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Abstract

:

Poultry products are still an important cause of Salmonella infections worldwide, with an increasingly reported expansion of less-frequent serotypes or atypical strains that are frequently multidrug-resistant. Nevertheless, the ability of Salmonella to survive antimicrobials promoted in the context of antibiotic reducing/replacing and farming rethinking (e.g., organic acids and copper in feed/biocides) has been scarcely explored. We investigated Salmonella occurrence (conventional and molecular assays) among chicken meat at the processing stage (n = 53 batches/29 farms) and characterized their tolerance to diverse stress factors (antibiotics, copper, acid pH, and peracetic acid). Whole-genome sequencing was used to assess adaptive features and to perform comparative analysis. We found a low Salmonella occurrence (4%) and identified S. Enteritidis/ST11 plus atypical non-H2S-producing S. 1,4,[5],12:i:-/ST3478. The ST3478 presented the ability to grow under diverse stresses (antibiotics, copper, and acid-pH). Comparative genomics among ST3478 isolates showed similar antibiotic/metal resistance gene repertoires and identical nonsense phsA thiosulfate reductase mutations (related to H2S-negative phenotype), besides their close phylogenetic relationship by cgMLST and SNPs. This study alerts for the ongoing national and international spread of an emerging monophasic Salmonella Typhimurium clonal lineage with an enlarged ability to survive to antimicrobials/biocides commonly used in poultry production, being unnoticed by conventional Salmonella detection approaches due to an atypical non-H2S-producing phenotype.
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1. Introduction


Non-typhoidal Salmonella (NTS) remains one of the most frequent causes of foodborne infections globally and is mainly associated with the consumption of contaminated foods of an animal origin, including eggs and poultry meat [1,2]. Currently, in the European Union (EU), NTS is one of the most well-controlled foodborne pathogens due to the implementation of diverse food safety regulations and specific monitoring programs at poultry production (from the farm to the consumption level) [3,4,5]. Salmonella control programs implemented at EU poultry production in the last few decades has led to an initial long-term decrease in human salmonellosis (particularly of Salmonella Enteritidis). However, according to the last annual zoonosis report of the European Food Safety Authority (EFSA), there was observed a stabilization trend during the years 2014–2018 in the overall incidence of salmonellosis considering all reported cases of the participating countries [2]. At the same time, expansion of less-frequent serotypes, including newly emerging strains with epidemic potential or with atypical biochemical features (e.g., hydrogen sulfide-H2S negative), and frequently multidrug-resistant (MDR) strains, have been reported in poultry production over diverse geographical regions [1,2,6,7,8].



Since the control of zoonotic pathogens should be focused on reducing contamination in the entire poultry meat chain, it is essential to investigate NTS occurrence and the factors contributing to their survival, particularly those related to production management systems (farm and slaughterhouse characteristics, including biosafety control measures at the farm or slaughter/processing stage), that are still scarcely explored [9]. Furthermore, antibiotic restriction policies for the control of antibiotic resistance, including in poultry, call for sustainable biosecurity alternatives (e.g., for disinfection, pest control and as feed additives). A recent and increasingly important alternative to reduce, replace, and refine antibiotics on-farm has been the use of non-antibiotic compounds with antimicrobial activity like metals (e.g., copper-Cu) and organic acids, as feed additives and surface/equipment disinfectants [10,11]. However, the effectiveness/efficacy of these recommended poultry control practices on the elimination of Salmonella, particularly of EU-targeted serotypes (S. Enteritidis, S. Typhimurium and its monophasic variant S. 1,4,[5],12:i:-), has been scarcely explored [9,11]. Therefore, it is essential to monitor poultry meat contamination rates by NTS, currently performed through ISO standard cultural methods, as well as to characterize the adaptive features contributing to their survival in poultry production.



In this study, we investigated the occurrence of clinically relevant Salmonella serotypes among fresh chicken meat samples at the poultry processing stage in Portugal and their ability to tolerate diverse stress factors. Moreover, we report for the first time the presence of an atypical non-H2S-producing clinically relevant S. 1,4,[5],12:i:- ST3478 strain adapted to diverse poultry production-related stresses, which by comparative genomic analysis was revealed to be an ongoing emerging clonal lineage.




