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Objective: This study aimed to investigate the genomic epidemiology of Brucella melitensis in Jiangsu Province, a typical low-endemic region in East China where the incidence of human brucellosis has been increasing in recent years. Accordingly, a molecular epidemiological study was conducted on the 2,552 reported brucellosis patients in Jiangsu province, from 2011 to 2024.

Methods: All B. melitensis isolated from these patients were sequenced using next-generation sequencing (NGS), and 515 strains met the criteria for subsequent analysis. Core genome multi-locus sequence typing (cgMLST), pan-genome analysis and core genome single nucleotide polymorphism (cgSNP) were utilized to analyze genomic characteristics and establish the epidemiological linkages among global strains.

Results: Among 515 isolates, 439 (85.24%) and 505 (98.06%) were identified as B. melitensis biovar 3 and sequence type 8(ST8), respectively. cgMLST further classified them into 28 core gene sequence types (cgSTs), including four novel genotypes (cgST1586-cgST1589) discovered in this study, whose identification expands the global cgMLST database and provides new markers for epidemiological surveillance. According to the cgSNP-based phylogenetic analysis, two distinct clades were persistently circulating within Jiangsu Province. One clade demonstrated significant genetic clustering with the Middle East strains, the other clade was closely linked to the hyper-endemic regions in China. Pan-genome analysis revealed their high homology, with core proteins primarily involved in amino acid transport and metabolism. Over the past 14 years, these isolates have exhibited limited genetic diversity and may be evolving toward a genotype that is better adapted to the host and environment.

Conclusion: The human brucellosis in Jiangsu is mainly attributed to imported infections through various patterns, which is consistent with the typical epidemiology characteristics observed in low-endemic regions. The identification of four novel cgSTs and evidence of genomic evolutionary changes provide important insights to strengthen surveillance and guide targeted control strategies for brucellosis in East China.
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1 Introduction

Brucellosis is a common zoonotic disease caused by the Brucella genus, affecting both animals and humans (Franco et al., 2007). The widespread prevalence of brucellosis has posed a serious global threat to the livestock industry and public health, with an estimated annual occurrence of 1.6–2.1 million new human cases (Laine et al., 2023). According to the reports, the disease is more prevalent in low-income areas, such as the Mediterranean region, Middle East and Asia, which have the highest incidence of brucellosis (Ali et al., 2024). Since the mid-1990s, the cases of human brucellosis in China have continued to increase and spread throughout the country (Li et al., 2013). Notably, even East China, a non-traditional epidemic area, has seen a rapid surge in the prevalence of brucellosis. As a province primarily focused on agriculture and manufacturing, Jiangsu has a relatively low rate of intensive sheep farming and is considered as a typical low-incidence region for brucellosis in East China (Ma et al., 2025; Cheng et al., 2023). However, its annual incidence has been reported higher than that of other provinces with comparable agricultural structures in recent years (Liu et al., 2025), a phenomenon that highlights the importance for conducting detailed epidemiological investigation.

Brucella is a gram-negative, facultative, intracellular pathogen that can infect a wide range of mammals. Humans are typically infected by direct contact with infected animals or contaminated materials (Qureshi et al., 2023). Currently, the Brucella genus contains 12 accepted species, of which the pathogen associated with human diseases includes Brucella melitensis, Brucella abortus, Brucella suis and Brucella canis (Zhao et al., 2021). Among these, B. melitensis is the predominant pathogen of human brucellosis in China (Tian et al., 2017) and is also responsible for the human infections in Jiangsu Province (Wang et al., 2025).

Various genetic tools have been employed to explore the evolution and geographic origins of the Brucella genus. Multi-locus sequence typing (MLST) (Whatmore et al., 2007) and multiple-locus variable number tandem repeat analysis (MLVA) (Le Fleche et al., 2006) are considered as traditional effective methods for investigating and tracing the source of Brucella. With the widespread adoption of next-generation sequencing technology (NGS), it has experienced significant advancements and is commonly used to distinguish Brucella strains now (Pelerito et al., 2020; Janowicz et al., 2018). Based on NGS with high genetic resolution, more precise analytical methods have been developed, such as core genome MLST (cgMLST), in silico MLVA, and core genome single nucleotide polymorphism (cgSNP) (Holzer et al., 2021; Brangsch et al., 2023). These methods provide more comprehensive traceability and deep insights for highly homologous B. melitensis.

