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Editorial on the Research Topic
 Food safety and public health





Introduction

Foodborne illnesses have a major impact on food safety and public health worldwide. In the USA alone, foodborne illnesses lead to ~128,000 hospitalizations and around 3,000 deaths yearly, based on Centers for Disease Control and Prevention (CDC) estimates. They cost billions of dollars in healthcare-related and industry per year. Currently, the control of foodborne pathogens depends mainly on preventing the introduction and spread of infectious agents and on using antibiotics. The number of antibiotic-resistant bacteria isolated from humans and animals has increased over the last two decades due to the misuse of antibiotics in both human and food-producing animals, leading to the global pandemic of antibiotic-resistant bacteria. In addition, infection of humans with antibiotic-resistant bacteria leads to an increased incidence of treatment failure and disease severity, negatively affecting public health. Therefore, there is a critical need to proactively devise alternative approaches to control foodborne pathogens that can help in reducing the burden of foodborne bacterial pathogens and antimicrobial resistance (AMR) on public health and the economy. The main aim of this editorial is to provide a comprehensive update on the efforts to control and mitigate the negative impact of foodborne pathogens and associated antibiotic resistance on humans, animals, food, and the environment. We have received an excellent collection of articles (32 articles) that cover multiple aspects including but not limited to (1) understanding the epidemiology of foodborne pathogens, (2) characterization of ecology AMR in food supply chain, (3) development of antibiotic-independent and cost-effective approaches for disinfection of food, and (4) development of improved diagnostic methods for detection of foodborne pathogens. The common themes of these articles are adopting the One Health approach to tackle foodborne pathogens and AMR at the animal–human–environment interface and using genomic approaches to investigate the foodborne outbreaks and understand the ecology of AMR. Here, we provide a brief commentary on some of the work that has been presented under different aspects outlined in our Research Topic.



Understanding the epidemiology of foodborne pathogens and ecology antimicrobial resistance in food supply chain

Kubicová et al. reported the genomic diversity of Listeria monocytogenes isolates from slovakia (2010–2020). Listeriosis is a serious public health concern, particularly in European countries like Slovakia. That study, which analyzed 988 L. monocytogenes isolates from the 2010–2020, provides important insights into the population genetic structure of L. monocytogenes in Slovakia and highlights the need for continued monitoring of Listeriosis in food products to improve the understanding of the circulation of this pathogen and to ensure public health protection.

Suwono et al. investigated the regional associations of AMR E. coli isolated from human and food-producing animal in three different regions in Germany. The results showed that human isolates from different health care facilities tended to cluster together regardless of the regions of origin, with a slightly stronger association observed for the level of health care as compared to the regional stratification. On the other hand, Closer regional associations were seen for some of the food-producing animal populations. This study highlights the importance of understanding the potential associations between different populations of AMR bacteria in order to improve the understanding of the circulation of these bacteria and imply public health and food safety measures.

Gan et al. investigated the genomic landscape and phenotypes of Cronobacter sakazakii isolated from raw material, environment, and production facilities in powdered infant formula factories in china. Cronobacter contamination in powdered infant formula (PIF) and infant foods is a significant public health concern, as it can cause severe infections in neonates, particularly in low-birth-weight neonates. In that study, 15 Cronobacter strains were isolated from raw materials, production facilities, and the environment of two PIF factories using conventional bacteriological methods and whole-genome sequencing (WGS). All isolates were identified as C. sakazakii, and the detection of C. sakazakii from different PIF production sources indicated that this bacterium could disseminate through raw ingredients, along with soil cross-contamination in the PIF production site. The authors suggested that PIF manufacturing factories should improve supervision of the environment around the factory and strengthen the hygiene management of raw materials. They also highlighted the strategies to prevent the persistence of C. sakazakii in the PIF factory, including limiting the contamination of processing facility's surfaces.

Biggel et al. investigated the potential link between 13 biopesticide isolates and 20 Bacillus thuringiensis isolates from food and human stool. The use of biopesticides such as B. thuringiensis is becoming increasingly popular in agriculture to control pests. This study provided strong evidence that biopesticides are the source of B. thuringiensis on food products and raises concerns about the potential health risks to consumers. It is important for regulatory agencies to closely monitor the use of biopesticides in the future to understand the potential health risks of B. thuringiensis.

Rocha et al. performed a meta-analysis study to understand the dynamics of Salmonella in environmental water sources. Given the importance of water quality for agri-food systems and the public health significance of Salmonella, it is crucial to better understand these dynamics to develop more effective strategies to control salmonellosis. The authors suggested that conducting longitudinal study and serotyping can help to understand seasonal variations and the effect of other factors. Additionally, high-throughput approaches like metagenomics can provide valuable information about complex relationships between Salmonella and other biotic factors. Overall, this meta-analysis highlights the need for more comprehensive and detailed studies to fully understand the prevalence and distribution of Salmonella in water and how this relates to public health. Identifying the key factors that can affect the recovery rate and serovar representation of Salmonella in water will be essential to develop effective strategies to control and prevent salmonellosis.

Ahmed and Gulhan summarized the Campylobacteriosis status in wild birds and the possibility of interspecies transmission. In a comprehensive review, the authors showed that Campylobacter has been isolated from various species of wild birds worldwide, with C. jejuni being the most isolated species. The prevalence of Campylobacter in wild birds is associated with geographical location, season, the bird's health status, bird species, sample type, the method used, and ecological factors. In this review, the authors emphasize that wild birds carry strains of Campylobacter, which are indistinguishable from domestic animals and humans and are therefore an important public and animal health concern. The role of wild birds in the epidemiology of Campylobacter should not be undermined as drug-resistant strains, especially resistance to tetracycline and fluoroquinolones, are increasingly documented. Detail-oriented epidemiological investigations characterizing the genetic relatedness of isolates from the respective species and environment through one health approach are warranted.

Liu et al. investigate the prevalence, antimicrobial susceptibility, and virulence genes of S. aureus in 125 raw milk samples collected from 50 goats, 25 buffalo, 25 camels and 25 yaks collected from 5 provinces in China in 2016. Thirty-six S. aureus were isolated, 26 strains (26/36, 72.2%) showed antibiotics resistance, and six strains isolated from goats were identified as methicillin resistant S. aureus (MRSA). Nineteen S. aureus (52.8%) were considered as multidrug resistant. The resistance genes were detected in 25 S. aureus. The most predominant resistance genes were blaZ (69.2%), aac60-aph200 (50.0%), and tet(M) (38.5%). The mecA, ant (6)-Ia and fexA gene were only detected in S. aureus from goat milk. The authors' findings indicated that the prevalence and antimicrobial resistance of S. aureus was a serious concern in different raw milks in China, especially goat milks.