2. Materials and Methods


2.1. Sampling Strategy in the Slaughterhouse and Processing Plant


Raw chicken meat samples (n = 53), recovered after slaughter and chilled, were collected over six months during 2018 (including in spring and summer) in a Portuguese poultry-production slaughterhouse, immediately before distribution for retail sale. The broilers were from 29 intensive-based farms settled in the north and the center of Portugal, with a similar conventional indoor and floor-raised production system (broiler flocks ranged from 2500 to 8000 per house with age at slaughter from 28 to 42 days). Concerning biosecurity measures, peracetic acid with hydrogen peroxide (between 0.5–3%) was used at the processing plant as a biocide for disinfection as well as copper and organic acids (unknown composition) as additives in the poultry feed. Each sample was processed as a pool of neck skin from 10 carcasses of the same batch (each batch corresponded to one flock from the same house and farm). All samples were collected in sterile plastic bags, transported at 4 °C, and processed on the same day at the laboratory. Subsequent sample processing was performed by cultural and molecular approaches as described in the next sections.




2.2. Detection and Characterization of Salmonella by a Cultural Approach


Salmonella detection and characterization was performed using the International Standard Organization-ISO 6579-1:2017 standard method [12]. Briefly, 25 g of sample was initially pre-enriched in Buffered Peptone Water (BPW) (Liofilchem, Roseto degli Abruzzi, Italy) and incubated at 34–38 °C. After that, we performed a selective enrichment by adding 0.1 mL and 1 mL of the previous BPW to Rappaport-Vassiliadis medium with Soya (RVS, 41.5 °C ± 1 °C) and Muller-Kauffmann tetrathionate-novobiocin (MKTTn, 34–38 °C) broths (Biogerm, Maia, Portugal), respectively. The previous selective broths were finally streak-plated on Xylose Lysine Deoxycholate (XLD) (Liofilchem, Roseto degli Abruzzi, Italy) agar and CHROMagar™ Salmonella Plus (Biogerm, Maia, Portugal). Presumptive Salmonella colonies recovered from both selective media (up to five colonies per plate) were confirmed by biochemical tests (e.g., API-20 E—bioMérieux, Marcy l’Etoile, France) as well as agglutination with Salmonella O poly antisera and serogroup-specific antisera (BD Difco™, Franklin Lakes, NJ, USA) (Figure 1). Salmonella isolates were also additionally confirmed through a molecular approach using a standard PCR for the detection of invA marker gene (Figure 1) [13], using the primers and conditions described in Table S1.




2.3. Detection of Salmonella by a Molecular Approach


Salmonella detection in raw poultry samples was also performed by a molecular approach using a standard PCR for amplification of the invA gene, applied directly to DNA extracted from the pre-enriched and enriched broths (BPW and RVS/MKTTn) (Figure 1, Table S1). This DNA extraction was conducted by a boiling-based protocol optimized in this study for poultry high-fat samples. Briefly, we first added 1 mL of BPW, RVS and MKTTn to Eppendorf tubes. After that, we centrifuged the previous suspensions (13000 g, 5 min), rejected the supernatant, and washed the pellet with 200 µL of saline. The previous step was repeated, this time washing the pellet with 200 µL of Triton X-100 (1%). The saline cleaning step was performed again to erase any traces of Triton X-100. A new centrifugation (13000 x g for 5 min) and resuspension of the pellet in 100 µL of sterilized ultrapure water was performed. The supernatant containing the total DNA was recovered after a final boiling of the pellet (100 °C for 20 min) and centrifugation (13000 x g for 5 min). The efficiency of the bacterial DNA extraction was always evaluated by a standard PCR targeting the 16S rDNA gene (Table S1) [14].




2.4. Phenotypic and Genotypic Characterization of Salmonella Isolates Recovered from Positive Samples


The search of EU-targeted Salmonella serotypes (Enteritidis, Typhimurium and 4,[5],12:i:-) [15] and their antibiotic resistance (blaTEM, cmlA1-catA-floR, strA-strB-aadA-aac(3)-IV-aphA1, sul1-sul2-sul3, tetA-tetB, dfrA1-dfrA12-dfrA17) and metal tolerance (pcoD, silA, merA, arsB and terF) markers was performed by standard PCRs (Table S1) in all isolates recovered from positive chicken meat samples [16,17,18].



Antibiotic susceptibility profiles of Salmonella isolates were determined by disc diffusion for 16 antibiotics (amikacin-30 µg, amoxicillin-10 µg, amoxicillin+clavulanic acid-30 µg, cefotaxime-5 µg, ceftazidime-10 µg, chloramphenicol-30 µg, gentamicin-10 µg, kanamycin-30 µg, meropenem-10 µg, nalidixic acid-30 µg, pefloxacin-5 µg, streptomycin-10 µg, sulfamethoxazole-300 µg, tetracycline-30 µg, tobramycin-10 µg, and trimethoprim-5 µg). For this, we used the European Committee of Antimicrobial Susceptibility Testing-EUCAST [19] guidelines and, when this was not possible, the Clinical and Laboratory Standards Institute-CLSI guidelines [20]. Minimum Inhibitory Concentration (MIC) for colistin was performed by the reference broth microdilution method [21]. When resistance to three or more antibiotics of different families was observed, isolates were characterized as MDR.