In recent years, the pressure of brucellosis prevention and control in East China has been increasing (Liu et al., 2025). However, genomic epidemiological studies of B. melitensis remain limited, and the long-term epidemiological and evolutionary dynamics in this region are still poorly understood. Therefore, this study aims to elucidate the epidemiological characteristics of human brucellosis in Jiangsu Province from 2011 to 2024 and to explore the genetic diversity of the B. melitensis isolated from humans using a variety of the latest genetic methods. The findings are expected to provide a scientific foundation for optimizing prevention and control strategies, contributing to the limited body of genomic epidemiological research on B. melitensis in low-endemic regions.



2 Materials and methods


2.1 Epidemiological data collection

The epidemiological information of brucellosis patients was collected from Nationwide Notifiable Infectious Diseases Reporting Information System, including case numbers, age, gender, occupation, onset time and location. Demographic data were extracted from the Jiangsu Provincial Bureau of Statistics, and geographical information was acquired from the National Basic Geographic Information Center. R 4.3.3 software was used to present the epidemiological and bioinformatic analysis, and further refined for clarity and aesthetics with Adobe Illustrator 2025.



2.2 Strain isolation and identification

In accordance with the case definition of the Chinese Center for Disease Control and Prevention, the confirmed brucellosis patients must be accompanied by epidemiological exposure, clinical manifestations, and confirmatory diagnosis (standard agglutination test ≥ 100, Coombs IgG, complement fixation test, or isolation of Brucella spp) (Jiang et al., 2020). As the isolation and culture of organism remain the gold standard for diagnosis (Di Bonaventura et al., 2021), local medical institutions perform brucella isolation and culture for all suspected patients who present with epidemiological exposure and clinical manifestations. These isolates are then submitted for centralized preservation. For this study, the isolates were cultured at 37 °C for 48 h before further identification, and the species identification was conducted in compliance with the methodologies recommended by Guidelines for the Diagnosis of Human Brucellosis (WS 269–2019) in China (National Health Commission of the People's Republic of China., 2019). Specifically, genus-level confirmation was performed using BCSP31-PCR, and species-level identification using AMOS-PCR, with isolates yielding a 731 bp fragment in AMOS-PCR being definitively classified as B. melitensis.



2.3 Whole genome sequencing (WGS) and genotyping

All B. melitensis isolates were included for whole genome sequencing by MGISEQ-2000. The genomic nucleotide of these strains was extracted through the FastPure Bacteria DNA Isolation Mini Kit (Vazyme Biotechnology Co., Ltd. Nanjing, China), and quantified by Qubit 2.0 Fluorometer. The raw sequencing data were processed for quality filtering and assembly through CLC Genomics Workbench v23.0.1 software. Briefly, reads were quality-trimmed using the Trim Sequences tool (default settings) and assembled de novo with the De Novo Assembly tool, with short contigs (< 1,000 bp) removed to ensure reliability. All assemblies were confirmed again and retained for subsequent genomic analyses. Among the 2,552 brucellosis patients reported between 2011 and 2024, a total of 515 strains were successfully isolated from them and met the criteria for subsequent analysis.

Based on WGS, these isolates were subjected to MLST and MLVA genotyping to quantify genetic diversity. In silico MLVA analysis, 16 loci were used to characterize the strains through FastRCR 6.8 software (Kalendar et al., 2017), and dendrogram based on MLVA-16 profiles was constructed by BioNumerics5.0 software (Applied Maths, Belgium). Moreover, MLST-9, MLST-21 and cgMLST genotyping, along with application for new MLST genotypes were conducted using the PubMLST.org website (https://pubmlst.org/organisms/brucella-spp) (Jolley et al., 2018). BioNumerics5.0 software was also used to analyze the evolutionary relationships of allelic cgMLST by unweighted pair group method with arithmetic mean (UPGMA). Strains that exhibited close genetic relationships (allelic differences ≤ 5 allelic genes) were classified into a single cluster in the minimum spanning tree (MST), which is consistent with previously applied thresholds in Brucella genomic epidemiology studies (Schaeffer et al., 2021; Janowicz et al., 2018).



2.4 Phylogenetic analysis

The 160 representative strains in this study were selected based on epidemic information and the number of isolates with same core gene sequence type (Supplementary Table 1), given MLST analysis showed high homogeneity while cgMLST revealed distinct genotypic diversity. This selection strategy ensured that the chosen subset represented both the genomic diversity and the spatiotemporal distribution of the 515 isolates. The 77 global strains were curated from GenBank (https://www.ncbi.nlm.nih.gov/datasets/genome/?taxon=29459) according to their geographic isolation locations and sequencing data quality (Supplementary Table 2), resulting in a total of 237 strains subjected to phylogenetic analysis. Parsnp 2.0 was used to generate dendrogram based on cgSNP (Kille et al., 2024), and the SNP distances between strains were calculated through HarvestTools (Treangen et al., 2014). The tree was visualized and edited using iTOL (Interactive Tree of Life) v7.1.1 (Letunic and Bork, 2024). Epidemiological data, including onset time and geographic origin, were systematically integrated with the corresponding cgMLST and cgSNP clustering analyses to enhance the comprehensive understanding of the genomic and epidemiological relationships.



