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The non-Typhi Salmonella (NTS) infection is critical to children’s health, and the ceftriaxone is the important empirical treatment choice. With the increase resistance rate of ceftriaxone in Salmonella, the molecular epidemiology and resistance mechanism of ceftriaxone-resistant Salmonella needs to be studied. From July 2019 to July 2020, a total of 205 NTS isolates were collected, 195 of which (95.1%) were cultured from stool, but 10 isolates were isolated from an extraintestinal site. Serogroup B accounted for the vast majority (137/205) among the isolates. Fifty-three isolates were resistant to ceftriaxone, and 50 were isolated from children younger than 4years of age. The resistance rates for ceftriaxone, ciprofloxacin, and levofloxacin were significantly higher in younger children than the older children. The resistance genes in the ceftriaxone-susceptible isolates were detected by PCR, and ceftriaxone-resistant Salmonella were selected for further whole-genome sequencing. Whole-genome analysis showed that serotype Typhimurium and its monophasic variant was the most prevalent in ceftriaxone-resistant isolates (37/53), which comprised ST34 (33/53), ST19 (2/53), and ST99 (2/53), and they were close related in the phylogenetic tree. However, the other isolates were diverse, which included one Enteritidis (ST11), one Indiana (ST17), one Derby (ST40), four Kentucky (ST198), two Goldcoast (ST2529, ST358), one Muenster (ST321), one Virchow (ST359), one Rissen (ST469), one Kedougou (ST1543), two Uganda (ST684), and one Kottbus (ST8839). Moreover, CTX-M-55 ESBLs production (33/53) was found to be mainly responsible for ceftriaxone resistance, followed by blaCTX-M-65 (12/53), blaCTX-M-14 (4/53), blaCTX-M-9 (2/53), blaCTX-M-64 (1/53), blaCTX-M-130 (1/53), and blaCMY-2 (1/53). ISEcp1, IS903B, IS Kpn26, IS1F, and IS26 were connected to antimicrobial resistance genes transfer. In conclusion, the dissemination of ESBL-producing Salmonella isolates resulted in an increased prevalence of ceftriaxone resistance in young children. The high rate of multidrug resistance should be given additional attention.
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INTRODUCTION

Salmonella is a genus of Gram-negative bacteria of the family Enterobacteriaceae, and Salmonella enterica subsp. enterica is the most frequent pathogen triggering human sickness (Smith et al., 2016). Salmonella infection is officially called as salmonellosis, which causes stomach cramps, diarrhea, and fever. Salmonellosis is usually related to contaminated foods, including raw meat and fruits, unpasteurized milk and dairy products, and undercooked eggs (Wegener et al., 2003). Salmonellosis is a global health issue, with approximately 93 million cases of gastroenteritis and 155,000 associated deaths caused by Salmonella every year worldwide (Majowicz et al., 2010).

Serodiagnosis signatures were first recognized for classification in medical routine practice, and Salmonella spp. can be divided into Salmonella Typhi, Salmonella Paratyphi (A, B, or C), and non-Typhi Salmonella (NTS; Switt et al., 2009). In contrast to Salmonella Typhi and Salmonella Paratyphi that are rarely encountered outside endemic countries or in returning travelers, NTS has a high worldwide distribution. NTS infections are usually self-limiting, and antibiotics are now not indicated for uncomplicated infections. However, antibiotic therapy needs to be considered for populations at increased risk for invasive infections, such as neonates and elderly person, and antimicrobial treatment should also be modified or discontinued when a clinically plausible organism is identified (Shane et al., 2017).

Ceftriaxone is a third-generation cephalosporin with excellent activity against many Gram-negative microorganisms (Nahata and Barson, 1985) and is the empirical choice for Salmonella spp. treatment. With the misuse and overuse of antibiotics, as well as poor infection prevention and control, antibiotic resistance has accelerated over time, which threatens public health and clinical treatment. The most important resistance mechanism of ceftriaxone is producing AmpC β-lactamases, such as CMY and DHA, and extended spectrum β-lactamases (ESBLs), which include the TEM, SHV, CTX-M, VEB, and GES enzymes (Nahata and Barson, 1985).