MIC to copper sulphate (Sigma-Aldrich-Merck, Taufkirchen, Germany) was determined by the agar dilution method using an A400 multipoint inoculator (Denley, Sussex, UK) in both aerobic and anaerobic atmospheres (GENbox jar with GENbox anaer and an anaerobic indicator; bioMérieux, France) [16,18]. The Mueller-Hinton II agar plates (bioMérieux, Marcy-l’Étoile, France) were supplemented with CuSO4 at different concentrations ranging from 0.25–36 mM and adjusted to pH 7.2 (20 h ± 2 h at 37 °C). To assess the isolates’ growth ability in all MIC assays, we inoculated a first and last plate of Mueller-Hinton II agar without CuSO4.



Minimum growth pH, i.e., the lowest pH with visible growth, was assessed by the microdilution method using Mueller-Hinton-II broth (BD BBL™, Franklin Lakes, NJ, USA) adjusted with HCl from 2.0–6.5 (16 h-20 h ± 2 h at 37 °C). Ten microliters of the previous wells without visible growth were then plated in Brain-Heart Infusion Agar (Liofilchem, Roseto degli Abruzzi, Italy; 24 h-48 h ± 2h at 37 °C) to access the minimum survival pH. Determination of MIC to Peracetic Acid-PAA (15% stock solution; Panreac Applichem, Darmstadt, Germany) was performed by an adaptation of ISO 20776-1:2006 microdilution method, using Mueller-Hinton-II broth supplemented with PAA concentrations between 5–90 mg/L (20 h ± 2 h at 37 °C) [22]. The Minimum Bactericidal Concentration (MBC) was then assessed according to NCCLS:1999 using Brain-Heart Infusion Agar (24–48 h at 37 °C) [23]. The previous MIC/MBC assays to PAA were performed without adjusting the pH, the final pH being measured as between 6.0–7.0 for the different concentrations evaluated. Moreover, the MIC/MBC assays to PAA were also performed by adjusting the culture media pH to 4.5, corresponding to the optimum pH for PAA maximum activity [24]. In both types of assays, the pH was always below the pKa of PAA, described as 8.2 [25]. Salmonella Typhimurium LT2 and Enterococcus faecalis ATCC 29212 were used as controls in all the assays. All the previous assays were performed in duplicate.




2.5. Whole-Genome Sequencing (WGS) for Characterization of Salmonella Isolates


One representative isolate from each Salmonella serotype and positive sample was chosen for WGS. The Wizard® Genomic DNA purification kit (Promega Corporation, Madison, WI, USA) was used for DNA extraction according to manufacturer’s instructions and the Qubit 3.0 Fluorometer (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) for their quantification. DNA sequencing was then accomplished at Eurofins Genomics (https://www.eurofinsgenomics.eu/) using an Illumina® HiSeq (2 × 150bp) technology. The FastQC software v0.11.8 was used to evaluate the quality of the raw reads after sequencing (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). High-quality raw reads were then de novo assembled using SPAdes v3.14.0 [26], and the final quality was assessed by QUAST (http://quast.bioinf.spbau.ru). The assembled draft genomes were annotated for metal tolerance genes using RAST genome annotation server [27] and the Geneious Software v2020.1.2 for manual curation (https://www.geneious.com/). The web-interface tools from the Centre for Genomic Epidemiology (CGE) (http://www.genomicepidemiology.org) were used to assess the content in antibiotic resistance genes (ResFinder and PointFinder) [28], Multilocus Sequence Typing (MLST), and the core genome ST (cgMLSTFinder) [29]. Confirmation of Salmonella serotypes was performed with the online tool of the Salmonella In Silico Typing Resource (SISTR) [30].




