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The emergence of multidrug-resistant (MDR) Salmonella Enteritidis has highlighted the importance of regularly monitoring for the occurrence of antibiotic-resistant strains. The current study combined phenotyping analysis and whole-genome-sequencing (WGS) to investigate the associations between the antibiotic-resistant phenotypes (ARPs) and genetic characteristics determinants in 95 Salmonella Enteritidis isolates from retail meat and environmental samples in China (2014–2019). Phenotypic analyses revealed that 70 isolates (73.68%) were MDR with 12 distinct resistance patterns. Most MDR strains (81.43%) had NAL-AMP-FIS-STR ± TET profiles, showing a fluctuating trend from 2015 to 2019, likely influenced by tetracycline withdrawal management. WGS identified four types of mutations in the gyrA gene were associated with nalidixic acid resistance. The co-carrying of blaTEM, sul2 and aph(6)-Id/aph(3″)-Ib was likely mediated by an X1-type plasmid, corresponding to resistance against ampicillin, sulfisoxazole, and streptomycin. Combining phenotypic analyses and WGS data, the 31 sequenced strains were primarily divided into two clusters, with most epidemic resistant strains in the largest cluster A. Identical ARP patterns observed across different sample types, regions, and isolation years but clustering together in cluster A suggested potential cross-contamination within the retail chain. Cluster B exhibited more diverse resistance patterns and genetic characteristics. Notably, three isolates in cluster B require special mention: a monophasic strain resistant to eight antibiotics, a strain exhibiting highly heteroresistance, and a strain with additional exotoxin genes. These results highlight the importance of ongoing surveillance and the utility of WGS to track and understand antibiotic resistance in Salmonella Enteritidis.
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1 Introduction

Foodborne Salmonella Enteritidis is predominantly associated with eggs, chicken and related products (Hofer, 2021; Gu et al., 2020). However, this bacterium can occur throughout the food production chain, infecting other food animals and contaminating a wide range of foods (Guerrero et al., 2022; Bellil et al., 2023; Yang et al., 2020). Salmonella Enteritidis accounts for approximately 40–60% of global salmonellosis cases (Pearce et al., 2018) and is the most frequently detected serovar among patients with diarrhea in China (Wang et al., 2022). The main approach for treating salmonellosis relies on antibiotics, with third-generation cephalosporins and fluoroquinolones being the first-line clinical options (Konyali et al., 2023). However, due to the widespread use of antibiotics, the incidence of multi-drug resistant (MDR) Salmonella stains is increasing, with over 70% of isolates from patients with diarrhea, food animals, or retailed foods in China being reported as being MDR (Wang et al., 2020; Song et al., 2020). Previous investigations into Salmonella Enteritidis and other Salmonella serovars has demonstrated significant variations in the prevalence of antibiotic resistance among isolates from different sample types, geographic regions and years of isolation (Zakaria et al., 2022; Ksibi et al., 2022; Kang et al., 2022). Moreover, the antibiotic resistance patterns of this serovar often differ from those observed in other Salmonella serovars (Gu et al., 2020; Kang et al., 2022). Therefore, it is essential to continually update data on the resistance patterns of this prominent serovar across different time frames, regions and sample types to trace the origin of resistant strains and elucidate the development of their resistance profiles.

Antibiotic resistance in Salmonella can develop through point mutations in the bacterial genome or via the horizontal transfer of genetic elements carrying antibiotic resistant genes (ARGs) (Rakitin et al., 2021; Zhao et al., 2023). Whole genome sequencing (WGS) has become both a complementary and alternative approach to traditional methods for evaluating the genetic diversity of ARGs in Salmonella (Hu et al., 2020; Alzahrani et al., 2023). Additionally, WGS can provide valuable insights into other factors, such as virulence determinants, mobile genetic elements, and other genomic changes linked to pathogenicity and antibiotic resistance (Ksibi et al., 2022). Furthermore, WGS offers superior resolution and accuracy for correlation analyses based on the core genome compared to conventional molecular typing methods, such as pulsed-field gel electrophoresis (PFGE) (Edirmanasinghe et al., 2017; Keefer et al., 2019; Rounds et al., 2020). An enhanced ability to connect resistance and virulence phenotypes with genotypes, will facilitate epidemiological investigations, as detailed data on the genomic context of each isolate will help in the determination potential transmission routes (Edirmanasinghe et al., 2017; Sun et al., 2024; García-Soto et al., 2023).

The current study determined the occurrence of antibiotic resistance in 95 Salmonella Enteritidis isolates, primarily obtained from retail meat and environmental samples during 2014–2019 in China, and investigated the temporal and geographical distribution of antibiotic resistance patterns among these isolates. WGS analyses were conducted to determine the diversity of resistance and virulence genes and to analyze the genetic relatedness among these isolates. The findings provide a scientific basis for quantitatively assessing the public health risk posed by Salmonella Enteritidis.