In this study, we aimed to evaluate the molecular epidemiology of Salmonella spp. in children and to reveal the resistance mechanism and transmission pattern of ceftriaxone-resistant Salmonella. For the purpose, we collected the Salmonella spp. from Children’s Hospital from July 2019 to July 2020, and antimicrobial susceptibility tests and seroagglutination tests were conducted for these isolates. After that, we analyzed the genome characteristics and phylogenetic relationship of ceftriaxone-resistant Salmonella spp. by whole-genome sequencing, moreover, analyzed the genetic background mediated the ceftriaxone resistance.



MATERIALS AND METHODS


Collection of Isolates and Clinical Information

In Children’s Hospital of Zhejiang University School of Medicine from July 2019 to July 2020, all patients for whom clinical specimen were collected and found to host Salmonella were included in this study. For the routine work in the department of clinical laboratory, briefly, stool samples were inoculated onto blood agar (BIOIVD, Zhengzhou, China) and SS agar (Comagal, Shanghai, China) and cultured at 35°C for 18h. Blood samples were cultured with a Bactec FX400 System (BD, NJ, United States), and the other types of samples were incubated on blood agar (BIOIVD, Zhengzhou, China). Then, the correct clones were picked and streaked to purity for the tests. Patients’ information, including age, sex, and infection site, was obtained from the digital record system, and their names were masked. The age of children was calculated in decimal years by considering a month approximately 0.083years, and a day approximately 0.0027years. This study was approved by the Ethics Committee of Children’s Hospital of Zhejiang University School of Medicine (2021-IRB-031).



Bacterial Isolate Identification and Salmonella Serotyping

All the isolates were identified by matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry systems (Bruker Daltonics, Bremen, Germany). The serogrouping was conducted by a seroagglutination test (Tianrun, Ningbo, China), and serogroups A, B, C1, C2-C3, D1, and E1 were determined. These serogroups were also identified as O:2, O:4, O:7, O:8, O:9, and O:3, 10, respectively.



Antimicrobial Susceptibility Testing

Antimicrobial agent susceptibility was tested for all collected isolates, including against ampicillin, ceftriaxone, chloramphenicol, ciprofloxacin, levofloxacin, meropenem, and trimethoprim/sulfamethoxazole. Escherichia coli ATCC 25922 was used as the quality control. The agar dilution method was used following the guidelines of the Clinical & Laboratory Standards Institute (CLSI), and the breakpoint was interpreted according to the CLSI guidelines (M100 29th edition). The AST of colistin was determined by the micro broth dilution method, and a minimal inhibitory concentration (MIC)>2mg/L was considered resistant following European Committee on Antimicrobial Susceptibility Testing (AST; EUCAST) breakpoint interpretation.



Whole Genome Sequencing

Ceftriaxone-resistant Salmonella were selected for whole-genome sequencing, and genomic DNA was extracted with a QIAamp DNA Mini Kit (QIAGEN, Hilden, Germany). The Illumina HiSeq X-Ten platform (Illumina, San Diego, CA, United States) was chosen for whole-genome sequencing with a 150bp paired-end strategy, as previously described (Shi et al., 2020). Then, the reads were assembled by Shovill,1 and unqualified contigs (coverage <10 or length<200bp) were eliminated from subsequent analysis.



Detection of the Multilocus Sequence Typing, Serovar, and Antimicrobial Resistance Genes

Detection of the multilocus sequence typing (MLST) and the Inc-type plasmid of the strain were screened and determined by using the MLST 2.0 server and Plasmid Finder 1.3 at the Center for Genomic Epidemiology,2 respectively (Larsen et al., 2012; Carattoli et al., 2014), and the molecular serovar was identified by SISTR (Yoshida et al., 2016) on Pathogenwatch.3 Monophasic Salmonella Typhimurium (1, 4, [5], 12: i: -) was classified as Salmonella Typhimurium (1, 4, [5], 12: i: 2).