2.6. Comparative Genomic Analysis of Salmonella ST3478 Isolates


A comparative genomic analysis using the core-genome MLST (cgMLST) and high-quality single nucleotide polymorphisms (SNPs) was performed between our isolates and fifteen additional Salmonella ST3478 genomes queried from Enterobase (https://enterobase.warwick.ac.uk/). The metadata of the included Salmonella isolates was retrieved from Enterobase (isolate name, cgST, HC5, country, year, source) and a further search of antibiotic resistance and metal tolerance genes was conducted as previously described in Section 2.5 (Table S2). For cgMLST analysis, we used the Salmonella scheme from Enterobase comprising 3002 loci [29] (https://enterobase.warwick.ac.uk/) as well as the Hierarchical Clustering of cgMLST (HierCC) (HC2, the clusters included all strains with links no more than two alleles apart; HC5, the clusters included all strains with links no more than five alleles apart). These strains were used to develop a minimum spanning tree using MSTreeV2, which was edited using the GrapeTree [29,31,32]. Concerning SNP-based analysis, we used the CSI Phylogeny 1.4 pipeline with default parameters (CGE, https://cge.cbs.dtu.dk/services/CSIPhylogeny) to perform a concatenated alignment between the previous 16 genomes plus the complete reference genome of Salmonella 1,4,[5],12:i:- SO4698-09 ST34 (accession no. NZ_LN999997.1) and to create a maximum likelihood tree [33]. The interactive Tree Of Life (iTOL) [34] was then used for tree visualization and annotation with relevant metadata. Lastly, to evaluate the conservation and complete transcription of phs operon, encoding for thiosulfate reductase, we extracted their complete nucleotide sequence from all Salmonella ST3478 genomes. The BLASTn alignment between all sequences and annotation of the phs operon were performed using the Geneious Software v2020.1.2 (https://www.geneious.com/).




2.7. Nucleotide Sequence Accession Numbers


The raw reads of Salmonella 1,4,[5],12:i:- P1-C10 and Salmonella Enteritidis P54-C4 were submitted to Enterobase (Uberstrain number SAL_DB7941AA and SAL_DB7942AA, respectively).





3. Results and Discussion


3.1. Low Salmonella Occurrence among Raw Chicken Meat by Conventional and Molecular Methods


Human salmonellosis cases have been stabilizing in most EU countries since 2014, but with significant increasing trends in Portugal [2]. Absence of Salmonella in poultry meat just before distribution for retail sale remains critical, as it is a major source of Salmonella infections. Salmonella was detected in 4% (n = 2 out of 53 batches) of the fresh chicken meat samples studied over six months (spring and summer seasons). This low occurrence of Salmonella in raw poultry products agrees with data from other industrialized countries with pathogen reduction programs [2,9]. The presence of Salmonella was confirmed in the same samples by the standard cultural method (ISO 6579) and the PCR assay in total DNA obtained from the selective enrichments, showing that molecular detection is a good alternative to laborious and time-consuming conventional approaches [35]. Moreover, molecular-based assays (such as PCR and real-time-PCR) are powerful tools to be used by poultry companies in combination with cultural-based methods as they overcome the lack in the detection of low counts, viable non-cultivable cells or atypical biochemical Salmonella profiles [35]. Nevertheless, molecular methods would still benefit from further improvements in terms of sensitivity at the pre-enrichment step [36].




3.2. Atypical Non-H2S-Producing S. 1,4,[5],12:i:- ST3478 with the Ability to Tolerate Diverse Food Chain Stresses


Among Salmonella recovered isolates (n = 9), we identified the monophasic variant of S. Typhimurium (S. 1,4,[5],12:i:-/ST3478) (Spring sample) and S. Enteritidis/ST11 (Summer sample), both serotypes currently covered by EU Regulations, including as a food safety microbiological criterion for fresh poultry meat [4,5]. Both serotypes have been reported by EFSA as among the most frequent in causing human infections in the EU in the last few years [2,9] as well as by the Portuguese authorities [37], justifying the relevance of surveillance studies.



In this study, S. Enteritidis isolates presented the typical biochemical Salmonella profiles, contrasting with all the S. 1,4,[5],12:i:- isolates, which were only detected in CHROMagar™ Salmonella Plus (purple color) since colonies were shown to be non-hydrogen sulphide (H2S)-producers, and thus lacked the typical black color on XLD agar plates (see Section 3.3.1 for further molecular analysis). This atypical Salmonella phenotype is especially worrisome since these strains can escape detection (conducting to low Salmonella detection rates) on the traditional medium, supporting the utility of the chromogenic media and a further combination with molecular-based methods, as performed here.



The S. 1,4,[5],12:i:- poultry isolates presented the typical antibiotic resistance (blaTEM + strA-strB + sul2 ± tetB) and metal tolerance (pcoD + silA + arsB ± merA) features of the widespread clinically relevant European clone (ST34) [16,17]. Resistance to the tested antibiotics and tolerance to copper (MICs = 32 mM) was restricted to S. 1,4,[5],12:i:- isolates and was absent in the S. Enteritidis (Table 1), as described previously [16,18]. The frequent use of copper as a feed additive in food-animal production, as occurred in the Portuguese poultry farms studied, alerts for the potential co-selection of MDR clonal lineages, as suggested for S. 1,4,[5],12:i:- clones [16]. Acquired resistance to critically important antibiotics like colistin, fluoroquinolones, and extended-spectrum beta-lactams was not observed in any isolate from both serotypes (Table 1).