Parra-Flores et al. used whole-genome sequencing (WGS) to test in vitro and in silico Listeria monocytogenes strains isolated from ready-to-eat (RTE) foods for virulence factors and antibiotic resistance. RTE foods are the most common route of transmission for the pathogen. In RTE food samples, the overall positivity of L. monocytogenes was 3.1%, and 14 strains were isolated. Average nucleotide identity, ribosomal multilocus sequence typing (rMLST), and core genome MLST were used to identify L. monocytogenes ST8, ST2763, ST1, ST3, ST5, ST7, ST9, ST14, and ST451 sequence types. There were seven isolates with serotypes 1/2a, 1/2b, 4b, and 1/2c. Three strains were found to be resistant to ampicillin in vitro, and all of them carried the resistance genes fosX, lin, norB, mprF, tetA, and tetC. Additionally, the genes arsBC, bcrBC, and clpL, which conferred resistance to stress and disinfectants, were discovered. Almost thirty-two of the strains displayed the bsh, clpCEP, hly, hpt, iap/cwhA, inlA, inlB, ipeA, lspA, mpl, plcA, pclB, oat, pdgA, and prfA genes. All strains also contained the prfA and hlyA genes. A premature stop codon (PMSC) of type 11 was found in one isolate's inlA gene, while a new mutation (deletion of A at position 819) was found in another isolate. Nine isolates included MGEs and the plasmids Inc18(rep25), Inc18(rep26), and N1011A. CAS-Type II-B systems were observed in ten isolates; In addition, three genomes contained Anti-CRISPR AcrIIA1 and AcrIIA3 phage-associated systems. The strains isolated from the RTE foods have traits of virulence and antibiotic resistance, pointing to a potential threat to consumers' public health.



Development of antibiotic-independent approaches for improve food safety

Jiang, Xin et al. reported the discovery of LFX01, a novel bacteriocin found in fish intestines that can inhibit the growth of Shigella flexneri. That study highlights the potential of LFX01 as a novel and effective antibacterial agent in the food industry, with its excellent acid-base and temperature tolerance. The study helps to better understand the dynamics of foodborne pathogens in water, which can aid in the development of more effective strategies to control and mitigate salmonellosis.

Shen et al. investigated the effectiveness of gaseous ozone in reducing Listeria innocua and quality attributes and disorders of Red Delicious apples during long-term commercial cold storage. Overall, this study suggests that gaseous ozone application during controlled atmosphere (CA) storage is a viable strategy for controlling Listeria on fresh apples without negatively influencing apple quality attributes. However, more research is needed to understand the differences in behavior of L. innocua on different apple varieties and how storage conditions affect the overall microbial population.

Mariita et al. evaluated the efficacy of portable UVC devices, specifically the purgaty One system, in disinfecting bacterial contamination in static water. This study's results suggest that portable UVC devices could be useful in environments where people are vulnerable to pathogens, including travel medicine, healthcare facilities, hiking, remote military installations, and regions with water potability challenges.

Wang, Wang et al. investigated the detailed regulatory roles of AaVeA in Alternaria alternata with various light sources from the comparative analyses between the wild type and the gene knockout strains. A. alternata is the most common species contaminating a wide range of plants which produces a variety of mycotoxins treating human and animal health. From differentially expressed genes (DEG) expression and further verification by RT-qPCR, the loss of AaVeA caused the discontinuous supply of the substrates for mycotoxin biosynthesis and the drastic decline of biosynthetic gene expression. In addition, pathogenicity depends on AaVeA regulation in tomatoes infected by A. alternata in vivo. These findings provide a distinct understanding of the roles of AaVeA in fungal growth, development, mycotoxin biosynthesis, and pathogenicity in response to various light sources.

Bland et al. have examined the potential effect of commercial Quaternary Ammonium Compound sanitizer on developing cross-resistance to select antibiotics in Listeria monocytogenes isolated from fresh produce environments. In this study six L. monocytogenes isolated from fresh produce handling, processing, and packing facilities were examined for their potential to develop cross-resistance to antibiotics and a commercial sanitizer. In the presence of reserpine, a well-known efflux pump inhibitor, all adapted (qAD) isolates regained their cQAC susceptibility. All tested isolates showed decreased sensitivity to chloramphenicol, ciprofloxacin, clindamycin, kanamycin, novobiocin, penicillin, and streptomycin. Ampicillin and gentamicin, two antibiotics commonly used to treat listeriosis, remained effective against qAD isolates. Comparative genomic analysis and whole genome sequencing of qAD strains revealed several mutations in fepR, the regulator for the FepA fluoroquinolone efflux pump. Following low-level adaptation to cQAC, the findings suggest that antibiotic susceptibility decreases because of fepR mutations. To better comprehend the likelihood of cross-resistance development in food chain isolates and its implications for the food industry, additional research into the cross-resistance mechanisms and pressures among L. monocytogenes isolates recovered from various sources is required.

Soltani et al. evaluated the gastrointestinal stability and activity of microcin J25, pediocin PA-1, bactofencin A and nisin using in vitro models. In addition, cytotoxicity, and hemolytic activity of these bacteriocins were investigated on human epithelial Caco-2 and rat erythrocytes, respectively. Pediocin PA-1, bactofencin A, and nisin were observed to lose their stability while passing through the gastrointestinal tract, while microcin J25 is only partially degraded. Besides, selected bacteriocins were not toxic to Caco-2 cells, and the integrity of the cell membrane was observed to remain unaffected in presence of these bacteriocins at concentrations up to 400 μg/mL. In hemolysis study, pediocin PA-1, bactofencin A, and nisin were observed to lyse rat erythrocytes at concentrations higher than 50 μg/mL, while microcin J25 showed no effect on these cells. According to data indicating gastrointestinal degradation and the absence of toxicity of pediocin PA-1, bactofencin A, and microcin J25 they could potentially be used in food or clinical applications.



Development of improved diagnostic methods for detection and of foodborne pathogens

Wang, Ye et al. highlighted the need for more accurate and efficient methods for detecting Pseudomonas aeruginosa in food. The authors suggested that genotype-based identification methods such as PCR and qPCR, may be a promising approach for detecting P. aeruginosa in food and preventing food-related illness. However, further research is needed to evaluate the effectiveness of these methods and to explore new methods that may be more effective in detecting P. aeruginosa in food.

Tsai et al. have proposed Source-specific Bacteroides microbial source tracking (MST) markers as alternative indicators in animal-derived foods like milk products collected from vendors in urban Kenyan communities and infant foods made with the milk (n = 394 pairs). The samples were tested using conventional culture methods and TaqMan qPCR for enteric pathogens and human and bovine-sourced MST markers. The authors proved that MST markers were more frequently detected in infant food prepared by caregivers, indicating recent contamination events were more likely to occur during food preparation at home. However, Bacteroides MST markers had lower sensitivity in detecting enteric pathogens in food than traditional Enterobacteriaceae indicators. However, Bacteroides MST markers t could provide valuable information about how foods become contaminated; they may not be suitable for predicting the origin of the enteric pathogen contamination sources.