2.5 Gene annotation

Virulence factors (VF) genes, antimicrobial resistance factors (AMR) genes and prophage genes of the B. melitensis genome were identified using the Virulence Factors of Pathogenic Bacteria Database (VFDB, update to August 14, 2024) (Liu et al., 2022), the Comprehensive Antibiotic Resistance Database (CARD 3.2.6) (Alcock et al., 2023) and PHASTEST (Wishart et al., 2023), respectively. Among them, the identification of VF and AMR genes was performed by batch alignment in CLC Genomics Workbench v23.0.1 software using default parameters, only hits meeting >90% sequence identity and >90% coverage thresholds were considered valid.



2.6 Pan-genome analysis

All B. melitensis isolates in this study and 785 B. melitensis isolates retrieved from GenBank were subjected to pan-genome analysis. The genome data were processed by Prokka 1.14.3 to annotate and collect files in General feature format (GFF) (Seemann, 2014). Roary 3.13.0 was employed to extract the pangenome (sum of all genes found across strains), core genome (genes present among all strains), shell genome (genes present among more than one strain, but not in all), and strain-specific genes (genes present only in one strain) (Page et al., 2015). EggNOG-mapper 2.1.10 was utilized for functional annotation and providing COG (clusters of orthologous groups) categories of all the gene-related proteins (Cantalapiedra et al., 2021). Unless otherwise specified, all analyses were conducted using the default parameters provided by the respective software packages. The pan-genome curve was modeled using Heaps' law y = AXB+C, in which B > 0 indicates an open pangenome. The core-genome curve was modeled by exponential regression model (y = AeBx+C) (Tettelin et al., 2008; Yang et al., 2016).




3 Result


3.1 Epidemiological characteristics

From 2011 to 2024, a total of 2,552 brucellosis patients were reported in Jiangsu Province, located in East China. Among them, 2,155 (84.44%) were permanent residents of Jiangsu, 397(15.56%) were residents of neighboring Anhui province who sought medical treatment in Jiangsu (Figure 1A). During the 14-year period, the average annual incidence rate in Jiangsu Province was 0.18 per 100,000 individuals. The incidence peaked at 0.34 per 100,000 in 2023 and has remained above 0.03 per 100,000 since 2021. The annual number of reported patients displayed a fluctuating upward trend (Figure 1F), with notable increase observed in 2016 and 2021. Significant spatial distribution differences were observed across cities in Jiangsu (Figure 1A and Supplementary Figure 1D), exhibiting a general pattern of higher incidence in the northern areas, a relatively lower rate in the southern areas, and the lowest incidence in the central areas. Central areas in Jiangsu, including Taizhou City, Yangzhou City, and Nantong City, exhibited consistently lower annual incidence rates (Figure 1B). In contrast, southern areas such as Suzhou City, Wuxi City, Changzhou City, Zhenjiang City, and Nanjing City were more susceptible to sporadic clustering events, with Suzhou recording the highest incidence rate (0.54 per 100,000) in 2017. Northern areas, including Yancheng City, Huai'an City, Suqian City, Lianyungang City, and Xuzhou City, demonstrated a persistent upward trend in annual incidence rates. Since 2014, Lianyungang and Xuzhou have alternated as the city with the highest annual brucellosis incidence in Jiangsu (with the exception of 2017), with Xuzhou reporting significantly more brucellosis patients than other cities. Additionally, the number of patients among Anhui residents increased steadily over time, peaking at 70 patients in 2023, accounting for 19.23% of the total reported cases that year (Supplementary Figure 1C).
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FIGURE 1
 Epidemiological characteristics of reported brucellosis patients in Jiangsu Province and neighboring cities in Anhui Province, from 2011 to 2024. (A) The spatial distribution of brucellosis patients accumulated over 14 years, numbers indicate the total patients reported in each city. (B) The annual incidence of brucellosis in Jiangsu Province and its cities, shown by bubble size and color intensity. (C) The demographic characteristics of all reported brucellosis patients. (D) Occupational distribution of brucellosis patients. (E) Seasonal distribution of brucellosis patients by month. (F) Annual number of brucellosis patients and the corresponding isolation rate of Brucella strains between 2011 and 2024.