Additionally, most of our poultry isolates grew and survived at minimal pH = 4.00, which is in line with the lowest pH growth limit reported by most of the studies including S. Typhimurium and S. Enteritidis strains [38,39,40,41]. An exception was one S. 1,4,[5],12:i:- poultry isolate that survived until pH = 3.50. Several studies reported that Salmonella might be able to survive those extremely low environmental pH levels (from 2.50 to 4.00) when previously adapted to a mild pH (pH 5.50 to 6.00) and that these acid-responses could be serotype/strain and type of acid-dependent [42,43,44]. Factors contributing to a mild environmental pH can occur at the farm (e.g., organic acids in feeds, animals gastrointestinal tract) or in the processing plant mostly due to the widespread use of acidic surface disinfectants, approved for the food industry (e.g., Peracetic Acid), which can contribute to the emergence of acid-tolerant strains [45].



Salmonella behavior to Peracetic Acid-PAA (organic acid used in biocides for surface and equipment disinfection) was identical in isolates from both serotypes, with MICs varying between 60–70 mg/L and MBCs between 70–90mg/L, when the pH of the medium was not adjusted (Table 1). However, large variability in MICs (7–80 mg/L to 500–1760 mg/L) to PAA have been reported between studies [46,47,48,49], as well as bactericidal concentrations (20–80 mg/L to 200–1.000 mg/L) [48,49,50,51], which can be related to the diversity of methodological approaches (e.g., culture medium, incubation temperature, contact time with the compound, preparation of the inoculum) and the few tested serotypes/strains. Concerning the MIC and MBC values when the media was adjusted to pH=4.50, identified as the optimum pH for PAA maximum activity [24], we observed a decreased trend for all the tested isolates (MIC = 20–40 mg/L and MBC = 40–50 mg/L) (Table 1). This decrease can be explained by the occurrence of higher proportions of the undissociated acid at a lower pH (also dependent on its pKa) being more able to diffuse through the cell and reduce the cytoplasmic pH by intracellular dissociation, thus acting more effectively as a antimicrobial [45]. Furthermore, PAA is one of the most oxidizing biocides used in the food industry [52], attacking microorganisms by oxidizing the cell structure, denaturing proteins and enzymes, and increasing cell wall permeability by disrupting sulfhydryl (-SH) and sulphur (S-S) bonds [53]. However, our results by both approaches (with and without an adjusted pH) showed that in-use concentrations of PAA could, in certain conditions, be ineffective against Salmonella strains, since MIC/MBC were included in the range of the suggested concentrations for disinfection products applied in the food and feed area (20–3000mg/L for Product-Type PT 4) [54]. Moreover, besides the biocide concentration, other factors should also be considered regarding the use of disinfectants at food processing plants, like the presence of a high load of organic material and the presence of bacterial biofilms, since these factors might contribute to the persistence of sub-inhibitory concentrations and thus co-select the target pathogens or other relevant bacteria [55].




3.3. Comparative Genomics Reveals an Ongoing Emergence of a Non-H2S-Producing S. 1,4,[5],12:i:-/ST3478 Clonal Lineage


3.3.1. Non-H2S-Producing Phenotype Conferred by a Nonsense Mutation in the phsA Thiosulfate Reductase Gene is Increasingly Reported