Jiang, Yang et al. used multiplex PCRs for rapid diagnosis of suspected cases in the lab; epidemiological evidence indicated that all patients had consumed egg sandwiches served as snacks to children and staff at a nursery in Dongguan, near Shenzhen. These analyses were complemented by near real-time multicenter whole-genome analyses that were completed within 34 h. Case patients, food handlers, kitchenware, and sandwiches with mayonnaise made in the kitchen all contained Salmonella Enteritidis. For outbreak-associated isolates, a well-supported cluster with pairwise distances between genomes of 1 single-nucleotide polymorphism (SNP) was found through whole-genome SNP analysis, establishing the definitive link between all samples. The minimum pairwise distance was >14 SNPs when compared to previous isolates from the same region, indicating a non-local outbreak source. A S. Enteritidis clone's potential transmission dynamics across a multi-provincial egg distribution network were discovered by genomic source tracing. In China, multidisciplinary and integrated approaches were coordinated with unprecedented efficiency and scale in this foodborne disease outbreak response, resulting in the prompt intervention of a large, cross-jurisdictional Salmonella outbreak.

In conclusion, in our Research Topic we have provided comprehensive, reliable, and updated information on the current state of knowledge and research in the field of food safety and public health. Food safety remains an important issue affecting individuals' and communities' health and wellbeing. To address this issue, it is important that we take a holistic approach to food safety, addressing not only the immediate concerns of foodborne illness but also the long-term sustainability and health impacts of our food production methods. This includes continuing to pursue research to monitor the epidemiology of food-borne pathogens and ecology AMR in the food supply chain, improving diagnostic methods for the detection and of foodborne pathogens, and innovation of antibiotic-independent approaches for improving food safety. These efforts should be achieved in parallel to increase transparency in the food production process, strengthen regulations, and promote sustainable and organic farming practices. Additionally, consumers should also take steps to ensure the safety of our food by being mindful of where our food comes from and how it is produced. Overall, food safety is a complex issue that requires one health-based multifaceted approach to ensure the health and wellbeing of individuals, communities, and the surrounding environment. By working together, we can take steps to ensure that the food we eat is safe, nutritious, and sustainable for all.
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The transfer of the intestinal microbiota from adult to juvenile animals reduces Salmonella prevalence and abundance. The mechanism behind this exclusion is unknown, however, certain member species may exclude or promote pathogen colonization and Salmonella abundance in chickens correlates with intestinal community composition. In this study, newly hatched chicks were colonized with Salmonella Typhimurium and 16S rRNA libraries were generated from the cecal bacterial community at 21, 28, 35, and 42 days of age. Salmonella was quantified by real-time PCR. Operational taxonomic units (OTUs) were assigned, and taxonomic assignments were made, using the Ribosomal Database Project. Bacterial diversity was inversely proportional to the Salmonella abundance in the chicken cecum (p < 0.01). In addition, cecal communities with no detectable Salmonella (exclusive community) displayed an increase in the abundance of OTUs related to specific clostridial families (Ruminococcaceae, Eubacteriaceae, and Oscillospiraceae), genera (Faecalibacterium and Turicibacter) and member species (Ethanoligenens harbinense, Oscillibacter ruminantium, and Faecalibacterium prausnitzii). For cecal communities with high Salmonella abundance (permissive community), there was a positive correlation with the presence of unclassified Lachnospiraceae, clostridial genera Blautia and clostridial species Roseburia hominis, Eubacterium biforme, and Robinsoniella peoriensis. These findings strongly support the link between the intestinal bacterial species diversity and the presence of specific member species with Salmonella abundance in the chicken ceca. Exclusive bacterial species could prove effective as direct-fed microbials for reducing Salmonella in poultry while permissive species could be used to predict which birds will be super-shedders.
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INTRODUCTION

Salmonella is a γ-proteobacter capable of colonizing the gastrointestinal tract of many animal species (Sanchez et al., 2002). The evolution of the genus Salmonella involved the acquisition of a pathogenicity island encoding a type III secretion system that mediates cell invasion (Baumler et al., 1998). This pathogenicity island (SPI1) is central to Salmonella’s ability to cause disease in many animal species (Galan and Curtiss, 1989; Watson et al., 1998; Lichtensteiger and Vimr, 2003) but is primarily responsible for inducing the inflammation associated with gastroenteritis (Jung et al., 1995; Hapfelmeier et al., 2004). By eliciting this inflammation, Salmonella infection creates a metabolically favorable environment for the pathogen that results in improved growth in the intestine (Winter et al., 2010; Thiennimitr et al., 2011; Rivera-Chavez et al., 2016).

Salmonella infection causes the most severe symptoms in young mammals (Wray and Wray, 2000), and chickens exhibit symptoms with Salmonella if chicks are infected in ovo or shortly after hatch (Wray and Wray, 2000). If challenged at 2 days of age, many chicks fail to exhibit any symptoms even though nearly all of the birds become colonized and shed the organism for 4–6 weeks (Cheng et al., 2015). The microbiota of the hatchling evolves quickly so that by 3 days posthatch, several dozen distinct bacterial species inhabit the chicken gastrointestinal tract, with γ-proteobacter accounting for ∼2% of the total species population (Lu et al., 2003a; Pedroso et al., 2016). Within the next 3 weeks, species diversity in the intestine increases with a succession of bacterial species in the ileum and cecum and γ-proteobacter become a minor component of the intestinal community (Lu et al., 2003a). The community composition of the chicken ileum and cecum are similar within the first week post hatch comprised primarily of Firmicutes related to the Lactobacillales and Clostridiales (Gong et al., 2002; Lan et al., 2002; Lu et al., 2003a; Zhu and Joerger, 2003). The ileal and cecal communities become segregated quickly, the composition of each becomes unique, and community diversity peaks in broiler chickens near the time when they are processed at 49 days of age (Lu et al., 2003a). Chicks exposed to a mature intestinal microbiota at hatch rapidly develop high community diversity (Lee et al., 2006; Pedroso et al., 2016) and are resistant to Salmonella colonization (Nurmi and Rantala, 1973; Nurmi et al., 1992; Nakamura et al., 2002). In fact, the microbiota from chickens, as young as 21 days of age, seeded in newly hatched chicks dramatically reduces Salmonella abundance in 1-week old layer chickens (Varmuzova et al., 2016). These findings are the basis of the concept and practice of competitive exclusion.

Humans, regardless of age, can present gastroenteritis upon consumption of Salmonella-contaminated water, milk, or food. While susceptible mouse strains are commonly used as an animal model for understanding Salmonella pathogenesis, these infected animals present a lymphoid-associated enteric fever instead of gastroenteritis (Santos et al., 2001). However, mice administered streptomycin, prior to challenge, develop inflammation of the colon with Salmonella infection (Hapfelmeier et al., 2004). Streptomycin treatment decreases abundance of Firmicutes and increases Salmonella abundance in challenged mice (Sekirov et al., 2008) indicating that the composition of the intestinal microbiota therefore has a profound effect on pathogen behavior. A decline in intestinal species diversity favors enteropathogen colonization (Antharam et al., 2013; Lone et al., 2013; Stanley et al., 2014; Zhang et al., 2015) and disease (Antharam et al., 2013; McMurtry et al., 2015; Rodriguez et al., 2015; Singh et al., 2015). Why are chicks protected from enteropathogen colonization when seeded at hatch with intestinal microbiota from adults versus juveniles? What changes in the intestinal microbiota as animals age causes this colonization resistance? Microbiome diversity may ensure the presence of sufficient competitors or antagonists to block pathogen colonization and persistence.