Among all reported brucellosis patients, the number of male patients was significantly higher than that of female, with a male-to-female ratio of 2.46:1. Patients were distributed across all age groups, ranging from 3 months to 86 years, with a mean age of 50.3 ± 15.3 years. As shown in Figure 1C, the age group of 50–59 years had the most patients (768, 30.09%) regardless of gender. Additionally, the middle-aged and elderly individuals aged 40–69 were the main affected population (n = 1,800), accounting for 70.53% of the total reported patients. The occupational distribution (Figure 1D) revealed that farmers (1,523, 59.68%) were the highest-risk occupation for brucellosis in East China, followed by homemakers/unemployed individuals (19.83%, 506). Additionally, common related occupations such as livestock farmers (97, 3.80%), livestock product dealers (21, 0.82%), and butchers (14, 0.55%) were also observed.

The onset time of reported patients showed a distinct seasonal distribution (Figure 1E), with the peak period occurring from April to June in Jiangsu Province and its surrounding regions. The number of patients generally decreased from October to January of the following year. Among the 2,552 reported brucellosis patients, brucella strains were successfully isolated from 515 individuals, resulting in an average isolation rate of 20.18%. The highest isolation rate (54, 27.69%) was observed in 2018, while the lowest (22, 13.25%) was recorded in 2016, and the isolation rates stabilized within the range of 15 to 20% between 2019 and 2024 (Figure 1F).



3.2 Identification and MLST

A total of 515 strains isolated from brucellosis patients were identified as B. melitensis, and B. melitensis b3 was the predominant serotype (439, 85.24%), followed by B. melitensis b2 (66, 12.82%) and B. melitensis b1 (10, 1.94%). In the results of MLST, three genotypes were identified by MLST-9 (ST8, ST39 and ST121) and four were identified by MLST-21 (ST8, ST82, ST168 and ST169). The MLST-9 and MLST-21 of these strains showed high consistency, with ST8 being the most common genotype (505, 98.06%), and only one strain was identified as ST39 and ST82, respectively (Table 1). Additionally, two new MLST-21 sequence type were discovered in this study and officially named as ST168 and ST169, whose cgSTs profile are both cgST1132. The primary distinctions between them and ST8 were observed in the prpE and gyrB loci.

TABLE 1  Distribution of sequence types (STs) of B. melitensis isolates based on MLST-9 and MLST-21.


	MLST-9
	Number of strains (%)
	MLST-21
	Number of strains (%)





	ST8
	507 (98.45%)
	ST8
	505 (98.06%)


 
	
	
	ST169
	2 (0.39%)

 
	ST121
	7 (1.36%)
	ST168
	7 (1.36%)



	ST39
	1 (0.19%)
	ST82
	1 (0.19%)






Further analysis performed by the cgMLST database revealed that 28 core gene sequence types were identified, and subsequently grouped into 21 clusters based on genetic distance (Figure 2A). With the increasing number of isolates collected each year, the genetic diversity also expanded, indicating the continuous introduction of foreign genotypes (Figure 2B). Among these, cgST672 (120, 23.30%) was the most prevalent genotype, which could be consistently isolated across all study years. Additionally, four novel genotypes were discovered in this study that were not present in the existing database. These newly identified genotypes were subsequently submitted to the global database and designated as cgST1589, cgST1588, cgST1587, and cgST1586. Strains identified as cgST1589 (31, 6.02%) were located near the center of the minimum spanning tree and exhibited a distinct association with other strains. In Jiangsu Province, the cgST1589 strains were initially isolated in 2013 and have been continuously observed in subsequent years. Despite being grouped into Cluster D because of their close genetic distance, cgST1586 (21, 4.08%), cgST1587 (13, 2.52%) and cgST1588 (13, 2.52%) exhibited epidemiological heterogeneity in their geographic distribution. Specifically, the cgST1586 strains were predominantly found in northern Jiangsu, cgST1587 strains were mainly in southern region, and cgST1588 strains were concentrated in Yancheng City. The overall spatial distribution (Figure 2C) indicated southern Jiangsu was dominated by cgST672 strain (52/154, 33.77%), while the northern region exhibited a more diverse range of genotypes. Cluster B strains (including cgST664 and cgST572), which exhibit a relatively greater allelic distance from other strains, were widely distributed throughout different geographical and temporal range of Jiangsu.