All the S. 1,4,[5],12:i:- isolates recovered in the present study showed an absence of H2S production, which is a rare phenotypic feature among Salmonella, regardless of the serotype. However, non-H2S-producing Salmonella has been reported in the last few years in emerging or outbreak-associated strains recovered from diverse food and human sources worldwide (Table 2) [6,56,57]. Until now, two molecular mechanisms were reported as being responsible for the inability to produce H2S in diverse Salmonella serotypes (e.g., Aberdeen, Choleraesuis, Infantis, Senftenberg, Typhimurium, and 1,4,[5],12:i:-) and sources (Table 2) [58,59,60]. The most frequent one is associated with mutations in the phsA gene—belonging to phsABC operon—encoding the precursor of thiosulfate reductase. The other is related to mutations in the moaC gene—belonging to moaABCDE—affecting the activity of a thiosulfate reductase cofactor. Our non-H2S-producing S. 1,4,[5],12:i:- isolates, when compared with the H2S-producing S. Typhimurium LT-2 strain (where this operon was initially described) [61], had a mutation at position 1669 of phsA consisting of a single-nucleotide substitution of C to T, resulting in a codon change from CAG (Glutamine-Q) to UAG, a stop codon (Figure 2). This mutation resulted in the premature termination of phsA translation; hence the non-H2S-producing S. 1,4,[5],12:i:- isolates were not able to produce the integral PhsA protein. Of note, the non-H2S-producing S. 1,4,[5],12:i:- strain from a tomato-associated outbreak in Sweden presented an identical mutation to our strain P1-C10, but other nonsense mutations in the phsA gene have also been described in non-H2S-producing Salmonella from diverse serotypes and sources (Table 2). Since those strains are unable to convert thiosulfate to H2S, they might present a potential competitive advantage over other bacteria in the gut. This leverage is probably caused by the increased availability of thiosulfate substrate for Salmonella tetrathionate anaerobic respiration (inflammation generates reactive oxygen species leading to the conversion of thiosulfate to tetrathionate, and this is used by S. enterica as an electron acceptor in anaerobic respiration), increasing survival ability due to growth and colonization promotion [58,62].




3.3.2. Comparative Genomic of Global S. 1,4,[5],12:i:- ST3478 Showed Common Adaptive Features and Genetic Backgrounds


Our non-H2S-producing S. 1,4,[5],12:i:- isolates belonged to ST3478 (a Single Locus Variant of the epidemic ST34 from the same eBurst Group eBG1) that is rarely seen in Europe and is only associated with a few sporadic cases so far (n = 15; n = 8 human clinical cases; n = 6 EU countries labs; 2016-2019) (Table S2), as available from Enterobase (http://enterobase.warwick.ac.uk/species/senterica/). Noteworthy, one of those ST3478 isolates was described as an atypical non-H2S-producing S. 1,4,[5],12:i:- strain recently associated with a large outbreak linked to small tomato consumption produced in an EU country [57], which prompted us to perform further in silico whole-genome analysis. Of note, all fifteen ST3478 genomes available in Enterobase were confirmed by SISTR as S. 1,4,[5],12:i:- and presented a phsA nonsense mutation at the same position 1669 C > T (Q557X) (Figure 2), suggesting that all are atypical non-H2S-producing strains.



The ST3478 genomes were distinguished in twelve cgSTs using the cgMLST scheme from Enterobase (allele-based method), with our poultry isolate P1-C10 belonging to cgST237418 (Figure 3). Interestingly, cgST237418 is more closely related with six isolates of an unknown origin and date of isolation (ID: 11–16) submitted by the Portuguese National Health Institute Dr. Ricardo Jorge (INSA), suggesting that these strains might be already circulating in our country. Moreover, when the Hierarchical Clustering of cgMLST (HierCC) HC2 and HC5 was used, only nine and six HierCC different groups were identified, with the HierCC HC5-45128 group being the most populated, containing ten out of sixteen isolates from Portuguese, Irish, English, and Scottish labs (Table S3). No apparent clustering based on geographical location was observed but, given the low number of ST3478 genomes available in Enterobase, we cannot exclude the possibility that these strains are circulating in other EU countries or continents.



In order to further confirm the genetic relatedness of ST3478 isolates, we performed an SNP-based analysis. We observed that all ST3478 isolates were closely related, with SNP distances ranging from 0 to 51 (Figure 4, Table S4). Three main clusters were identified as the poultry isolate P1–C10 clustered with ones from unknown sources submitted by INSA-Portugal, with 0 to 14 SNPs differences between the isolates (two + two isolates presented identical core genome SNPs). These data suggest a coherence between clusters formed in cgMLST and SNP-based analysis, as described for other Salmonella epidemiological contexts [29,67,68].



Interestingly, all 16 S. 1,4,[5],12:i:- ST3478 genomes shared similar genetic repertoires related to antimicrobial resistance, including the integrative and conjugative (ICE) element carrying metal tolerance genes (pco+sil+ars clusters) (Figure 4 and Table S2), recently described in S. 1,4,[5],12:i:- ST34 [16], besides their close relationship from the phylogenetic (cgMLST and SNPs) point-of-view. When isolates are closely related, frequently, they share parts of their accessory genome, as observed for S. 1,4,[5],12:i:- ST34 [69] and other Salmonella serotypes [67,68]. The close core and accessory genome might suggest that ST3478 is a newly recently expanded clonal lineage from ST34 with similar antibiotic resistance and metal tolerance features, as is also corroborated by the isolation year of most of the submitted isolates (2016–2019, n = 16).