In order to study these hypotheses, a molecular ecology approach was used to reveal the intestinal community structure relative to Salmonella abundance in chickens. Community diversity and abundance of some species correlated with Salmonella abundance in the chicken cecum. Several Firmicutes, particular clostridial species, were positively associated with Salmonella abundance, but others correlated with low Salmonella abundance. It appears that species diversity may be key to understanding pathogen exclusion in the intestine.



MATERIALS AND METHODS


Salmonella Colonization

A total of 100, 1-day-old, specific pathogen-free, white leghorn chickens (Charles River Laboratories; Wilmington, MA, United States) were placed in one of five HEPA-filtered, isolator units (20 birds per unit). Each unit has wire mesh floors to reduce re-exposure due to coprophagy, and received feed and water ad libitum up to 42 days of age. Chick box liners and the inside of isolator units were swabbed for Salmonella with milk-soaked, 3MTM Sponge Stick (3M; St. Paul, MN, United States) as previously described (Liljebjelke et al., 2005). Birds and their environment were culture-negative for Salmonella on the day of placement of chickens in isolator unit. Chickens were reared on a commercial, non-medicated, pelleted, starter feed throughout the course of the study. At 2 days of age, chicks were orally inoculated with 1.1 × 106 CFU/0.1 ml of Salmonella Typhimurium SL1344. Salmonella inoculum was prepared by streaking SL1344 onto Tryptic Soy Agar (Thermo Fisher Scientific; Pittsburg, PA, United States) which was subsequently used to inoculate 5 ml Luria-Bertani (LB) broth (Provence and Curtiss, 1994) in sterile, capped, 13 × 100 mm glass tubes (Thermo Fisher Scientific). The broth culture was incubated overnight, static at 37°C. The overnight culture was diluted 1/10 in sterile saline. The Salmonella challenge inoculum was serially diluted 10-fold in buffered saline gelatin (Provence and Curtiss, 1994) and plated onto LB agar to determine bacterial cell density. The number of birds per unit was maintained at a stocking density reflective of commercial standards; culling birds periodically as they grew to maintain this stocking density. At 21, 28, 35, and 42 days of age, one bird from each of the five isolator units was collected (n = 5), euthanized and the ceca were aseptically removed. The number given to each sample (1–5) corresponds to the isolator unit from which the bird was collected. Cecal contents were collected and homogenized in pH 7.0 phosphate-buffer saline (1:10 w/v). Between days 35 and 42, one bird died unexpectantly (isolator 5) and therefore the last time point only had four subjects, instead of five, left for analysis.



DNA Extraction

Bacterial cells, present in the cecal contents of 19 samples, were lysed using beads, solution 1 and IRS of Mo Bio Soil DNA extraction kit (Mo Bio Laboratories Inc., Carlsbad, CA, United States) by vortexing at maximum speed for 40 min (Lu et al., 2003b). Lysates were treated with sodium dodecyl sulfate (0.5%) and proteinase K (0.1 μg/ml) and incubated at 37°C for 30 min. Samples were extracted twice with an equal volume of phenol-chloroform-isoamyl alcohol (25:24:1) and once with chloroform-isoamyl alcohol (24:1). DNAse-free, RNAse (20 μl) was added to each sample and incubated at 37°C for 15 min. DNA was concentrated with a 0.6 volume of isopropanol, and the DNA pellet was resuspended in sterile water. The quality and quantity of DNA was assessed by agarose gel electrophoresis.



qPCR

Quantitative PCR was used to determine the amount of S. Typhimurium in cecal contents. A 5-μl aliquot of the lysate was diluted 1:4 in TE buffer [10 mM Tris, 0.1 mM EDTA (pH 8.0)] and used as a template in the qPCR assay. qPCR was performed using SYBR green master mix (Bio-Rad, Hercules, CA, United States) and the MJ Research Chomo4 real-time 4-color 96-well PCR system (Bio-Rad). qPCR data was analyzed by the relative standard curve method (Fey et al., 2004). Serial diluted DNA from S. Typhimurium SL1344 was used as a standard. The virulence gene invA (Daum et al., 2002) was used as the target amplicon to estimate Salmonella abundance and the gene ttr (Malorny et al., 2004) was used as an internal reference for data normalization.



PCR Amplification of Cecal 16S rRNA Libraries

The bacterial primers 27F YM + 3 and 515R-NK (5-CCG CNG CKG CTG GCA C-3), targeting the regions V3 and V6, were used. The primer 27f-YM3 is four parts 27f-YM (5-AGA GTT TGA TYM TGG CTCA G), plus one part each of primers specific for the amplification of Bifidobacteriaceae (27f-Bif, 5-AGGG TTC GAT TCT GGC TCA G), Borrelia (27f-Bor, 5-AGA GTT TGA TCC TGG CTT AG), and Chlamydiales (27f-Chl, 5-AGA ATT TGA TCT TGG TTC AG) sequences (Acosta-Martinez et al., 2008; Garcia et al., 2011). The primers were synthesized with a sequencing adaptor and a specific 8-nucleotide barcode (Hamady et al., 2008) and were a gift from Dr. William Whitman (University of Georgia). A 10 μl PCR mixture was prepared with 20 mM of each primer, 100 ng of DNA template and 9 μl of Platinum Taq DNA Polymerase (Invitrogen, Carlsbad, CA, United States). PCR amplification of the bacterial 16S rRNA genes was conducted after an initial denaturation at 95°C for 3 min followed by 20 cycles of denaturation at 94°C for 30 s, annealing at 60°C for 30 s, and extension at 68°C for 60 s. The final extension was carried out at 68°C for 4 min. PCR amplifications were done using Idaho Rapid Cycler thermocycler (Idaho Technology). DNA extracted from S. Typhimurium SL1344 was used as a control. PCR products were visualized by electrophoresis on 1% agarose gels, stained with SYBR Green Dye (Invitrogen) and ∼550 bp amplicons were excised from the gel. Amplicons obtained from 3 replicates of the same samples were pooled together. Products were purified from the agarose gel initially using the Qiagen QIAquick Gel Extraction Kit (Qiagen, Valencia, CA, United States), followed by the Agencourt AMpure magnetic beads (Beckman Coulter, Brea, CA, United States). Purified amplicons were resuspended in water, and the quality of the fragment was assessed by agarose gel electrophoresis and the concentration was measured with a Beckman DU640 spectrophotometer (Beckman Instruments, Fullerton, CA, United States). Barcoded 16S amplicon samples were submitted to the University of Georgia Genomics Facility for pyrosequencing using a 454 GS-FLX Titanium sequencing in accordance with established methods.