2 Materials and methods


2.1 Salmonella Enteritidis isolates

A total of 95 Salmonella Enteritidis isolates were used in the study (Supplementary Table S1). Among the 95 isolates, 67 were isolated from chicken meat, 13 from duck meat, 5 from egg products, 4 from pork, 2 from river water environment, 2 from freshwater fish, and 1 from a food poisoning incident. Geographically, 48 of the isolates originated from Shanghai and Shandong in East China, 33 from Guangdong in South China, and 14 from other regions and cities across China. These isolates were collected over the period from 2014 to 2019. More detailed information of these isolates is listed in Supplementary Table S1. These isolates were stored in a − 80°C freezer in our laboratory and reactivated by overnight cultivation at 37°C prior to use. The serovar of every isolate was re-verified using a PCR method, as described in a previous study (Liu et al., 2012). In brief, the serotype-specific primer sen-1392 (Liu et al., 2012) for Salmonella Enteritidis was used for PCR, with slight adjustments to the PCR conditions. Specifically, the conditions included an initial denaturation at 94°C for 5 min, followed by 35 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 30 s, with a final extension at 72°C for 10 min, and a final hold at 4°C. In the subsequent agarose gel electrophoresis, a 656 bp band was detected in the PCR products of all isolates, indicating that they were all Salmonella Enteritidis.



2.2 Antimicrobial susceptibility testing

According to the guidelines recommended by the Clinical and Laboratory Standards Institute (CLSI) (CLSI, 2020), the minimum inhibitory concentration (MIC) for a range of antibiotics was determined using the agar dilution method. A total of 14 antibiotics were tested, including amikacin (AMK), gentamicin (GEN), kanamycin (KAN), streptomycin (STR), ampicillin (AMP), ceftriaxone (CRO), cefepime (FEP), sulfisoxazole (FIS), chloramphenicol (CHL), tetracycline (TET), ciprofloxacin (CIP), ofloxacin (OFX), nalidixic (NAL) and fosfomycin (FOS). Bacterial cultures were prepared by inoculating fresh colonies into Mueller Hinton broth (Beijing Landbridge Technology Co., Ltd., Beijing, China) and incubating at 37°C for 18–24 h. The inoculum density was adjusted to the McFarland 0.5 standard prior to testing. The agar dilution method was performed by preparing antibiotic-containing Mueller Hinton agar (Beijing Landbridge Technology Co., Ltd., Beijing, China) plates in accordance with CLSI guidelines (CLSI, 2020), and the inoculated plates were incubated at 37°C for 18–24 h. Escherichia coli ATCC 25922 and Staphylococcus aureus ATCC 25923 were used as quality control bacteria in the MIC determinations. Breakpoints for all the tested antibiotics were used according to the interpretive standards by CLSI (2020). Bar charts for analysis on the distribution of sample types, geographic regions and years of isolation across different antibiotic resistance phenotypes (ARPs) were created using ChiPlot.1



2.3 Whole genome sequencing and clustering tree construction

Of the 95 isolates, 31 were selected for WGS based on their resistance profiles, sample types, isolation dates, and geographic distribution to ensure representation of the broader dataset. WGS was carried out by Illumina platform Hiseq 2,500 in the Majorbio Corporation (Shanghai, China). Briefly, genomic DNA was extracted from each strain using the TIAN amp Bacterial DNA Kit (Tiangen, Beijing, China) following the manufacturer’s instructions. All genomes were constructed as fragments with an insert length of 500 bp to generate sequencing libraries using the NEB Next Ultra DNA library Prey Kit for Illumina (NEB, Beverly, MA, USA) according to the manufacturer’s recommendations. All genomes were assembled from scratch using SPAdes.2 The core genomes were aligned using MAFFT.3 To infer the clustering relationships among the bacterial isolates based on their core genomes, maximum-likelihood (ML) trees were constructed using IQ-TREE.4 Clustering trees were visualized using FigTree5 and edited for clarity in Adobe Illustrator. In Adobe Illustrator, the tree images were adjusted by repositioning branches, resizing labels, and adding color to improve readability and enhance the visual presentation of the clustering relationships.



2.4 In silico analysis of genetic information and plasmid typing

The detection of ARGs and point mutations was accomplished using ResFinder.6 The virulence factors (VFs) were investigated through the Virulence Factor Database (VFDB).7 A threshold of 90% was established to define a significant match between the identified gene sequences and those known to confer resistance and virulence, while a minimum length coverage criterion of 60% was applied to further validate the presence of these ARGs and VFs in the isolates examined. The PlasmidFinder database8 was employed to detect and characterize plasmid replicons in the bacterial samples. The 90% nucleotide identity cutoff was used to filter out the corresponding plasmid replication types in each isolate. All these bioinformatics analyses were based on the 31 sequenced representative isolates.