For ceftriaxone-resistant isolates, antimicrobial resistance genes (ARGs) were identified with whole genome sequences (WGSs) by ABRicate with parameter identity >90% and minimum length>60%,4 and the National Center for Biotechnology Information (NCBI) bacterial antimicrobial resistance reference gene database was set as the reference (Feldgarden et al., 2019). The blaTEM, blaCTX-M-1 group, blaCTX-M-9 group, and blaCMY-2 among the ceftriaxone susceptible isolates were screened by polymerase chain reaction (PCR) and Sanger sequencing, and the primers used in this study are shown in Supplementary Table S1.



The Genetic Structure Surrounding of ESBLs

The contigs that contained ESBL genes were extracted and annotated by Prokka (Seemann, 2014), and particularly by ISfinder for identifying mobile genetic elements (MGEs; Siguier et al., 2006).5 The transposons or translocatable units that were responsible for ESBL gene transfer were ascertained and their genetic structure was visualized.



Phylogenetic Relationship Analysis

All 53 ceftriaxone-resistant isolates were imported for phylogenetic relationship analysis based on their single-nucleotide polymorphisms (SNPs). The genome alignment was established by Snippy with default parameters,6 and one internal strain, SM-1 (accession number: SAMN20422865), was used as a reference, and the SNPs numbers between each isolate were calculated by Snp-dists.7 Fasttree (version 2.1.11) and generalized time-reversible model was used in phylogeny calculation, and the tree was illustrated and annotated by Evolview (Subramanian et al., 2019).



The Statistical Analysis

The comparison of antimicrobial resistance rates was performed by Fisher’s exact, and p<0.05 was considered as statistically significant.



Nucleotide Sequence Accession Numbers

The WGS of ceftriaxone-resistant Salmonella spp. were deposited in the NCBI database under BioProject accession number PRJNA749852.




RESULTS


Patients and Strains

During the period of the current study, a total of nonduplicated 205 Salmonella isolates were obtained. The isolates from feces accounted for the vast majority (195/205), and the remaining 10 isolates were from several types of sterile body fluids. Six out of 10 were from blood samples in the gastroenterology department, respiratory department, neonatal department, and pediatric intensive care unit (PICU). One strain (SM-201) was isolated from pleural fluid and the other (SM-290) was isolated from abdominal pus (general surgery department). There were two isolates from subperiosteal pus (SM-103 and SM-301, orthopedics department). A total of 86.8% (178/205) of Salmonella isolates were from children less than 4years of age in this study, and the median age of these children was 1.25 (IQR: 0.79 to 2.29), suggesting that younger children were the most potentially susceptible population.



Antimicrobial Susceptibility and Serotyping of Salmonella spp.

The seroagglutination test and AST were performed to explore the distribution of Salmonella serogroups and antimicrobial susceptibility in a tertiary children’s hospital (Table 1). Fifty-three ceftriaxone-resistant isolates were found in these collected Salmonella isolates and resistance rate reached 25.9%, and the other antimicrobial resistance rates for chloramphenicol, ciprofloxacin, levofloxacin, ampicillin, and trimethoprim/sulfamethoxazole were 44.4% (91/205), 23.4% (48/205), 11.7% (24/205), 75.6% (155/205), and 37.1% (76/205), respectively. The multidrug resistance (MDR) rate in the current study was 37.6% (77/205), and there was no meropenem-resistant Salmonella. Interestingly, the resistance rates for ceftriaxone, ciprofloxacin, and levofloxacin were significantly higher in younger children (age<1) (Supplementary Figure S1), and 94.3% (50/53) of ceftriaxone-resistant Salmonella isolates were distributed in children less than 4years of age. Furthermore, the resistance rates for ciprofloxacin and levofloxacin in the ceftriaxone-resistant group were significantly higher than those in the ceftriaxone-susceptible group (p=0.0006 and<0.0001, respectively). For instance, the ciprofloxacin resistance rate was 41.5% (22/53) in the ceftriaxone-resistant group, compared with 17.1% (26/152) in the ceftriaxone-susceptible group; and the difference resistance rates were 34.0% (18/53, ceftriaxone resistant) vs. 3.9% (6/152, ceftriaxone susceptible) for levofloxacin.