Processing, Assembly, and Analysis of Cecal 16S rRNA Libraries

All sequence processing was performed using MOTHUR software version 1.37.1 (Schloss et al., 2009). Sequences containing more than eight homopolymers nucleotides, and mismatched or ambiguous bases were removed. High-quality sequences were aligned against the SILVA database. UCHIME software was used to identify and remove chimeric sequences (Edgar et al., 2011). Operational taxonomic units (OTUs) were assigned at a 97% identity using the furthest-neighbor algorithm, and taxonomic assignments were made using the Ribosomal Database Project taxonomy – RDP (Cole et al., 2009). The error rate was assessed using the control sample, and the group was eliminated from our dataset for subsequent analysis (Schloss et al., 2009). Representative sequences of each OTU were classified using BLASTN (Altschul et al., 1990). All 16S rRNA sequence data is publicly available through National Center for Biotechnology Information (NCBI) the GenBank database under accession numbers KX913959 to KX914443. Rarefaction curves were produced as described by Hughes et al. (2001). The diversity indexes Chao, Shannon, Inverse Simpson and Smith Wilson Evenness indexes were calculated using MOTHUR. Chao index estimates the number of species (OTUs) comprising the microbial community, Shannon index determines how uniformly 16S rRNA sequences are spread into the different OTUs (Hill et al., 2003), and the Simpson index is an indication of the richness in a community with a uniform evenness that would have the same level of diversity. The inverted Simpson index was used to ensure that an increase in the reciprocal index reflects an increase in diversity (Magurran, 1988). A Venn diagram representing shared and unique OTUs was drawn for cecal communities with the two highest (1.4 × 109, 1.7 × 109 CFU/g) and lowest (PCR-negative) Salmonella abundance; representing permissive and exclusive communities, respectively (Shade and Handelsman, 2012).



Statistical Analysis

Cecal communities were compared using Metastats (White et al., 2009) which is based on a non-parametric t-test, used to identify OTUs associated with carriage status (p < 0.05). Significant OTUs, with abundance higher than 0.001% in the community (Stanley et al., 2014) were identified in all experimental samples. The correlation coefficient and r-squared calculated and trend lines were drawn using Excel (Langer and Microsoft Corporation, 2007).




RESULTS


Salmonella Abundance in the Ceca of Experimentally Infected, Commercial Broiler Chickens

Salmonella abundance in the ceca was determined using qPCR for birds 21–42 days of age. The average Salmonella abundances were 6.8 × 108 (range of 1.0 × 107–1.6 × 109), 1.2 × 107 (range of 2.8 × 105–4.0 × 107), 1.7 × 107 (range of 0–7.3 × 107), and 5.1 × 104 (range of 0–2.0 × 105) CFU/g of ceca for broiler chickens at 21, 28, 35, and 42 days of age, respectively (Figure 1 and Table 1).
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FIGURE 1. Salmonella abundance in cecal samples collected from chickens at 21, 28, 35, and 42 days old. Chickens were inoculated with 1.1 × 106 CFU of Salmonella Typhimurium at 2 days of age. The mean abundance is indicated by the black line.



TABLE 1. Salmonella abundance in chicken ceca at 21, 28, 35, and 42 days old.
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Salmonella Abundance Decreases in the Chicken Ceca With an Increase in Community Diversity

A detailed data analysis was focused first on cecal communities with the two highest and two lowest Salmonella abundances; representing permissive and exclusive communities, respectively. Differences observed between exclusive and permissive communities were later applied across all samples. Cecal communities where no Salmonella was detected by PCR were designated as Exclusive communities 1 and 2; for days 35 (35-3) and 42 (42-1), respectively (See Table 1). Similarly, cecal samples with the two highest Salmonella abundance on day 21 (Permissive community 1: 1.4 × 109; Permissive community 2: 1.7 × 109 CFU/g) were designated as Salmonella permissive communities (See Table 1). Permissive community 1 and Exclusive community 2 resulted from birds removed from the same isolator. The region V3-V6 of the bacterial 16S rRNA was sequenced from the 19 cecal samples containing variable abundances of Salmonella. A total of 212,990 high quality filtered sequences were randomly selected; 11,210 16S rRNA sequences per cecal community. The sequences clustered into 485 OTUs. The average Good’s coverage, a method for estimating the percentage of the total species represented, was 99.7% ± 0.1% (mean ± SD); suggesting a sufficient sampling of the cecal bacterial communities. Salmonella exclusive cecal communities showed rarefaction curves with higher diversity compared to the permissive cecal communities (Figure 2). There were additional differences between exclusive and permissive communities as measured using several diversity parameters (Table 2). The number of OTUs, representing different bacterial species, was significantly (χ2 < 0.001) lower in permissive communities (70 ± 8) compared to exclusive communities (117 ± 24). Similarly, Chao index was significantly (χ2 < 0.001) lower in permissive communities (92.65 ± 0.21) in comparison to exclusive communities (172.05 ± 48.01). Species diversity was higher in the Salmonella exclusive cecal communities by the Shannon index (2.661 ± 0.20 versus 2.331 ± 0.06) and inverse Simpson index (7.277 ± 2.146 versus 7.103 ± 0.213). However, evenness was slightly higher in permissive communities (0.536 ± 0.006 versus 0.522 ± 0.006) by the Smith Wilson index.
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FIGURE 2. Rarefaction curve for bacterial 16S rRNA OTUs at 97% of similarity for Salmonella exclusive and permissive cecal communities.



TABLE 2. Diversity indices for Salmonella exclusive or permissive cecal communities.
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When these diversity indices were applied across all samples, a statistically significant negative correlation was observed between Salmonella abundance in the chicken ceca (expressed in logs) and the number of OTUs (P < 0.01), Chao index (P < 0.01), and Shannon index (P < 0.01) (n = 19) (Figure 3). While there appeared to be a negative correlation between Salmonella abundance and diversity, as measured by the inverse Simpson index, this correlation was not significant by the Pearson correlation coefficient (p = 0.18). Evenness presented a statistically significant positive correlation with the Salmonella cecal abundance (P < 0.02).
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FIGURE 3. Correlation between the Salmonella abundance and community diversity for all cecal communities (n = 19). Community diversity was measured by number of unique OTUs (A) (P < 0.01), Chao index (B) (P < 0.01), Shannon index (C) (P < 0.01), inverted Simpson index (D) (p = 0.18), and Smith Wilson evenness index (E) (P < 0.02). R, Pearson correlation coefficient; and R2, coefficient of determination.