[image: A diagram illustrates brucellosis data across three panels. Panel A displays a cluster network of different cgSTs identified, with various colored circles representing different clusters and cgSTs. Panel B is a stacked barchart showing the number of isolated B. melitensis from 2011 to 2024, with different colors indicating different cgSTs. Panel C features a map of Jiangsu Province and neighboring cities, marked with pie charts to show the distribution of cgSTs by location.]
FIGURE 2
 Evolutionary relationships and spatiotemporal distributions of 28 core genome sequence types (cgSTs) identified from 515 B. melitensis isolates. (A) Minimum spanning tree based on allelic cgMLST differences of 515 strains. (B) Temporal distribution of cgSTs by year. (C) Spatial distribution of cgSTs in Jiangsu Province and several neighboring cities in Anhui Province. All three panels share the same color legend for cgSTs.




3.3 Phylogenetic analysis

Global core genome SNP phylogenetic analysis revealed that the 237 strains were clustered into three groups (Figure 3, Supplementary Figure 2, Supplementary Table 2). Group 1 consisted of thirteen strains, primarily originating from Africa, Europe, and South America, as well as one strain isolated from the sheep in Inner Mongolia, China. Group 2 comprised twenty-four strains, including all cgST1160 and Cluster B strains identified in this study, along with strains from Europe and other Asian countries. Group 3 included the majority of strains in this study, with strains sharing the same cgST predominantly clustered together. Within this Group, apart from the cgST376 and cgST1132 strains, all other strains of this study exhibited genetic similarity exclusively to previously reported domestic strains. The cgST376 strain, corresponding to unique ST39 (MLST-9) and ST82 (MLST-21), exhibited the highest similarity to strains from Malaysia and Thailand. Additionally, the cgST1132 strains were closely related to a strain isolated from Russia, and their MLST-21were all novel ST168 or ST169.


[image: Circular phylogenetic tree diagram with three groups labeled Group 1, Group 2, and Group 3. Hosts include sheep, cow, goat, and cattle marked by colored symbols. Locations indicated by colors: South America, Africa, Europe, Asia (excluding China), and other areas in China. Colored bands represent cgMLST clusters and sequence types.]
FIGURE 3
 Phylogenetic trees of 237 B. melitensis strains, collapse branches indicate previously identified outbreaks. The inner circle indicates the region where the strains were isolated. The outer circle represents the cgST of all strains, and the color legend is consistent with Figure 2.


Furthermore, all six outbreaks confirmed by epidemiological investigation were in Group3, and the pairwise SNP distances of the isolates in the same outbreak were ≤ 3 SNPs. Except for 2021 Zhenjiang outbreak, each outbreak was characterized by a single cgST. A comparative analysis of the clustering concordance between cgSNP and MLVA-16 in these outbreaks demonstrated that both methods could effectively cluster outbreak events. However, the clustering concordance of cgSNP was more pronounced, as it could generally group isolates from the same outbreak into a single branch despite internal variations within an event (Supplementary Table 3, Figure 4).
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FIGURE 4
 The relationship between cgSNP and MLVA-16 profiles in six identified outbreaks (n = 57). Dendrogram based on cgSNP is presented on the left, dendrogram based on MLVA-16 profiles is displayed on the right, and the corresponding outbreak is compared in the middle using a Sankey plot for visualization.




3.4 Virulence factors, antimicrobial resistance factors and prophages

Based on the VFDB database, a total of 66 virulence factor genes were identified in 515 B. melitensis, with no significant differences observed among these strains. These genes are mainly related to LPS (31, 46.97%), the Type IV secretion system (14, 21.21%), and VirB type IV secretion system (12, 18.18%), which are responsible for immune modulation, effector delivery system, regulatory system and intracellular survival (Table 2). The sole identified antimicrobial resistance factor is the Brucella suis mprF, present in all isolates, which confers resistance to peptide antibiotics by altering the antibiotic target. Additionally, Dinoroseobacter phage vB_DshS-R5C was identified as the unique and shared prophage across isolates.

TABLE 2  Virulence factors identified in 515 B. melitensis strains.