TABLE 1. The clinical information, serogroup and antibiotic resistance rate of 205 Salmonella isolates.
[image: Table1]

Serogroup determination by seroagglutination testing showed that serogroup B was the most prevalent type (137/205) among these Salmonella isolates, followed by serogroup D1 (21/205), serogroup C1 (19/205), serogroup E1 (12/205), and serogroup C2-C3 (10/205). There were six isolates that could not be classified into a specific serogroup by the seroagglutination testing. One of these isolates, SM-233, was resistant to ceftriaxone, and further whole genome sequencing showed that SM-233 belonged to serovar Kedougou, which is serogroup G Salmonella (Rodriguez-Urrego et al., 2010). Serogroup B Salmonella isolates also showed the most prevalent ceftriaxone resistance.



The Molecular Characteristics of Ceftriaxone-Resistant Salmonella Isolates

Whole-genome sequencing data of ceftriaxone-resistant Salmonella isolates were utilized to further clarify their molecular characteristics and phylogenetic relationship. All the ceftriaxone-resistant Salmonella isolates were from stools except one from blood. The MLST results showed that ST34 was the predominant sequence type (33/53, 62.3%), and the others were diverse, including one ST11, one ST17, two ST19, one ST40, two ST99, four ST198, one ST2529, one ST321, one ST358, one ST359, one ST469, one ST1543, and two ST684. Furthermore, one novel ST (ST8839) was found with the MLST profile (aroC 844, dnaN 71, hemD 43, hisD 12, purE 190, sucA 20, thrA 18), and it was nearest to ST808, with the point mutation C102T in aroC.

Among these isolates, serovar Typhimurium and its monophasic variant were predominant, and 37 serovar Typhimurium and its monophasic variant isolates corresponded to more than one sequence type, which included ST19, ST34 and ST99. ST358 and ST2529 belonged to serovar Goldcoast. In the other serovars, there was a one-to-one relationship between the serovar and the MLST, for instance, serovar Kentucky corresponded to ST198, and serovar Uganda corresponded to ST684.

The phylogenetic tree showed that serovars, such as Enteritidis, Muenster, Rissen, Virchow, Indiana, Kedougou, and Kottbus, were differently positioned on the phylogenetic tree and unrelated (Figure 1). The results showed that the phylogenetic relationship among the same ST isolates was indistinguishable, such as among the ST684 serovar Uganda or among the ST198 serovar Kentucky. The mean number of SNPs between each pair of ST34 isolates was 52.5±22.7, indicating that the relationships within the predominant ST strains were relatively close. There were 23 indistinguishable pairs of isolates in ST34 that has less than 5 SNPs. SM-90 (ST358) isolated from stool and SM-18 (ST2529) isolated from blood were nearly unrelated, although both of them belonged to the serovar Goldcoast.

[image: Figure 1]

FIGURE 1. The phylogenetic tree of 53 ceftriaxone-resistant Salmonella from the inside to the outside, each circle represents the ST type, serovar, ESBL genes, blaTEM, blaOXA, blaLAP, respectively.




Resistance Mechanisms of Ceftriaxone-Resistant Salmonella Isolates

To understand the ceftriaxone resistance mechanisms of these Salmonella spp. isolates, the antimicrobial resistance genes were analyzed. Almost all ceftriaxone resistant isolates were CTX-M-type ESBL producers, except one producer of CMY-2 β-lactamase, which is an AmpC cephalosporinase. In contrast, no CTX-M ESBLs or AmpC cephalosporinase genes were detected among the ceftriaxone-susceptible isolates, suggesting that those enzymes were possibly responsible for ceftriaxone resistance. Among the CTX-M-producing isolates, blaCTX-M-55 (33/53) was the most prevalent, followed by blaCTX-M-65 (12/53), blaCTX-M-14 (4/53), blaCTX-M-9 (2/53), blaCTX-M-64 (1/53), and blaCTX-M-130 (1/53). In particular, SM-55 harbored two different types of ESBLs, blaCTX-M-14 and blaCTX-M-55. TEM β-lactamases were mainly distributed (40/53) in ceftriaxone resistant isolates; however, the blaTEM-1 gene was still detected in 62.5% (95/152) of ceftriaxone susceptible isolates, showing its limited effect on ceftriaxone resistance. Among the ceftriaxone-resistant isolates, 38 isolates harbored blaTEM-1, and two isolates (SM-20 and SM-22) had blaTEM-215, which were both ST684. Four isolates were blaOXA-1 positive; eight isolates were blaOXA-10 positive, and there were three isolates contained blaLAP-2 (Figure 2).