Species Composition of Salmonella Exclusive and Permissive Cecal Communities and the Identification of Bacterial Species That May Influence Salmonella Abundance

Averaging across samples, the most abundant phyla observed in the cecal microbiota were Firmicutes (96.9%) and Proteobacteria (0.6%); and members of Clostridiales accounted for 90% of the total community 16S rRNA sequences (n = 193,003). The most abundant bacterial groups present in the ceca were unclassified Lachnospiraceae (37.2%), Roseburia (20.5%), Clostridium XI (13.5%), Clostridium XIVa (5.0%), Blautia (4.0%), unclassified Firmicutes (3.1%), unclassified Ruminococcaceae (3.0%), unclassified Bacteria (2.4%), unclassified Clostridiales (2.1%), Faecalibacterium (1.4%), Oscillibacter (0.5%), Enterobacteriaceae (0.5%), unclassified Erysipelotrichaceae (0.5%), unclassified Bacillales (0.4%), Flavonifractor (0.2%), and Enterococcus (0.2%).

The Salmonella exclusive community had a larger proportion of Faecalibacterium (P < 0.05), Turicibacter (P < 0.02), and unclassified Firmicutes (P < 0.005); and less Blautia (P < 0.01), and unclassified Lachnospiraceae (P < 0.05) compared to the permissive community. Twenty-six OTUs unique to exclusive communities were identified (Figure 4). These OTUs represent 6.99% of the total sequences for these cecal communities (n = 1,569). A smaller number of OTUs were unique to the permissive communities; 7 OTUs that represented 0.25% of the total 16S rRNA sequences (n = 58) (Table 2). A more diverse set of OTUs were observed in exclusive communities. The OTUs observed in permissive communities were affiliated with the phyla Firmicutes and Proteobacteria, while OTUs observed in exclusive communities belonged to the Firmicutes, Proteobacteria and Actinobacteria phyla. OTUs observed in permissive communities were related to the Enterobacteriaceae, Enterococcaceae, Lachnospiraceae, and Clostridiaceae families, while OTUs presented in exclusive communities were related to Hyphomicrobiaceae, Eggerthellaceae, Clostridiaceae, Eubacteriaceae, Oscillospiraceae, Ruminococcaceae, and Lachnospiraceae families (Table 3).
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FIGURE 4. Shared and unique OTUs observed in Salmonella exclusive and permissive cecal communities. Numbers below groups indicate the number of OTUs.



TABLE 3. OTUs unique to Salmonella exclusive or permissive cecal communities.
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Metastats (Schloss et al., 2009) was used to quantify differences between groups and identify OTUs that most strongly influence the differences observed between the Salmonella permissive and exclusive communities (p < 0.05). Only OTUs with total abundance higher than 0.001% were considered in this analysis. Seven OTUs were identified (Figure 5). There was a greater frequency of OTUs related to Eubacterium biforme (OTU 79, 93% of similarity to RDP database), Roseburia hominis (OTU 6, presenting 97% of similarity), Robinsoniella peoriensis (OTU 4, 98% of similarity), and Roseburia hominis (OTU 3, 97% of similarity) in the Salmonella permissive communities. Of these 4 OTUs, there was a positive correlation between Roseburia hominis OTU 3 (97%, P < 0.01), and OTU 6 (97%, P < 0.05) with Salmonella abundance across all samples (n = 19) (Figure 6). These 4 OTUs accounted for 24.7% of the total 16S rRNA sequences for cecal samples with 109 Salmonella cells/g and just 7.0% of the total sequences for Salmonella-negative cecal samples. Ethanoligenens harbinense (OTU 31, 95%), Oscillibacter ruminantium (OTU 28, 94%) and Faecalibacterium prausnitzii (OTU 10, 98%) were more abundant in the Salmonella exclusive cecal communities. There was a negative correlation between the presence of Faecalibacterium prausnitzii (OTU 10, 97% of similarity to RDP, P < 0.05), Oscillibacter ruminantium (OTU 28, 95%, P < 0.001) and Ethanoligenens harbinense (OTU 31, 95%, P < 0.01) with Salmonella abundance across all samples (n = 19) (Figure 7); and accounted for 6.1% of total 16S rRNA sequences for Salmonella, PCR-negative cecal samples. These OTUs represented just 0.04% of total sequences in cecal samples with 109 Salmonella cells/g.
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FIGURE 5. OTUs representing more than 0.01% of the total sequences and significantly (P < 0.05) associated with Salmonella exclusive and permissive cecal communities identified by Metastats.
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FIGURE 6. Positive correlation between the presence of specific OTUs and Salmonella abundance in the ceca (n = 19). Roseburia hominis OTU 3, 97% of similarity to RDP, P < 0.01 (A); Robinsoniella peoriensis OTU 4, 98%, NS (B); Roseburia hominis OTU 6, 97%, P < 0.05 (C); and Eubacterium biforme OTU 79, 93%, NS (D). R, Pearson correlation coefficient; and R2, coefficient of determination.
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FIGURE 7. Negative correlation between the presence of specific OTUs and Salmonella abundance in the ceca (n = 19). Faecalibacterium prausnitzii OTU 10, 98%, P < 0.05 (A); Oscillibacter ruminantium OTU 28, 95%, P < 0.001 (B); and Ethanoligenens harbinense OTU 31, 95%, P < 0.01 (C). R, Pearson correlation coefficient; and R2, coefficient of determination.





DISCUSSION

Unlike neonatal mammals, chicks seldom present symptoms of illness unless they are administered a large Salmonella challenge dose, at day of hatch. However, chicks orally administered Salmonella at 2 days of age exhibit little if any disease symptoms, and Salmonella abundance rapidly increases during the 1st week to 106–107 CFU/g and remains at these levels for 2–3 weeks. However, by the 4th week of age, there is a substantial decline in Salmonella abundance (Cheng et al., 2015). The composition of the intestinal community is also in flux up to the 3rd week of age when a distinct, stable community structure develops in the chicken ileum and ceca at approximately the same time that Salmonella abundance decreases (Lu et al., 2003a). Consequently, intestinal microbiota from chickens 21 days of age or older prevents Salmonella colonization in 8-day old layer chickens (Varmuzova et al., 2016). In this study, a wide difference in Salmonella abundance was observed in chickens at 35 and 42 days of age where 20% of birds were negative. This allowed the opportunity to compare intestinal community composition in birds with a range of Salmonella abundance.

Intestinal community diversity appears to adversely affect Salmonella abundance in chickens. Animals with highly diverse intestinal communities have been shown to be resistant to pathogen colonization and disease (Kamada et al., 2013). Bacterial diversity especially appears to be a significant factor affecting enteropathogen prevalence and abundance for shiga-toxin producing Escherichia coli (STEC) in cattle (Xu et al., 2014; Chopyk et al., 2016) and soil (van Elsas et al., 2012), C. difficile in humans (Antharam et al., 2013; Zhang et al., 2015), C. perfringens in chickens (Stanley et al., 2014), and Campylobacter jejuni in mice (Lone et al., 2013). In addition, community diversity seems to be an important predictor of intestinal health (Antharam et al., 2013; Wills et al., 2014; McMurtry et al., 2015; Rodriguez et al., 2015; Singh et al., 2015). A negative correlation between Salmonella abundance and evenness was also observed in the distribution of bacterial species. Evenness represents the degree to which species are distributed within a population. A lower evenness score for the Salmonella permissive community infers that a few bacterial species dominate the community. Similar findings have been reported for Salmonella in pigs and diarrheal illnesses in horses where lower evenness scores were associated with pathogen prevalence, abundance and symptoms of disease (Bearson et al., 2013; Rodriguez et al., 2015).

