactam ampicillin 27 1.86%
beta-lactam ampicillin + clavulanic acid 6 0.41%
beta-lactam cefepime 5 0.34%
beta-lactam cefixime 3 0.21%
beta-lactam cefotaxime 8 0.55%
beta-lactam cefoxitin 6 0.41%
beta-lactam ceftazidime 8 0.55%
beta-lactam ertapenem 3 0.21%
beta-lactam imipenem 3 0.21%
beta-lactam meropenem 3 0.21%
beta-lactam piperacillin 27 1.86%
beta-lactam piperacillin + tazobactam 7 0.48%
beta-lactam unknown beta-lactam 0 0.00%
beta-lactam aztreonam 6 0.41%
beta-lactam cefotaxime + clavulanic 

acid
0 0.00%

beta-lactam temocillin 3 0.21%
beta-lactam ticarcillin 27 1.86%
beta-lactam ceftazidime + avibactam 3 0.21%
beta-lactam penicillin 0 0.00%
beta-lactam ceftriaxone 5 0.34%
beta-lactam ticarcillin + clavulanic acid 3 0.21%
beta-lactam cephalothin 19 1.31%
beta-lactam piperacillin + clavulanic 

acid
0 0.00%

under_development ceftiofur 0 0.00%
folate pathway 

antagonist
sulfamethoxazole 92 6.34%

folate pathway 
antagonist

trimethoprim 56 3.86%

fosfomycin fosfomycin 0 0.00%
glycopeptide vancomycin 0 0.00%
glycopeptide teicoplanin 0 0.00%
glycopeptide bleomycin 0 0.00%
lincosamide lincomycin 8 0.55%
lincosamide clindamycin 1 0.07%
streptogramin a dalfopristin 0 0.00%
streptogramin a pristinamycin iia 0 0.00%
streptogramin a virginiamycin m 0 0.00%
streptogramin a quinupristin + dalfopristin 0 0.00%
pleuromutilin tiamulin 0 0.00%
macrolide carbomycin 0 0.00%
macrolide erythromycin 10 0.69%

(continued on next page)
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macrolide resistance genes (mphA, mphE, and msrE), and a bleomycin 
resistance gene (brp). Both SM_F28R and SM_B30R were isolated from 
faecal and blood samples of humans in China in December 2021. 
Additionally, previous studies have described multidrug resistant pro-
files in Mbandaka isolates from poultry farms and hospitals in China. 
These isolates are known to be responsible for spreading β-lactamase 
genes-harboring plasmids (Ma et al., 2023) (Li et al., 2020). The emer-
gence of such multidrug resistant Mbandaka strains poses a significant 
threat to public health, underscoring the urgent need for meticulous 
monitoring and surveillance of this serovar.

3.10. Cloud AMR genes driven by plasmid-mediated HGT

Investigation of the dynamics of AMR genes is critical for the iden-
tification and verification of emerging multidrug resistance. The 
plasmid-mediated transmission of AMR genes has been reported to be 
involved in the development of antibiotic resistance in Salmonella iso-
lates. Meanwhile, many serovars of S. enterica do not possess any plas-
mids (Rychlik et al., 2006). In this study, plasmid nucleotide sequences 
were detected in nearly half (44.4%, 644 out of 1452) of the Mbandaka 
genomes (Table S5) and were found dispersed in the core genome tree, 
not clustering into phylogenetic groups (Fig. 5A). This suggests that this 
serovar may be prone to acquiring plasmids. A total of 42 different 
plasmids were predicted using PlasmidFinder (Table S6). Col (pHAD28) 
was the most prevalent plasmid, detected in 112 (7.7%) genomes. Other 
predominant plasmids included IncHI2A (5.4%), IncHI2 (5.4%), 
Col440I (4.8%), and IncI1-I(Alpha) (4.3%) (Fig. 5B). Of the 217 
Mbandaka genomes carrying cloud AMR genes, the vast majority 
(87.6%, 190 out of 217) contained plasmid sequences (Fig. 5C). In 
addition, a total of 46 AMR genes were found to be located in plasmid 
sequences. Among these, 42 were sporadically scattered throughout the 
Mbandaka genomes and are considered as cloud AMR genes, while only 
four were classified as core AMR genes. These results indicate that the 
transmission of AMR genes driven by plasmid-mediated HGT has pro-
moted the development of antibiotic resistance in Mbandaka.