	Virulence factors
	Function
	Genes





	Lipopolysaccharide (LPS)
	Immune modulation, invasion and intracellular survival
	gmd, per, wzm, wzt, wbkB, wbkC, wbpL, acpXL, manBcore, manCcore, lpxK, waaA/kdtA, wboA, wbdA, htrB, lpxE, pgm, kdsB, pmm, manAoAg, manCoAg, wbpZ, lpsA, wbkA, lpxD, fabZ, lpxA, lpxB, lpxC, kdsA, lpsB/lpcC

 
	Type IV secretion system (T4SS) secreted effectors
	Effector delivery system
	bspA, bspB, bspC, bspE, bspF, bspL, vceA, vceC, BPE043, BPE005, BPE275, BPE123, ricA, sepA

 
	VirB type IV secretion system
	Effector delivery system
	virB1, virB2, virB3, virB4, virB5, virB6, virB7, virB8, virB9, virB10, virB11, virB12

 
	Adherence
	Adhesion and invasion
	bigA, bigB, bmaB/OmaA, bmaC

 
	TIR domain containing protein
	Immune modulation and evasion
	btpA, btpB

 
	Sensory-regulatory adaptation system (BvrS/BvrR)
	Regulatory systems
	bvrS, bvrR



	Cyclic beta 1–2 glucan synthetase (CβG)
	Intracellular survival
	cgs








3.5 Pan-genome analysis

In the pan-genome analysis of 515 B. melitensis strains, a total of 4,540 gene families were identified, including 2,425 core gene families, 1,371 shell gene families, and 744 strain-specific genes (Figure 5A). Minimal differences were observed in shell genes and strain-specific genes across different cgMLST strains, except for cgST1132, cgST1160 and Cluster B (Figure 5B). With the inclusion of genomes, the pan-genome expanded continuously in accordance with Heaps' law (Figure 5D, y = 60.13x0.51+3092.68). In contrast, the core genome exhibited an inverse decreasing trend (y = 648.97e−0.004x+2360.52) as more genomes were added. Compared with the pan-genome analysis of 785 B. melitensis strains from GenBank, the strains in this study displayed higher homology in both the pan-genome curve and the core-genome curve (Figure 5C). In the COGs analysis of the 515 strains, 1,769 core-gene-associated functional proteins (core proteins), 857 shell proteins and 345 strain-specific proteins were successfully annotated. The main core proteins (1,769, 59.54%) were primarily associated with amino acid transport and metabolism, inorganic ion transport and metabolism, and transcription (Figure 5E). Conversely, the COGs analysis of 785 GenBank strains showed that shell proteins were the most abundant (3,254, 61.52%) functional proteins, and also primarily related to amino acid transport and metabolism, inorganic ion transport and metabolism, and energy production and conversion.


[image: Panel A shows a pie chart illustrating the composition of the pan-genome in 515 isolates, with core genes accounting for 53.41%, shell genes for 30.20%, and strain-specific genes for 16.39%. Panel B presents a heatmap of the gene presence/absence matrix for shell and strain-specific genes across the 515 isolates, highlighting different cgSTs on the left side. Panel C displays the accumulation curves of the pan-genome and core-genome based on both the 515 isolates and 785 GenBank B. melitensis, showing the expansion of gene clusters with increasing genome numbers. Panel D illustrates the pan-genome and core-genome accumulation curves derived exclusively from the 515 B. melitensis isolates included in this study. Panel E shows bubble charts of COG functional categories for core, shell, and strain-specific gene families, with bubble size indicating the percentage of functional proteins.]
FIGURE 5
 Pan-genome analysis of 515 B. melitensis from this study and 785 strains from GenBank. (A) Composition of the pan-genome in the 515 isolates. (B) The presence and absence matrix of the shell genes and strain-specific genes in 515 strains. (C) The accumulation curves of the pan-genome and core-genome based on both the 515 isolates and 785 strains from Genbank. (D) The accumulation curves of the pan-genome and core-genome based only on the 515 isolates. (E) The distribution and COG functional characteristics of the gene families on the 515 isolates (left) and 785 Genbank strains (right).





4 Discussion

Located in the eastern plain of China, Jiangsu Province has traditionally been considered as a low-endemic region for brucellosis. However, the number of Jiangsu patients has been increasing over the past 14 years, and the annual incidence of brucellosis has risen to 0.03 per 100,000 population since 2021. Concurrently, a sustained rise in imported patients from neighboring Anhui Province has been observed, even reaching 19.23% of all reported cases in 2023. Genotypic analysis further demonstrated substantial overlap in cgST profiles between these imported isolates and strains circulating in Jiangsu residents, suggesting that imported patients may have contributed to the recent increase in incidence. In addition, pronounced regional heterogeneity was observed across Jiangsu Province, with incidence rates highest in northern areas, followed by southern and central areas (P < 0.001). For instance, the significantly higher prevalence in Xuzhou City and Lianyungang City compared to other cities, aligns with their frequent mutton trade links to hyper-endemic northern provinces and longstanding dietary preferences for small ruminant products (Zhang et al., 2023). This indicates that we should not only focus on infections caused by livestock trade but also on imported patients arising from population movement. Similar to other low-endemic regions (Tan et al., 2023), farmers aged 40–69 are the most vulnerable population in Jiangsu, as they are directly exposed to infected animals. However, individuals in non-traditional occupations are also at a high risk of infection due to consumption of or direct contacting with contaminated food (Bao et al., 2022). Consequently, the occupational spectrum has broadened, the age distribution has expanded, and transmission routes have become more complex, thereby posing substantial challenges for prevention and control. In response to the population characteristics and various infection patterns of brucellosis patients in Jiangsu Province, it is essential to enhance cooperation with the agricultural, forestry and veterinary departments to achieve effective control from the source. These epidemiological findings in Jiangsu Province are consistent with those reported across East China, where provinces share broadly similar demographic characteristics and transmission patterns (Zhao et al., 2025; Shi et al., 2024). As a typical low-endemic province in this region, Jiangsu can reasonably serve as a representative area to illustrate the regional epidemiological and genomic features of human brucellosis. Accordingly, our study further explored the genomic epidemiology of B. melitensis to provide insights relevant to low-endemic areas in East China.