[image: Figure 2]

FIGURE 2. The genetic environment of ESBL, the yellow region represented for CTX-M-1 group, the blue region represented for the CTX-M-9 group, and the grey region represented CMY-2. The red arrows represented for the resistance genes, and the black arrows represented for the mobile genetic elements (MGEs).


Genetic environment analyses showed that the ISEcp1-ESBL-IS903B structure was the most prevalent ESBL gene transfer. The CTX-M-1 group included CTX-M-55 and CTX-M-64, and the former had three different environments: ISEcp1-blaCTX-M-55-IS903B, ISEcp1-blaCTX-M-55-blaTEM-1-IS903B, and IS1F-blaCTX-M-55. Similarly, the gene structure of the latter was ISKpn26-ISEcp1-blaCTX-M-64-IS26. The CTX-M-9 group contained CTX-M-9, CTX-M-14, CTX-M-65, and CTX-M-130. The genetic structures of blaCTX-M-14, blaCTX-M-65, and blaCTX-M-130 were similar, which were mediated by ISEcp1 and IS903B, but blaCTX-M-9 was located on the chromosome, which was still mediated by ISEcp1. The gene upstream of CMY-2 was ISEcp1, which was located on the IncI1-I (Alpha) type plasmid (Figure 2).



The Prevalence of mcr-1 in Ceftriaxone Resistant Salmonella

Interestingly, SM-66 and SM-212 both harbored the mcr-1 gene, which mediates resistance against colistin, the last-resort therapy choice for multidrug-resistant Gram-negative bacterial infection. The colistin MIC of isolate SM-212 (accession number: SAMN20422907) reached 8mg/L; however, the colistin MIC of isolate SM-66 (accession number: SAMN20422894) was just 0.5mg/L, remaining susceptible. WGS analysis showed that the deletion mutation (GTGGCGAGTGTTG) of mcr-1 in SM-66 was observed between nucleic acid positions 55 and 67. The plasmid type of these two mcr-1-harboring isolates was IncHI2, which is common plasmid groups carrying multidrug resistance determinants.




DISCUSSION

Gastroenteritis induced by NTS is usually self-limited, and antibiotics are usually not indicated for uncomplicated infection, as expected for children and immunocompromised patients (Pragasam et al., 2019). In the current study, in addition to gastrointestinal Salmonella infection, we found other invasive NTS (iNTS) infections, such as bloodstream infections, abdominal infection, and osteomyelitis, and even ceftriaxone-resistant Salmonella bloodstream infection, which caused an increased burden on clinical treatment. Chen’s report indicated that iNTS would cause prolonged hospitalization, increased medical costs, and elevated mortality (Chen et al., 2012).

The recommendations for the treatment of acute gastroenteritis due to NTS vary (Haeusler and Curtis, 2013), and the empirical choice of treatment is usually ceftriaxone or ciprofloxacin, but ciprofloxacin and other fluoroquinolones have been restricted in children (Stahlmann and Lode, 2013). Because of the clear side effects, which make ceftriaxone very important in NTS infection treatment for children. However, ceftriaxone-resistant Salmonella incidence has been increasing in recent year, and research has shown that the resistance rates to ceftriaxone in 2019 were significantly higher than those in 2012 (14.3% vs. 4.1%, p<0.001) (Chang et al., 2021), which presented increased challenges to clinical treatment. The results of Chinet, an annual national surveillance in China, showed that the rate of resistance to ceftriaxone in 453 Salmonella enterica isolates was only 5.7% in 2020, and the rate of resistance to ceftriaxone in 498 Salmonella Typhimurium isolates was 25.2%.8 In this study, the ceftriaxone resistance incidence was 25.9%. Previous research indicated that NTS isolates from children aged <5years showed a higher prevalence of antimicrobial resistance than those from patients >5years, with a similar elevated resistance rate to cephalosporins and quinolones (Liang et al., 2015), which is consistent with our results.