Intestinal community diversity appears to be a function of age, increasing as birds mature (Lu et al., 2003a; Crhanova et al., 2011; Videnska et al., 2013; Azcarate-Peril et al., 2018). The greatest diversity appears to be in the cecum, an intestinal compartment where Salmonella persists in the chicken (Azcarate-Peril et al., 2018). It was important to have all the birds exposed to the same treatment in order to control the possibility that Salmonella infection itself may alter the cecal community composition and species abundance (Videnska et al., 2013; Azcarate-Peril et al., 2018; Mon et al., 2020). With the exception of He et al. (2003), most studies did not observe a negative correlation between cecal community diversity and Salmonella abundance or prevalence (Crhanova et al., 2011; Videnska et al., 2013; Azcarate-Peril et al., 2018; Mon et al., 2020). In fact, one study observed an increase in species richness with Salmonella infection (Mon et al., 2020). It has been shown that changes in the intestinal community composition may result in a proteobacterial bloom favoring conditions of Salmonella proliferation (Singh et al., 2015; Zhang et al., 2015). Salmonella can also induce inflammation which reduces its obligate anaerobic competitors while providing it with additional nutrients for growth (Winter et al., 2010; Thiennimitr et al., 2011; Rivera-Chavez et al., 2016). While Salmonella may change the gut microbiome in chickens, it appears to involve a mechanism distinct from mammals (Rimet et al., 2019). However, these studies focused on chickens less than 21 days of age, early in chicken intestinal community development (Lu et al., 2003a). Varmuzova et al. (2016) demonstrated that only the intestinal microbiota from birds 21 days of age or older could reduce Salmonella colonization.

Specific genera and species were identified that correlated with Salmonella abundance in the chicken cecum. The majority of these OTUs were related to Clostridiales, the most abundant group of the chicken ceca (Lu et al., 2003a), with six OTUs identified as Ethanoligenens harbinense, Oscillibacter ruminantium, Faecalibacterium prausnitzii, Roseburia hominis, Eubacterium biforme, and Robinsoniella peoriensis. These genera or species have also been associated with enteropathogen colonization or intestinal health in other studies (Antharam et al., 2013; Miquel et al., 2013; Rossi et al., 2014; Stanley et al., 2014; Xu et al., 2014; Thibodeau et al., 2015; Knoll et al., 2016). Others have also noted absence or reduced abundance of F. prausnitzii and member species of the clostridial families (Collins et al., 1994) Lachnospiraceae (XIV) and Ruminococcaceae (III/IV) in birds colonized with Salmonella (Pourabedin et al., 2017; Liu et al., 2018; Khan and Chousalkar, 2020; Ding et al., 2021). Several of these species, associated with exclusive communities but absent from the Salmonella permissive community, may play an anti-inflammatory role in maintaining intestinal homeostasis and health (Wu and Wu, 2012; Miquel et al., 2013). Inflammation results in the production of tetrathionate and other metabolites which can be used to enhance Salmonella growth and thereby improve its persistence, and spread (Winter et al., 2010; Thiennimitr et al., 2011). However, these clostridial species also are likely to produce short chain fatty-acids (SCFA) such as butyrate, which reduces inflammation in the chicken intestine (Wu et al., 2016). Butyrate also represses expression of the Salmonella cell-invasion locus in SPI1 (Gantois et al., 2006) reducing its ability to elicit intestinal inflammation (Rivera-Chavez et al., 2016). Clostridiales abundance in the avian intestine may explain why birds are more resistant than mammals to Salmonella gastroenteritis.

Interestingly, several intestinal species may also have a positive impact on enteropathogen colonization (Xu et al., 2014; Thibodeau et al., 2015). Conceptually more emphasis is placed on pathogen exclusive species and mechanisms that explain their inhibitory effects, ignoring possible synergism between the pathogen and pathogen-permissive species as an alternate explanation behind competitive exclusion. The chicken intestinal microbiota can also produce fermentation end-products and other metabolites that can be metabolically exploited by Salmonella (Cheng et al., 2015). The metabolism of permissive species may result in cooperation with the pathogen, while the exclusive species may compete with the enteropathogen for these metabolites or out-compete the permissive species within the ecosystem. In either scenario, Salmonella would be unable to thrive in the chicken intestine.

While other studies have reported negative or positive correlations between intestinal community composition, abundance of specific genera/species and Salmonella abundance or prevalence (Videnska et al., 2013; Azcarate-Peril et al., 2018), this has been a tenuous association as reflected in comparisons among studies (Azcarate-Peril et al., 2018; Ma et al., 2020; Mon et al., 2020) and trials (Videnska et al., 2013). The exclusive genera/species, identified in this study, have been associated with Salmonella exclusion in some studies (Pourabedin et al., 2017; Liu et al., 2018; Khan and Chousalkar, 2020; Ding et al., 2021), but absent in others (Videnska et al., 2013; Azcarate-Peril et al., 2018; Ma et al., 2020; Mon et al., 2020). The genera/species, identified in this study, that negatively correlate with Salmonella are also absent in a competitive exclusion product known to effectively reduce Salmonella colonization in poultry (Pedroso et al., 2016). But the dominant member genera and species, present in this competitive exclusion product, are transient in chickens fed the product (Pedroso et al., 2016) indicating that the mechanism of competitive exclusion is complex. The contradictions may reflect the inherent nature of community diversity, which ensures there are always protagonists present to prevent enteropathogen colonization or illness in the animal population.



CONCLUSION

Increased bacterial diversity and the composition of the cecal microbiota adversely affected Salmonella colonization in chickens. The isolation of the bacterial species associated with pathogen abundance are necessary to better understand the microbe-microbe interactions that exclude or permit pathogen persistence and a better understanding of the mechanism of competitive exclusion. Moreover, this work provides the fundamental first step toward the development of next generation, direct fed microbials that target and exclude enteropathogens from poultry.
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Cronobacter is a foodborne pathogen associated with severe infections and high mortality in neonates. The bacterium may also cause gastroenteritis, septicemia, and urinary tract and wound infectious in adults. A total of 15 Cronobacter isolates collected from 617 raw materials and environment samples from Powdered Infant Formula manufacturing factories during 2016 in Shaanxi, China, were analyzed for antimicrobial susceptibilities, species identification, biofilm formation, and whole-genome sequencing. The results showed that all 15 isolates were Cronobacter sakazakii, while the antimicrobial susceptibility test showed that all 15 C. sakazakii were pan susceptible. Most isolates were able to produce a weak biofilm, and two isolates from soil samples produced a strong biofilm formation. All isolates were classified into seven STs including ST4, ST40, ST64, ST93, ST148, ST256, and ST494, with ST64 (4/15, 26.7%) being dominant, and most were clinically related. The isolates harbored at least 11 virulence genes and two plasmids, with one isolate being positive for all virulence genes. Phylogenetic and ANI analysis showed strong clustering by sequence types and isolates from different sources or regions with a similar genomic background. The fact that isolates were obtained from raw materials and environment samples of PIF facilities shared a close phylogeny with one another suggests that cross-contamination events may have occurred between the processing room and external environments, which may give rise to a recurring risk of a continuous contamination during production.