In this study, the serotype and genotype of 515 B. melitensis were highly homologous. Specifically, B. melitensis biovar 3 and ST8 are the predominant types in Jiangsu Province and across China (An et al., 2021; Li et al., 2025; Wang et al., 2020), and ST8 has likewise been frequently reported in neighboring countries (Ayoub et al., 2025; Akar and Erganis, 2022). Moreover, the newly named ST168 and ST169 shared the same cgMLST (cgST1132), which were officially named in 2024 and no related publications have been reported to date. However, global phylogenetic analysis revealed that these isolates were closely related to an isolate from Russia in 1983, whose MLST-21 has been reclassified as ST169. This connection highlights the significance of traditional methods in bridging contemporary findings with legacy databases. Similar to the epidemiological characteristics, cgMLST analysis showed that cgST672 was the dominant genotype in southern Jiangsu. In contrast, the greater genetic diversity observed in northern regions was likely attributed to the complexity of transmission patterns. Importantly, cgST672 strains were also dominant in the 2017 Suzhou outbreak, one of a large-scale spread across cities and years in Jiangsu Province. Fortunately, no colonization was detected in the subsequent analysis, as the SNP distance between the cgST672 strains isolated later in Suzhou and the outbreak strains was significantly large (SNP > 10). Although no cgST672 B. melitensis strains have been reported in published articles, two B. melitensis strains isolated from Qinghai Province have been documented in PubMLST database (Jolley et al., 2018). As the predominant genotype responsible for outbreaks in Jiangsu Province, cgST672 strains also appear to be prevalent in hyper-endemic regions, highlighting the necessity for nationwide attention. Due to the identification of four novel genotypes in this study, several Chinese strains retrieved from GenBank were successfully reclassified as cgST1589 (Supplementary Table 1), which were initially isolated in Inner Mongolia in 2014. These associations highlight the potential correlation between B. melitensis in Jiangsu and those from domestic hyper-endemic regions from a genetic point of view. Notably, the closer a node is to the center, the greater the cgST number tends to be, and the smaller the genetic distance typically becomes. Consequently, this phenomenon may be attributed to advancements in WGS technology, or it could be inferred that B. melitensis is progressively evolving toward a common favorable genotype to better adapt to its host and environment.

According to the cgSNP analysis, the strains in this study were divided into two main clades, exhibiting distinct evolutionary relationships. One clade includes cgST1160, cgST664 and cgST572 strains, which belong to Group2 in global phylogenetic analysis. The cgST1160 strain showed close genetic similarity to one strain isolated from Qinghai Province. Previous reports have reported genetic links between strains from Qinghai to those from Shandong and Anhui provinces (Zhao et al., 2021; Xue et al., 2023), both of which border Jiangsu Province, thereby deeply elucidating the genetic association among strains in the East China and Qinghai. The cgST664 and cgST572 strains typically related to the strains from Middle Eastern countries and neighboring European countries, which exhibit the highest seroprevalence levels in ruminants compared to other endemic regions (Musallam et al., 2016). As important countries along the Silk Road, these countries previously engaged in frequent trade with China mainly through ruminants, which may have facilitated the widespread spread of B. melitensis (Liu et al., 2024, 2020). Taking Iran as an example, recent genomic and MLVA analyses of B. melitensis from both humans and livestock consistently identified the Eastern Mediterranean lineage, with ST8 as the predominant genotype (Dadar and Alamian, 2025; Dadar et al., 2023). This pattern aligns with our findings and indirectly supports the hypothesis that transmission is closely associated with the movement of ruminants. The other clade contained most strains and was mainly related to strains from other provinces in China, such as Inner Mongolia, Heilongjiang, Xinjiang, Liaoning, and Hainan. This indicates that Jiangsu is continually imported by introductions from northern endemic regions, which remain the primary domestic sources of human infection. Moreover, the coexistence of these two clades highlights a dual epidemiological risk, with sporadic international incursions coinciding with persistent domestic transmissions from hyper-endemic northern provinces. These findings emphasize the importance of incorporating genomic surveillance into routine risk assessment and strengthening inter-provincial control measures in East China.