The high occurrence of copper tolerance genes (pco+sil gene clusters) together with the frequent use of copper as a feed additive in food-animal production alerts for the potential co-selection of ST3478 MDR clonal lineage, as suggested for the European clone of S. 1,4,[5],12:i:- ST34 [16]. Moreover, these S. 1,4,[5],12:i:- copper tolerant strains might also have the ability to escape the metal-mediated antimicrobial response of human macrophages [70]. In the context of antibiotic reducing/replacing, the extensive use of heavy metals for animal growth promotion (copper and zinc) as well as mercury and arsenic compounds accumulation in the agriculture environment [17], might be potential factors contributing to the persistence and expansion of this emerging S. 1,4,[5],12:i:- ST3478 clonal lineage.






4. Conclusions


In summary, we report a low occurrence of Salmonella serotypes of Public Health significance in raw chicken carcasses in a poultry processing facility in Portugal, indicating the successful implementation of control practices in avian production. However, food safety authorities and Public Health laboratories should be aware of unusual non-H2S-producing Salmonella strains, currently circulating in diverse sources worldwide. This phenotype is especially worrisome since these strains may go undetected on the traditional medium because of their lack of black color, supporting the utility of chromogenic media and the combination of cultural- and molecular-based methods (as performed for STEC detection). Moreover, non-H2S-production, in combination with the ability of these strains to grow under diverse stresses (antibiotics, copper, acid pH, and peracetic acid), may be associated with their ongoing national and international spread. All these adaptive features also anticipates a future persistence and expansion of S. 1,4,[5],12:i:- ST3478 clonal lineage, due to an increased probability of selection throughout the food chain, thereby leading to a high risk of infection. This study alerts for the need of constant evaluation of biosafety measures to prevent the spread of new emerging pathogens in the poultry production to the final consumer and new challenges in the surveillance and control of Salmonella in the food chain.
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Figure 1. Workflow for the detection and confirmation of Salmonella isolates using the ISO 6579-1:2017 standard cultural method and the additional molecular approach. 
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Figure 2. Upper panel—nucleotide alignment and gene synteny of the phs operon between S. 1,4,[5],12:i:- P1-C10 and the reference strain S. Typhimurium LT-2 (accession no. L32188.1). The light blue and green bars represent coverage and sequence identity, respectively. Filled arrows indicate the position and transcriptional direction of open reading frames (red—phsA gene, and blue—phsB and phsC genes). Lower panel—exact location of the nonsense mutation in the phsA gene encoding the thiosulfate reductase subunit. The black square with the asterisk represents the stop codon. 
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Figure 3. GrapeTree of the S. 1,4,[5],12:i:- ST3478 isolates using the cgMLST scheme of Enterobase (isolate names are presented between square brackets). The core genome Minimum Spanning Tree (MST) was created within the Enterobase pipeline using the MSTreeV2 algorithm and GrapeTree tool. The yellow circle corresponds to the cgST237418 of our poultry isolate P1-C10. Clusters of isolates with a maximum of five alleles of distance belonging to the same HC5 group are shaded in grey. For the geographical analysis, the core genome MST was annotated using the lab contact, since country data is missing in several genomes. The scale bar corresponds to the number of cgMLST allelic differences. 
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Figure 4. Phylogenetic tree of the S. 1,4,[5],12:i:- ST3478 isolates (n = 16) based on a SNP-based analysis. The maximum likelihood tree was obtained using the standard pipeline of CSI Phylogeny and S. 1,4,[5],12:i:- SO4698-09 ST34 (accession no. NZ_LN999997.1) as the reference genome. Scale bar units represent substitutions per variant site. Associated metadata of all isolates was added using iTOL. Poultry isolate P1-C10 is colored in blue. Each colored filled shape represents the presence of acquired antibiotic resistance (ABR) genes and metal tolerance (MeT) clusters/operons. ABR genes present in only one isolate (ant(3″)-Ia) are not represented in the figure. Abbreviations: cgST, core genome Sequence Type; HC, Hierarchical Clustering level by cgMLST. 
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Table 1. Characterization of Salmonella isolates recovered from chicken meat samples.
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Serotype

(no. Isolates)/ST

	
No. Samples/Farm/Season

	
Antibiotic Resistance Phenotype/Genotype 1

	
Metal Tolerance Genes 2

	
MIC

Copper Anaerobiosis

(mM)

	
Minimum Growth pH 3

	
Minimum Survival pH

	
MIC Peracetic Acid (mg/L) 3

	
MBC Peracetic Acid (mg/L)




	
pH Not Adjusted

	
pH Adjusted to 4.5

	
pH Not Adjusted

	
pH Adjusted to 4.5






	
1,4,[5],12:i:- (n = 6)/ST3478

	
1 sample/farm A/spring

	
ASSu[T]/ blaTEM, strA-strB, sul2, [tet(B)]

	
pcoD, silA, arsB, [merA]