3 Results


3.1 Antibiotic resistance of 95 Salmonella Enteritidis isolates

Among the 95 Salmonella Enteritidis isolates analyzed, resistance was most frequently observed for NAL (91/95, 95.79%), followed by AMP (75/95, 78.95%), FIS (65/95, 68.42%), STR (57/95, 60.00%), and TET (28/95, 29.47%). All isolates were susceptible to AMK, CIP, and OFX, with low resistance rates (ranging from 1.05 to 3.16%) to other tested agents including GEN (1/95, 1.05%), CHL (1/95, 1.05%), CRO (1/95, 1.05%), EFP (2/95, 2.11%), KAN (3/95, 3.16%), and FOS (3/95, 3.16%). Notably, most isolates exhibited low MICs to third-generation cephalosporins (CRO and EFP) and fluoroquinolones (CIP and OFX), with MIC90 values below 0.125 μg/mL (Table 1).



TABLE 1 Minimal inhibitory concentrations (MICs) among 95 Salmonella Enteritidis isolates.
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A total of 70 isolates (73.68%) were classified as MDR, defined as being resistant to three or more antibiotic agents. These isolates displayed 12 distinct MDR patterns (Table 2), including 1 isolate that showed resistance to 8 out of 14 antibiotics tested (NAL-AMP-FIS-STR-TET-KAN-FEP-CHL), with the underlined antibiotics forming the ACSSuT resistance pattern. The two most prevalent MDR profiles in this study were NAL-AMP-FIS-STR which was exhibited by 33 isolates and NAL-AMP-FIS-STR-TET which was exhibited by 24 isolates (Table 2). A third pattern (NAL-AMP-FIS) was exhibited by 3 isolates, and a fourth pattern (NAL-AMP-FIS-STR-FOS) by 2 isolates. Each of the other eight patterns was represented by a single isolate (Table 2). Along with 2 pan-sensitive strains, the remaining 23 strains which were resistant to one or two antibiotics were categorized into 5 different resistance profiles, with NAL resistance observed in 10 strains, and NAL-AMP resistance in 8 strains (Table 2).



TABLE 2 Antibiotic-resistant phenotype patterns among the 95 Salmonella Enteritidis isolates.
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3.2 Distribution of sample sources across different ARPs

Bar charts were constructed to show the distribution of various sample types across different ARPs (Figure 1A). Retail meat samples exhibited almost all of the ARPs, with the phenotype AMP being the sole exception. The only strain from a food poisoning sample and two strains from freshwater fish all exhibited the phenotype NAL-AMP-FIS-STR, while the only strain from a ready-to-eat food sample exhibited the phenotype NAL-AMP-FIS-STR-TET. Both of these phenotypes were the top two most prevalent antibiotic resistance patterns in this study. Five strains from egg samples exhibited diverse ARPs. Among them, two strains were MDR: one exhibited the most prevalent resistance pattern (NAL-AMP-FIS-STR), while the other was also exhibited resistance to FOS. The remaining three strains were not extensively resistant, with each showing resistance to either AMP, NAL, or both of these antibiotics. Two strains from the river water environment showed significantly different ARPs to each other. One strain was fully sensitive to all the antibiotics tested, while the other stain exhibited the most prevalent resistance pattern (NAL-AMP-FIS-STR).

[image: Figure 1]

FIGURE 1
 Distribution of sample types (A), geographic regions (B) and years of isolation (C) across different ARPs. Each bar represents a specific sample type, region and year, and its height corresponds to the number of samples that exhibit a certain ARP. The meanings of the abbreviations in the antibiotic-resistant phenotype patterns were shown in Table 1. The pie chart in each subgraph represents the proportion of strains in different categories.


From the perspective of geographic regions (Figure 1B), the three isolates from Southwestern China did not belong to either of the two most prevalent resistant patterns. The sole isolate from Northeastern China exhibited the most prevalent resistant pattern. The two most prevalent resistant patterns were also both detected in the other four regions of China. From the perspective of isolation years (Figure 1C), the three strains from 2014 did not belong to either of the two most prevalent resistant patterns, and interestingly, they were from Southwestern China. The most prevalent resistant pattern was not detected in isolates from 2017, while the second most prevalent resistant pattern was detected in isolates from 2015 to 2019. The annual distribution of the two most prevalent resistance patterns (NAL-AMP-FIS-STR ± TET) varied considerably from year to year (Figure 1C), meaning that in some years (2016 and 2017), strains resistant to TET were more common, while in others (2015, 2018 and 2019), strains lacking TET resistance were more prevalent.



3.3 Genetic analysis of 31 representative Salmonella Enteritidis isolates

A total of 31 Salmonella Enteritidis isolates were selected as representative strains for WGS. These representative strains encompassed all observed ARPs and two sensitive strains. Strains were selected based on a combination of ARPs, sample types, regions, and years. If a particular phenotype was only identified once in the 95 isolates studied, it was also included in the selection.

Using the ResFinder online prediction tool, a total of 16 antibiotic resistance genes were detected. These genes potentially corresponded to six different resistance categories (Table 3) which are described in detail below.