Although the most common replicon in the Mbandaka genomes was 
Col (pHAD28), several plasmid incompatibility groups, including 
IncHI2A, IncHI2, IncI1-I(Alpha), IncFIB(K), and IncQ1), were associated 
with cloud AMR genes (Fig. 5D and Table S6). Among these, IncHI2A 
and IncHI2 plasmids were particularly prevalent. Previous studies have 
demonstrated the presence of IncHI2 plasmids in multidrug resistant 
Salmonella isolates and their association with resistance to beta-lactams, 

quinolones, and colistin (W. Chen et al., 2016; Lima et al., 2019). 
However, IncHI2A and IncHI2 in the Mbandaka genomes commonly 
harbored ANT(3″)-IIa, sul1, and cmlA1, which correspond to resistance 
to aminoglycosides, sulfonamides, and chloramphenicols (Fig. 5D). For 
other incompatibility groups, IncI1-I(Alpha) plasmids were primarily 
linked to ompK37 (beta-lactams) and tet(B) (tetracyclines); IncFIB(K) 
plasmids were mainly associated with aadA2 (aminoglycosides), sul1 
(sulfonamides), dfrA12 (diaminopyrimidines), and tet(A) (tetracy-
clines); IncQ1 plasmids carried AMR genes encoding resistance to ami-
noglycosides (APH(3″)-Ib and APH(6)-Id), sulfonamides (sul2), and 
diaminopyrimidines (dfrA14). Furthermore, the association between 
plasmids and AMR genes in Mbandaka genomes may be limited by the 
inclusion of a large number of draft genomes in our analyses. The 
plasmid recognition software could not differentiate all plasmid se-
quences in a mixture of contigs that derive from plasmids or chromo-
somes. As a result, our draft genomes may lack some critical 
information, especially concerning AMR genes located on plasmids. For 
example, the complete IncC plasmid in strains SM_F28R and SM_B30R 
were found to carry cloud AMR gene such as NDM-1 and CTX-M-55, 
which were not identified in the draft genomes. Therefore, plasmids, as 
primary vehicles, likely play a more significant role in the transmission 
of AMR genes among Mbandaka strains than previously understood.

4. Conclusion

In conclusion, this study characterized the complete genome of a 
human isolate KNP01 and performed pan-genome and comparative 
genomic analyses of Mbandaka. It is clear, upon examining the data on a 
large genomic scale, that strains sharing serovar Mbandaka can be 
divided into two groups, each derived from independent ancestors. Our 
findings reveal the recombination events at the H2-antigen loci as the 
potential genomic basis for the confusion around this serovar. The 
polyphyletic nature of Mbandaka underscores the need for further 
investigation into potential differences in clinical phenotype and key 
genomic traits to fill the deficiencies of classical serotyping tests in 
clinical investigation and epidemic surveillance. The pan-genome 
analysis demonstrated an open gene pool with a high number of cloud 
gene families, reflecting the complexity of the genetic and evolutionary 
dynamics in Mbandaka. Notably, the extensive gene gain and loss 
observed at terminal nodes of the phylogenetic tree suggest frequent 
gene turnover in Mbandaka individuals, with implications for virulence 
and antibiotic resistance, potentially posing emerging threats to public 
health and food safety. The Mbandaka pan-genome contains a variety of 
virulence-related elements, including SPIs, prophage, fimbrial operons, 
and T3SS effectors. Cloud virulence-related elements, mainly driven by 
prophage-mediated HGT, may result in pathogenic differences and the 
emergence of novel disease phenotypes in Mbandaka individuals. Over 
one hundred AMR genes were identified in the pan-genome, with most 
scattered sporadically across Mbandaka genomes. Plasmid-mediated 
HGT, especially through incompatibility group plasmids (IncHI2A, 
IncHI2, IncI1-I(Alpha), IncFIB(K), and IncQ1), drives the transmission of 
cloud AMR genes among Mbandaka individuals, underscoring the role of 
these plasmids in the development of antibiotic resistance.
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Table 1 (continued )

Drug class Antimicrobial Number Percentage

macrolide azithromycin 7 0.48%
macrolide oleandomycin 0 0.00%
macrolide spiramycin 6 0.41%
macrolide tylosin 0 0.00%
macrolide telithromycin 6 0.41%
tetracycline tetracycline 135 9.30%
tetracycline doxycycline 135 9.30%
tetracycline minocycline 79 5.44%
tetracycline tigecycline 0 0.00%
streptogramin b quinupristin 4 0.28%
streptogramin b pristinamycin ia 4 0.28%
streptogramin b virginiamycin s 4 0.28%
oxazolidinone linezolid 0 0.00%
amphenicol chloramphenicol 46 3.17%
amphenicol florfenicol 13 0.90%
polymyxin colistin 0 0.00%
steroid antibacterial fusidic acid 0 0.00%
pseudomonic acid mupirocin 0 0.00%
rifamycin rifampicin 5 0.34%
nitroimidazole metronidazole 0 0.00%
ionophores narasin 0 0.00%
ionophores salinomycin 0 0.00%
ionophores maduramicin 0 0.00%
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sample was anonymized and hence ethical approval and informed 

consent statements are not applicable.

Fig. 5. Antimicrobial resistance (AMR)-related genetic profile. A. Heatmap of the distribution of AMR genes in the S. enterica genomes. Navy blocks indicate the 
presence of a gene, and grey blocks indicate absence. B. Distribution of the different types of plasmid replication in Mbandaka genomes. C. The top pie chart 
represents the percentage of strains with resistance genes containing plasmid sequences versus those without. The bottom pie chart represents the percentage of AMR 
genes that are located in the plasmid across different pan-genome components. D. Relationship network for plasmid replications and located AMR genes.
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