As a traceability tool for outbreak investigation, cgSNP showed better clustering concordance in the comparative analysis of 57 strains. Its main advantage lies in the high resolution that enables precise discrimination of isolates, but the absence of a unified standard for the SNP of B. melitensis remains an unignorable limitation. In contrast, MLVA-16 is relatively variable, it is quick and has been widely used (Ferreira et al., 2012). Therefore, in phylogenetic analysis, MLVA-16 is well-suited for real-time outbreak investigations, while SNP analysis is better suited for retrospective traceability studies. The combined use of both methods in this study took advantage of their complementary strengths, improving the timeliness of outbreak surveillance and maintaining high discriminatory resolution for B. melitensis.

High-resolution cgMLST and cgSNP analyses revealed that the 515 B. melitensis strains differed mainly in internal genotypes. Furthermore, pan-genome analysis revealed a substantial number of core gene families, including those associated with virulence factors, antimicrobial resistance, and prophage identified in this study, thereby further confirming the high degree of genetic homogeneity among these strains. Functional annotation of these core genes is primarily associated with amino acid transport and metabolism, a metabolic characteristic that has been consistently observed in pan-genome studies of Brucella spp. (Mazwi et al., 2024; Yang et al., 2024) and aligns with established biological fact (Ronneau et al., 2016). In contrast, the 785 publicly available genomes span multiple centuries and continents, and their shell genes account for the majority of inter-strain variability. Nevertheless, consistent with this study, functionally annotated proteins of these shell genes were also enriched in amino acid transport and metabolism. Therefore, genes related to amino acid transport and metabolism constitute a core functional pathway in the highly conserved B. melitensis, supporting intracellular survival, long-term persistence, and adaptation to diverse host environments, thereby underscoring their fundamental role in pathogen biology.

The limited genetic diversity observed among the isolates aligns with previous findings that B. melitensis exhibits a high degree of genomic homogeneity (Ksibi et al., 2025), which is indicative of purifying selection linked to its intracellular lifestyle. Existing studies have further suggested that such genetic stability facilitates convergent adaptation, whereby distinct lineages evolve toward similar metabolic and virulence-related traits that enhance persistence within the host environment (Machelart et al., 2020). This evolutionary constraint may help explain the relatively conserved clinical manifestations and transmission pathways of human brucellosis, while also underscoring highlight key implications for vaccine development.

This study employed a range of molecular epidemiological tools to characterize the genetic features of B. melitensis in Jiangsu Province, but there are limitations that should not be ignored. The strains in this study were all isolated from brucellosis patients, and no strains were obtained from indigenous ruminants. The absence of animal isolates limits the application of a One Health perspective. Integrating parallel sampling of ruminants during future outbreak surveillance could provide a more comprehensive understanding of cross-species transmission and contribute to the development of more targeted control strategies. In addition, this study was unable to directly correlate genetic variations with clinical severity or individual transmission, and analyses were therefore limited to overall transmission patterns. Future surveillance efforts should integrate such data to facilitate more precise genomic–epidemiological correlations.



5 Conclusion

The epidemiological analysis conducted in this study revealed that Jiangsu Province, a region with low endemicity, has been significantly influenced by various types of imported infections. Molecular epidemiology revealed that the B. melitensis isolated from brucellosis patients were primarily classified into two clades, which have been circulating for the past 14 years. Furthermore, multiple genetic characterization studies have indicated that these isolates exhibit limited diversity and may be evolving progressively to better adapt to the host and environment. Considering the current situation of brucellosis in this typical low-endemic area of East China, prevention and control should prioritize the growing threat of imported infections through reinforced livestock quarantine and inter-provincial traceability systems to reduce the risk of local transmission. Although imported cases predominate, the possibility of indigenous infections cannot be excluded, underscoring the need for sustained surveillance of local livestock and continuous genomic monitoring to detect and interrupt potential transmission chains. Taken together, these measures provide tailored strategies for strengthening brucellosis prevention and control in low-endemic settings such as Jiangsu Province.
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