TABLE 3 Prevalence of ARGs in diverse antibiotic-resistant categories for 31 sequenced strains.
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3.3.1 Aminoglycoside resistance genes

Six aminoglycoside resistance related genes were identified among the isolates (Table 3 and Figure 2). The three most prevalent genes were aac(6′)-Iaa, aph(6)-Id, and aph(3″)-Ib, which were detected in 100% (31/31), 64.52% (20/31), and 64.52% (20/31) of the isolates, respectively. Additionally, the aph(3′)-IIa gene was present in 12.90% (4/31) of the isolates, the aac(3)-IId gene was found in 9.68% (3/31), and the aadA5 gene was identified in 3.23% (1/31) of the isolates. The simultaneous or partial presence of the genes aph(6)-Id, aph(3″)-Ib, aph(3′)-IIa, and aac(3)-IId was linked to the STR phenotype, with compliance rates of 95 to 100% (Table 3). Additionally, the latter two genes (aph(3′)-IIa and aac(3)-IId) were also associated with the aminoglycosides GEN and KAN to some extent (Table 3).

[image: Figure 2]

FIGURE 2
 Clustering tree based on core genome and heatmap of 31 Salmonella Enteritidis strains: in silico analysis of virulence factors (VFs), antibiotic resistance genes (ARGs) and plasmid pattens.




3.3.2 β-lactam resistance genes

Two distinct β-lactam resistance genes were identified (Table 3 and Figure 2). The blaTEM gene was present in 77.42% (24/31) of the isolates, most of which were associated with AMP, with the compliance rate at 95.83% (Table 3). The blaCTX-M-55 gene was detected in only 1 isolate (3.23%) (SUMHS 240147), which also exhibited resistance to FEP (Table 3 and Figure 2).



3.3.3 Quinolone resistance genes

Resistance to the quinolone antibiotic, NAL, was primarily linked to chromosomal mutations in the DNA gyrase subunit gene (gyrA). The mutation in gyrA gene was identified in 30 out of 31 isolates that classified into 4 types. The predominant mutation site was gyrA [87:D-Y] (66.67%, 20/30), followed by gyrA [87:D-G] (16.67%, 5/30), gyrA [83:S-Y] (10%, 3/30), and gyrA [87:D-N] (6.67%, 2/30) (Figure 2).



3.3.4 Other resistance genes

One or two resistance genes were identified in each of the following antibiotic resistance groups: TET (tetA gene), sulfonamides (sul2 and dfrA17 genes), CHL (floR gene) and FOS (fosB gene). The sul2 gene was found in 20/31 (64.52%) isolatess, while the tetA gene was detected in 6/31 (19.35%) isolate. The dfrA17 gene was identified in isolate SUMHS 240146, and the floR gene was found in isolate SUMHS 240147, in addition the fosB gene was identified in isolate SUMHS 240105 (Figure 2). The ARPs of most isolates generally aligned with their corresponding ARGs, such as floR to CHL, and sul2 to FIS, which had the 100% compliance rate (Table 3). However, some isolates exhibited resistance phenotypes for which a genetic basis could not be identified, while in other cases, ARGs were present in isolates that remained susceptible to the corresponding antibiotics. For example, although isolate SUMHS 240105 harbored the fosB gene, it did not show resistance to FOS; while three FOS resistance strains did not contain the fosB gene, which suggested that in these isolates resistance to FOS was due to yet to be identified gene(s). Similarly, six isolates were resistant to TET but lacked the tet(A) gene, which is typically responsible for TET resistance. Notably, among the 31 isolates, those (20/31) carrying the aph(6)-Id and aph(3″)-Ib genes were also found to possess the sul2 gene, and the blaTEM gene, associated with STR resistance, was frequently found in combination with both FIS and AMP (Figure 2).

Similarly, virulence genes and plasmid replicon types among the 31 isolates were detected using the VFDB online prediction tool and the PlasmidFinder database, respectively.



3.3.5 Virulence factors

Type III secretion systems (T3SS) encoded by Salmonella Pathogenicity Island (SPI-1 and SPI-2) were present in all 31 Salmonella Enteritidis isolates. The superoxide dismutase gene, sodC1, and fimbria related gene lpf, along with the metal ion-regulating genes mgtBC and misL, were also found in 100% of the isolates (Figure 2). Another fimbria related gene shdA was present in 80.65% (25/31) of the isolates. Additionally, plasmid mediated virulence genes were detected across most of strains (93.5%, 29/31), including fimbrial adhesins (pef), T3SS effectors (spv), and the complement resistance gene (rck). The remaining two virulence genes were less common, with nhe and cytK only being present in 3.23% (1/31) of the strains (Figure 2).



3.3.6 Plasmids assays

The plasmid profiles indicated that F-type (IncFIB/IncFII) and X1-type plasmids were common in Salmonella Enteritidis strains (Figure 2). F-type plasmids were present in 93.55% (29/31) of the strains, while X1-type plasmids were detected in 64.52% (20/31) of the strains. No plasmids were identified in SUMHS 240095, whereas only the X1-type plasmid was detected in SUMHS 240153. Notably, the presence of the X1-type plasmid corresponded with the co-occurrence of blaTEM, sul2 and aph(6)-Id/aph(3″)-Ib, as mentioned above, suggesting a high likelihood that these genes were located on the X1-type plasmid, conferring resistance to AMP-FIS-STR.