	
32

	
4.00

	
3.50–4.00

	
60–70

	
40

	
70–90

	
50




	
Enteritidis (n = 3)/ST11

	
1 sample/farm B/summer

	
-

	
-

	
4

	
4.00–4.50

	
4.00

	
60–70

	
20–30

	
90

	
40








Abbreviations: A, Ampicillin; S, Streptomycin; Su, Sulfamethoxazole; T, Tetracycline; MBC, Minimum Bactericidal Concentration; MIC, Minimum Inhibitory Concentration; ST, Sequence Type. 1 The square brackets represent a variable presence of antibiotic resistance phenotypes and genotypes among isolates. 2 The square brackets represent a variable presence of metal tolerance genes among isolates. 3 Salmonella Typhimurium LT2 (minimal growth/survival pH = 4.00, MICPAA = 60 mg/L and MBCPAA = 80 mg/L) and Enterococcus faecalis ATCC 29212 (minimal growth pH = 4.50, minimal survival pH = 4.00, MICPAA = 120 mg/L and MBCPAA = 130 mg/L) were used as controls in acid pH and PAA assays.
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Table 2. Epidemiological background of atypical non-H2S-producing Salmonella strains with pshA gene mutations that resulted in a non-functional protein.
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	Serotype

(ST - no. Isolates)
	Source, Country (Year)
	Type of pshA Gene Mutation 1

(Nucleotide, Protein)
	Reference

(Original Database; Accession no.) 2





	1,4,[5],12:i:-

(3478 - n = 1)
	Poultry meat, Portugal (2018)
	Nonsense

(1669TC > T, Q557X)
	This study



	1,4,[5],12:i:-

(3478 - n = 1)
	Human-clinical (small tomatoes, outbreak), Sweden (2019)
	Nonsense

(1669C > T, Q557X)
	[57]

(ENA; ERR3577233)



	Aberdeen

(426 - n = 7)
	Human-clinical, vegetables, surface water, China (2006–2013)
	Nonsense

(208C > T, Q70X)
	[63]

(GenBank; KU143714–KU143732)



	Choleraesuis

(68 - n = 19)
	Human-clinical, China (2010–2011)
	Frameshift

(760delG)
	[64]

(GenBank; KP184398–184416, 18419–18420)



	Choleraesuis

4(68 - n = 6)
	Human, China (2010, 2012, 2013)
	Frameshift

(760delG)
	[65]

(GenBank; KY211936 to KY211941)



	Havana

(1621 - n = 3)
	Broiler chickens, Turkey

(2016, 2018)
	Nonsense

(1914C > A, Y638X)
	[66]

(GenBank; MK548410 to MK548412)



	Infantis

(32 - n = 1)
	Poultry meat, Japan (2010)
	Nonsense

(358G > A, Q120X)
	[58]

(DDBJ; DRA000592)



	Paratyphi A

(85, 129 - n = 6)
	Human, China (2010–2013)
	Frameshift

(1087delA)
	[65]

(GenBank; KY211950 to KY211955)



	Senftenberg

(185 - n = 1, 210 - n = 1, 217 - n = 1, 1751 - n = 14)
	Seafood product and human-clinical, China (2005–2011)
	Nonsense

(1621C > T, Q541X)
	[60]

(GenBank; KF977150 to KF977170)



	Typhimurium

(328 - n = 3)
	Poultry meat, Japan (2010)
	Nonsense

(1440C > A, C480X)
	[58]

(DDBJ; DRA000592)



	Typhimurium

(1544 - n = 1)
	Human, China (2010)
	Frameshift

(1087delA)
	[65]

(GenBank; KY211942)







1 The nucleotide and protein sequences of phsA from non-H2S-producing Salmonella strains were compared with the one of H2S-producing S. Typhimurium LT-2 (GenBank accession no. L32188.1). IUAPC nucleotide (A, adenine; C, cytosine; G, guanine; T, thymine) and amino acid (C, cysteine; Q, glutamine; Y, tyrosine; X, stop codon) one letter code. 2 DDBJ, DNA Data Bank of Japan (https://www.ddbj.nig.ac.jp); ENA, European Nucleotide Archive (https://www.ebi.ac.uk/ena); GenBank at NCBI, National Center for Biotechnology Information (https://www.ncbi.nlm.nih.gov/); SRA, Sequence Read Archive (https://www.ncbi.nlm.nih.gov/sra).
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