Ceftriaxone and ciprofloxacin had a tendency of co-resistance in this study; 40.7% (22/54) of ceftriaxone-resistant isolates also showed resistance to ciprofloxacin, and the percentage was higher than that in the ceftriaxone-susceptible group. The antimicrobial resistance genes ciprofloxacin and ceftriaxone are usually carried by plasmids, which facilitates the coexistence of these genes on the same plasmids. The results showed that strain SM-15 contained the blaCTX-M-55 and qnrS1 on the same contig, which indicated that these genes were located on the same plasmid. Paterson indicated that ESBL gene harboring plasmids likely carry genes for resistance to many other antimicrobial agents, such as aminoglycosides, trimethoprim, sulfonamides, tetracyclines, and chloramphenicol, which may be the reason for MDR (Paterson, 2000). In these ceftriaxone-resistant Salmonella isolates, we found two mcr-1-positive isolates; interestingly, one of them was colistin susceptible, with a truncated mcr-1 allele. mcr-1-positive Salmonella isolates have been previously reported in Brazil (Rau et al., 2020), Spain (Trujillo-Soto et al., 2019), South Korea (Moon et al., 2021), and China (Lu et al., 2019), and the mcr-1 gene was found to be normally located on IncI2, IncHI2, and IncX4 plasmid types, respectively.

The serogroup of Salmonella is diverse worldwide. The majority serogroup of Salmonella in South India was serogroup B followed by E and C1/C2 (Pragasam et al., 2019), and the most prevalent ceftriaxone-resistant Salmonella serotype was serovar Heidelberg, followed by Newport in the United States (Medalla et al., 2016). In this study, we found that Salmonella Typhimurium represented the overwhelming majority of ceftriaxone-resistant Salmonella.

According to previous research, CMY-2 AmpC β-lactamase was the most important ceftriaxone resistance gene in Salmonella spp., followed by blaCTX-M-3 (Su et al., 2005). However, in our study, only one isolate contained CMY-2, and no isolates produced CTX-M-3. blaCTX-M-55 was the most common ESBL in this study, similar to a previous study in Shanghai (Li et al., 2021). The genetic structure of the ESBL gene was identical to that in a previous study. CTX-M and CMY-2 were in both the ISEcp1 and IS903B elements (He et al., 2021; Nguyen et al., 2021), and one CTX-M-64 was located in the ISKpn26- ISEcp1-blaCTX-M-64-IS26 structure. In this study, blaCTX-M-9 was located on the chromosome, which was mediated by ISEcp1, and became fixed. Maria et al. reported that the blaCTX-M-55/57 gene can transfer to E. coli, while repeated attempts to transfer plasmids harboring the blaCTX-M-5 and blaCTX-M-15 genes failed (Sjolund-Karlsson et al., 2011), which makes the prevalence of blaCTX-M-55 in our study explicable. Because ESBL genes are often carried by large plasmids (Rawat and Nair, 2010), we speculated that the plasmids carrying ESBL genes were transformed from other bacteria in the human intestinal tract, and further studies should be conducted to determine the origin and relationship of these resistance plasmids.



CONCLUSION

In this study, we investigated the epidemiology of Salmonella in the children’s hospital in Hangzhou, China, which could supplement important local epidemiological data. Younger children were the potentially susceptible population for Salmonella infections, and ST34 Salmonella Typhimurium dominated the ceftriaxone-resistant strains. The major resistance mechanism of ceftriaxone-resistant Salmonella was producing CTX-M-type ESBLs, in which blaCTX-M-55 was the most prevalent. The dissemination of these ESBLs was mediated by mobile elements, including ISEcp1 and IS903B. In the current study, we found the co-transfer tendency of cephalosporin- and quinolone-resistance, and the increased prevalence of ceftriaxone resistance and the high-rate multidrug resistance should be concerned.
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