3.4 Genetic diversity and relatedness of 31 Salmonella Enteritidis isolates

For the purpose of illustrating the interrelationships among these Salmonella Enteritidis isolates, a clustering tree was constructed based on the core genome genes (Figure 2). This classified tree partitioned the 31 Salmonella Enteritidis isolates into 6 distinct clusters. Predominantly, two larger clusters were identified: cluster A, which encompassed 14 isolates, and cluster B, which was comprised of 12 isolates. Cluster B was distinctly subdivisible into B1, which encompasses 5 isolates, and B2, which contained the remaining 7 isolates. The remaining clusters, designated C, D, E and F, were notably smaller, each incorporating only 1 or 2 isolates.

The majority (7/8) of isolates carrying the most prevalent ARP (NAL-AMP-FIS-STR) (Figure 2) were classified into cluster A (Figure 2), which exhibited similar resistance and virulence genes, suggesting clonal transmission. However, the sample types, regions, and years of these 7 isolates differed, suggesting that strains with this ARP may be widespread in retail markets and the environment. This indicates that clonal transmission may be occurring due to cross-contamination during the sales process or food chain, likely involving the spread of bacteria between products, surfaces, or handlers, leading to the same bacterial clone being present in different locations or at different times. Notably, 6 closely clustered isolates were from 2015 to 2018, with the other 2 isolates, from 2019, having slightly longer clustering distances, which indicates that the genomes of the most recent isolates have slightly changed. Taking strain SUMHS 240153 as an example, the absence of three virulence genes, spv, pef and rcs, typically found on the virulence plasmid, was observed. This suggests that the strain might have diverged from the other 6 strains due to the potential loss of this specific virulence plasmid after infecting humans, as this was a food poisoning isolate. Similarly, the majority (5/7) of the isolates that possessed the second most prevalent ARP (NAL-AMP-FIS-STR-TET) (Table 2) were also classified into cluster A (Figure 2). These stains while all being isolated from retail meat, came from different regions and were isolated between 2017 and 2019, indicating that this prevalent resistance strain was most likely clonally transmitted through retail meat in various regions. Notably, one isolate (SUMHS 240105) exhibiting the second most prevalent ARP was classified into cluster B. This isolate differed significantly from the above 5 strains in terms of the resistance and virulence genes detected. For instance, it lacked the tet gene but exhibits a TET phenotype; 4 additional resistance genes [aac(3)-IId, aph(3″)-Ib, aph(3′)-IIa, fosB] were detected, yet they had no corresponding resistant phenotypes, referred to as heteroresistance; additionally, 2 virulence genes (ctyK and nhe) were uniquely found within this strain and the type of mutation in gyrA (S83Y) was different from others in cluster A. All of this data suggests that this strain may be a completely different clone.

Overall, both the ARGs and ARPs were more complicated in cluster B compared to for the other 5 clusters. Particularly, cluster B included four types of gyrA gene mutants (D87Y, D87N, D87G, and S83Y), whereas only the most typical mutation (gyrA: D87Y) existed in the other clusters (A, C, D, E, F). Similarly, the carriage of ARGs in the aminoglycoside class were uniform in the other 4 clusters (A, C, D, E, F), whereas this was not the case in cluster B. Additionally, the only two pan-susceptible strains among the tested isolates were also located within the B1 sub-branch of cluster B. With regard to geographic distribution and sample types; almost all the isolates in cluster B were from retail meat and all of them were isolated from Eastern or Southern China between 2015 and 2019. This suggested that these isolates in cluster B may have a wealth of transferable components which are carrying different ARGs or virulence genes.




4 Discussion

The current study analyzed the antibiotic resistance profiles of Salmonella Enteritidis isolates in China from 2014 to 2019 (Table 1 and Figure 1). Compared to data reported for Salmonella Enteritidis strains isolated from retail chicken samples from Shanghai between 2008 and 2012 (Zhou et al., 2018), resistance rates appear to have increased significantly: AMP from 50.70 to 78.95%, FIS from 49.32 to 68.42%, TET from 17.12 to 29.47%, and STR from 4.80% to a notable 60.00%. Further, compared to Salmonella Enteritidis strains isolated from clinical samples in Beijing between 2010 and 2014 (Qu et al., 2016), resistance rates also showed slight increases: AMP increased from 60.0 to 78.95%, FIS from 54.3 to 68.42%, and STR from 42.9 to 60.00%. These findings indicate a worrying increase in the resistance of Salmonella Enteritidis to commonly used antibiotics, which if not checked could limit treatment options and make infections harder to manage. Fortunately, current monitoring data from retail samples of Salmonella Enteritidis indicate that resistance to first-line clinical antibiotics, such as cephalosporins and fluoroquinolones, remains low (Yang et al., 2020; Zhou et al., 2018; Yin et al., 2022; Kanaan et al., 2023). The results of the current study support these observations, as all isolates were sensitive to fluoroquinolones and resistance to cephalosporins was limited, with the MIC90 values for both antibiotics being comparatively low (Table 1). In contrast, the situation is less optimistic in clinical settings for Salmonella Enteritidis (Li et al., 2021), as well as for other Salmonella serovars in retail samples, such as Salmonella Typhimurium (Yang et al., 2023) and Salmonella Indiana (Hu et al., 2022).

Although 12 different MDR profiles were identified in this study (Table 2), the majority of isolates (81.43%, 57/70) exhibited the NAL-AMP-FIS-STR ± TET profiles (Table 2 and Figure 1), which was consistent with the predominant resistance pattern reported for Salmonella Enteritidis in retail foods in Shanghai in 2020 (Yang et al., 2020) and in Shaanxi in 2021 (Dai et al., 2021). Interesting, the relative prevalence of the two most common resistance profiles differed from 2015 to 2019, owing to the presence or absence of TET (Figure 1C). TET was once widely used to promote growth and prevent animal diseases (Liang et al., 2023; Rincón-Gamboa et al., 2021). However, its non-therapeutic use, in China was strictly regulated during the years the isolates in the current study were obtained from, particularly in food products like meat, eggs, and milk, with strict adherence to withdrawal periods (Xu et al., 2020). This regulation may in part explain the alternating patterns of Salmonella Enteritidis resistance to TET and underscore the link between antibiotic resistance in retail meat strains and antibiotic use in farming. With new policies prohibiting TET as a growth-promoting feed additive since 2020, resistance to this antibiotic is expected to decline.

In the current study, a notable finding was the identification of strain SUMHS 240147, isolated from retail chicken in Shanghai in 2019, which exhibited resistance to eight antibiotics (Figure 2) and may be a derivative of the ACSSuT resistance pattern. The ACSSuT profile is typically associated with the main MDR type in Salmonella Typhimurium (Yang et al., 2020) but is rarely found in Salmonella Enteritidis. Recent studies have shown that the ACSSuT pattern is usually linked to high resistance against third-generation cephalosporins and quinolones in Salmonella, including Typhimurium (Yang et al., 2020), Newport and Dublin (Bhandari et al., 2023), and Enteritidis (Ma et al., 2018), which aligns with the findings of this study. These results highlight the need for regular monitoring to track changes in antibiotic resistance patterns, serving as a warning for other cities in China.

The egg-derived isolates in the current study exhibited five different ARP patterns, demonstrating a relatively rich resistance profile (Figure 1A). This is similar to a recent report on antibiotic resistance in Salmonella from poultry eggs (Bahramianfard et al., 2021), which showed that although the number of antibiotics Salmonella were resistant to was low, the resistance profiles were quite complex. A representative egg isolates (SUMHS 240082), which was sequenced was categorized into cluster D (Figure 2), exhibiting an additional FOS resistance compared to the second most prevalent resistant pattern (NAL-AMP-FIS-STR-TET). It shared the same resistance phenotype with a strain (SUMHS 240081) from the distantly related cluster B1, yet it had a significantly different genotype. These results suggested that the egg may not have been contaminated at the retail level and likely originated from chickens raised on farms that were infected with resistant Salmonella Enteritidis.

In silico analysis of antibiotic genes in the current study revealed complex relationships between the presence of specific genes and aminoglycoside phenotypes in Salmonella Enteritidis. While some genes, like aph(3″)-Ib and aph(6)-Id, showed a clear association with STR resistance, others, such as aac(6′)-Iaa and aac(3)-IId, did not demonstrate a clear correlation with resistance to certain aminoglycosides (Table 3). Previous studies have shown that the aph(3″)-Ib and aph(6)-Id genes are often detected together in STR-resistant strains (Srednik et al., 2022; Yue et al., 2022), which is consistent with the results obtained in the current study, where both genes were present in 20 out of 21 STR-resistant strains (concordance rate of 95%) (Table 3). Conversely, the gene aac(3)-IId which is sometimes associated with resistance to GEN (Davies et al., 2022; Cox et al., 2022) was detected in three strains of this study (Table 3 and Figure 2). However, among the three strains carrying the aac(3)-IId gene detected in this study, only one (SUMHS 240092) exhibited resistance to GEN (Figure 2). Furthermore, it was observed that for the aminoglycoside-resistant strains of the B cluster, the number of resistance genes did not correlate directly with the number of aminoglycoside resistance types (Figure 2). For instance, SUMHS 240105, which carried all four of the aforementioned genes, was only resistant to STR, while SUMHS 240092, which carried only aac(6′)-Iaa and aac(3)-IId, was resistant to STR, GEN, and KAN (Figure 2). This observation suggests that aminoglycoside resistance mechanisms in Salmonella Enteritidis are multifactorial and may involve additional factors beyond the presence and quantity of specific resistance genes. Further research is needed to fully elucidate these complexities.

Previous studies have indicated that blaTEM is the most common gene associated with AMP resistance (Zheng et al., 2021). Accordingly, the current study observed a 95.83% concordance rate (23/24) between the presence of this gene and AMP resistance (Table 3). Additionally, an association of the IncX1 plasmid with the blaTEM gene in Salmonella has previously been reported (Petrin et al., 2023). Consistent with this, 83.3% (20/24) of the AMP-resistant isolates in the current study carried the IncX1 plasmid (Figure 2), suggesting a high likelihood that the blaTEM gene in Salmonella Enteritidis is carried by the IncX1 plasmid. Moreover, the co-occurrence of blaTEM, sul2 and aph(6)-Id/aph(3″)-Ib, mediated by the X1 plasmid and resistance to AMP-FIS-STR, was also observed in a similar study by Li et al. (2022) for Salmonella isolated from dead poultry. This consistency suggests that the X1 plasmid plays a significant role in transmitting MDR among Salmonella strains from food animals to food products. Furthermore, the current study identified a strain (SUMHS 240147) carrying the blaCTX-M-55 gene that exhibited resistance to FEP (Figure 2). This finding aligns with previous reports that blaCTX-M encodes a plasmid-mediated enzyme that preferentially hydrolyzes CRO or FEP in Salmonella (Long et al., 2022). Interestingly, the current study detected one FEP-resistant strain (SUMHS 240138) and one CRO-resistant strain (SUMHS 240146) that lacked blaCTX-M, suggesting the presence of other genes encoding broad-spectrum cephalosporin resistance that we did not detect. Similarly, the tetA gene, which is associated with phenotypic resistance to TET (Petrin et al., 2023), was found in only 6 out of 11 TET-resistant strains. As these genes are plasmid-mediated, discrepancies may arise from variations in plasmid abundance or sequencing accuracy. The fosB gene, commonly found in Gram-positive bacteria such as Staphylococcus aureus (Hu et al., 2023), is associated with FOS resistance (Lamers et al., 2012). However, it is rarely detected in Gram-negative bacteria, such as Salmonella, and its association with resistance in this context is uncertain. This observation might explain why one strain in the current study which carried the fosB gene did not exhibit FOS resistance. In Salmonella, FOS resistance is typically linked to mutations in chromosomal genes glpT and murA (Couce et al., 2012; Takahata et al., 2010) or plasmid-mediated genes like fosA3 (Fang et al., 2020). However, the three FOS-resistant strains in the current study did not show the presence of these genes or mutations. This could be due to insufficient detection sensitivity or the involvement of other untested genes. Therefore, the aforementioned strains that exhibited resistance but lacked the corresponding genes, require more detailed sequencing and mechanistic studies.

Two specific strains classified in cluster B2 in the current study were also noteworthy. The strain SUMHS 240147 which exhibited an 8-fold resistant phenotype was isolated in 2019 (Figure 2), which was the most recent isolate among the batch of strains tested, making it worthy of attention at the current time. The ARPs were consistent with the ARGs, especially, with MDR-ACSSuT resistance commonly found on transferable components (e.g., plasmid) (Wottlin et al., 2022). However, MDR-ACSSuT resistance can also be located in chromosomes, as seen in Salmonella Typhimurium, where it is encoded within a pathogenic island (de Curraize et al., 2017). This suggests that the resistance might have originated from a common strain that underwent genetic mutation and acquired resistance genes. Interestingly, this strain was a monophasic variant (Supplementary Table S1). The emergence of such variants, which are frequently reported in Salmonella Typhimurium (Sun et al., 2020), could present certain challenges for the diagnosis and treatment of salmonellosis. Moreover, monophasic Salmonella Typhimurium often display increased resistance and pathogenicity (Sun et al., 2020; Qin et al., 2022). Therefore, this monophasic Salmonella Enteritidis strain, which exhibited high-quantity antibiotic resistance, warrants further toxicity testing. Another strain in cluster B2 that warrants attention was SUMHS 240146, which was extraordinarily unique in both phenotype and genotype. Specifically, it displayed resistance to CRO and TET, yet no corresponding ARGs were identified, indicating that it may have plasmid mediated unidentified genes. It was the only strain that carried the dfrA17 and aadA5 genes (Figure 2), which encode a dihydrofolate reductase enzyme for sulfamethoxazole/trimethoprim and an aminoglycoside-modifying enzyme (Ma et al., 2022), respectively. However, resistance to sulfonamides or aminoglycosides was not detected (Figure 2). Previous studies have shown that the dfrA17-aadA5 gene cassette is often found together with the aac(3)-Id gene in type I integrons (Meng et al., 2017). However, this strain did not carry the aac(3)-Id gene, suggesting it may possess a defective type I integron that contains genes related to sulfonamides or aminoglycosides, but these genes are not expressed. These discrepancies between the WGS-determined genotype and experimentally observed ARP, referred to as heteroresistance, may limit the ability of WGS to accurately predict true resistance rates (Zwe et al., 2020). Heteroresistance includes false negative errors (where phenotypic resistance is absent despite the presence of the genetic resistance determinant) and false positive errors (where resistance genes are present without corresponding phenotypic resistance). Unstable, temporary changes in genetic elements may be the main reasons that cause heteroresistance (Zwe et al., 2020). Unstable genetic features such as temporary loss of gene expression or lower copy number when resistance genes are located on mobile elements could not be reliably employed by WGS to predict phenotype, especially in next-generation sequencing (NGS) platforms utilized in this study due to its short length of the reads generated. Therefore, incorporating deep sequencing specifically targeting these mobile elements may offer a potential solution to alleviate the detection failures in silico.

From a virulence perspective, these strains also have a high pathogenic potential. All these resistant isolates possessed relatively abundant virulence genes as genes related to antioxidant (sodC1), metal ion transport (mgtBC and misL), bacteriocin production (ent), and major pathogenicity islands (SPI1 and SPI2), as well as genes related to adhesion that may be located within the pathogenicity islands (lpf and bcf), were present in all the strains (Figure 2). Strangely, half (6/12) of the isolates classified into cluster B lacked the shdA gene, which encodes a protein involved in bacterial flagella synthesis and assembly (Urrutia et al., 2014), and it is usually not located in pathogenicity islands. Since the loss of this flagellar gene was only detected in monophasic bacteria in this study (Supplementary Table S1), it is hypothesized that there may be a relationship between the two, which requires further confirmation. Genes related to cytotoxins (cytK) and enterotoxins (nhe) were only detected in the SUMHS 240105 strain, which is also the only strain classified into cluster B among those with the second epidemic resistance pattern (NAL-AMP-FIS-STR-TET) (Table 2). Therefore, this highly virulent and epidemic resistant bacteria (SUMHS 240105) is also very worthy of further study because these exotoxins, including cytotoxins and enterotoxins, are believed to be responsible for diarrheal food poisoning (Stenfors Arnesen et al., 2008). In the current study, strains that did not harbor the virulence genes pef, spv, and rck also did not carry F-type plasmids, and vice versa (Figure 2). This confirmed previous reports that these three virulence genes are mediated by F-type virulence plasmids specific in Salmonella Enteritidis (Ksibi et al., 2022; Silva et al., 2017; Villa et al., 2010).

A limitation of this study is that WGS was conducted on only 31 of the 95 isolates due to resource constraints. While these isolates were selected to represent diverse resistance profiles, future studies should aim to sequence all isolates or conduct in-depth sequencing (e.g., nanopore sequencing) on the three isolates that warrant special attention and compare them with similar strains in public databases to provide a more comprehensive understanding of the genomic determinants and resistance mechanisms.



5 Conclusion

This analysis of antibiotic susceptibility among 95 Salmonella Enteritidis isolates revealed a notable rise in resistance to AMP, FIS, STR, and TET. Fortunately, the resistance rate for first-line antibiotics remained comparatively low. The yearly fluctuations in TET resistance may have been influenced by the management of withdrawal periods. These findings highlight the importance of continuous monitoring. The prevalence of ARPs across various sample types, regions, and isolation years suggests the potential for cross-contamination through the retail chain. However, the complex resistance profiles of egg-derived isolates indicated that contamination might have occurred at the animal or farm level. Leveraging WGS data, we identified most ARGs that align with observed ARPs, while variations in VFs were also uncovered. Co-carrying of blaTEM, sul2 and aph(6)-Id/aph(3″)-Ib (64.52%) was likely mediated by an X1-type plasmid, while virulence genes including pef, spv, and rck were associated with an F-type plasmid. Clustering analysis, based on core genes from 31 representative strains, demonstrated the diversity in the development of resistance in Salmonella Enteritidis. Strains in cluster B exhibited distinct ARPs and ARGs. Notably, three strains in cluster B emerged with unique and potentially high-risk resistance phenotypes, as well as specific virulence and resistance genes, underscoring the need for vigilant monitoring of Salmonella Enteritidis. These findings provided new insights into the molecular epidemiology of antibiotic resistance and highlight critical intervention points for mitigating this public health threat.
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NAL-AMP-FIS-STR-TET-KAN-FEP-CHL 1.05% (1)
NAL-AMP-FIS-STR-TET 25.26% (24)
NAL-AMP-FIS-STR-FOS 211% 2)
NAL-AMP-STR-KAN-GEN 1.05% (1)
NAL-AMP-FIS-STR 3474% (33)
NAL-AMP-TET-CRO 1.05% (1)
NAL-AMP-FIS 3.16% (3)
NAL-FISSTR 1.05% (1)
NAL-STR-TET 1.05% (1)
NAL-STRKAN 1.05% (1)
NAL-TET-FEP 1.05% (1)
AMP-FIS-STR 1.05% (1)
NAL-AMP 8.42% (8)
NAL-FIS 211% (2)
NAL-FOS 1.05% (1)
NAL 10.53% (10)
AMP 1.05% (1)
Pan-susceptive 211% (2)

AMP ampicillin; NAL, Nalidixic acid; FEP. Cefepime; CRO, ceftriaxone; TET, tetracycline;
STR, streptomycin; FIS, Sulfisoxazole; CHL, Chloramphenicol GEN, Gentamicin; KAN,
Kanamycin; FOS, Fosfomycin.
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