Keywords: Cronobacter sakazakii, powdered infant formula, antimicrobial susceptibility, biofilm, virulence genes, whole genome sequencing


INTRODUCTION

Cronobacter species are Gram-negative opportunistic pathogens that were originally referred to as yellow-pigmented Enterobacter cloacae according to its characteristics of yellow-pigment production and biochemical reactions (Urmenyi and White-Franklin, 1961). When subsequently reclassified, they were renamed as Enterobacter sakazakii following data from DNA hybridization studies, biochemical reactions, and antibiotic sensitivity tests. Later again, they were further reclassified by Iversen in 2008 based on 16S rRNA gene sequencing, ribotyping, DNA–DNA hybridization, and fluorescence labeled-amplified fragment length polymorphism fingerprinting (Iversen et al., 2008). Cronobacter species are considered to be a category A pathogen of relevance to powdered infant formula (PIF) as defined by FAO/WHO in 2004. It is known to cause severe infantile septicemia, necrotizing enterocolitis, meningitis, and serious neurological sequelae predominantly in neonates and low-birth-weight infants, especially infants who are premature or immune deficient, and the overall case fatality of invasive neonatal Cronobacter infection in Friedemann’s research was 26.9%; however, according to different clinical symptoms and regions, the mortality rate could rise to 100% (Friedemann, 2009). Cronobacter species have been isolated from infant food, beverages, processed food, plants, fresh produce, animal products, environments (e.g., dust, soil, and water), and households (Ueda, 2017). Neonates are infected through the consumption of PIF, or through contaminated bottles and utensils used for PIF preparation. Since the first Cronobacter clinical infection reported in UK, approximately 150 of Cronobacter infections in neonates with 26 deaths have been reported around the world (Iversen et al., 2008; Jaradat et al., 2014; Farmer, 2015). In 2002, the International Commission on Microbiological Specifications for Food classified Cronobacter as “severe risk for a restricted population, representing a threat of death or chronic sequelae” (ICMSF (International Commission on Microbiological Specifications for Foods), 2002).

Cronobacter adhere to both human intestinal epithelial and brain microvascular endothelial cell surfaces, which may be considered as the first step before colonization and infection (Townsend et al., 2007, 2008). After invasion of the intestinal cell, intracellular proliferation occurs; the bacteria then translocate to the apical side of the epithelia cell where they get released into the lamina propria and are able to spread systemically by way of lymphoid cells and macrophages. Once at extra-intestinal sites like the blood brain barrier, they then cause meningitis by currently unknown factors. Although multilocus sequence typing (MLST) is not used to evaluate the virulence of bacteria, lots of data have indicated that certain sequence types (STs) are more often associated with pathogenicity (Forsythe et al., 2014). Cronobacter sakazakii was a primary Cronobacter spp. causing clinical infections in neonates and adults (Forsythe, 2018). Accordingly, C. sakazakii ST4 is the predominant ST causing neonatal meningitis in comparison with ST1, ST8, ST12, ST21, ST64, and ST201 (Fei et al., 2017). Moreover, ST4 isolates show a stronger capacity of desiccation resistance, which may directly lead to the fact that ST4 is the predominantly found in PIF, suggesting a potential risk to infants (Fei et al., 2017).

Whole-genome sequencing (WGS) has been widely used as a powerful tool for characterization of Cronobacter, capable of reporting on virulence-related genes such as outer membrane proteins, efflux systems, iron acquisition systems, and hemolysins (Franco et al., 2011a,b; Joseph et al., 2013; Singh et al., 2015; Gao et al., 2017; Kim et al., 2017; Ye et al., 2017). In this study, a total of 15 Cronobacter isolates that came from 617 samples which consisted of PIF, raw materials, and environmental samples of two PIF manufacturing facilities in 2016 in Shaanxi, China, were sequenced and analyzed to investigate their associated genotypic and phenotypic virulence and persistence mechanisms.



MATERIALS AND METHODS


Identification of Cronobacter From PIF Factories

Cronobacter strains analyzed in this study were collected from a project (Gan et al., 2021) and stored in our laboratory, as shown in Table 1 and Figure 1. These strains were obtained from 617 samples in 2016 involving a processing room and items of two PIF factories in Shaanxi, China, including samples of PIF raw material ingredient, production facility environmental surfaces, PIF, and shoe soles of staff. The raw ingredients included lactose, whey powder, concentrated whey protein, galacto-oligosaccharide, fructo-oligosaccharides, DHA powder, ARA powder, casein calcium phosphate, α-lactalbumin, lactoferrin, bifidobacterium, and vegetable oil that were sampled in package directly. All isolates were identified by both VITEK 2 compact Gram-negative identification card analysis (bioMérieux, Marcy-l’Étoile, France) and amplification of the internal transcribed spacer (ITS) (ITS-F 5′-GGGTTGTCTGCGAAAGCGAA-3′, ITS-R 5′-GTCTTCGTGCTGCGAGTTTG-3′) by polymerase chain reaction (PCR) (Liu et al., 2006). Species identification of Cronobacter was carried out based on the RNA polymerase beta subunit (rpoB) gene according to previous studies (Stoop et al., 2009; Lehner et al., 2012). Reference strains including C. sakazakii (ATCCTM 29544), C. malonaticus (DSM 18702), C. turicensis (DSM 18703), C. dublinensis subsp. dublinensis (DSM 18705), C. dublinensis subsp. lausannensis (DSM 18706), C. dublinensis subsp. lactaridi (DSM 18706), C. universalis (NCTC 9529), C. muytjensii (ATCCTM 51329), and a C. condimenti isolate from University College Dublin were included as positive controls for PCR assays, while E. coli ATCC25922, Enterobacter cloacae CMCC45301, and Salmonella CMCC14028 were included as negative controls. Malonate utilization of all confirmed isolates was also tested by inoculating the fresh culture of each isolate in a malonate medium (Beijing Land Bridge Technology Ltd., Beijing, China) at 37°C for 24 h. All confirmed isolates were stored in Brain Heart Infusion 96 broth with 40% [v/v] glycerol (HopeBio, Qingdao, China) at −80°C.


TABLE 1. Information of 15 C. sakazakii isolates.
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FIGURE 1. Phylogenetic tree and heat-map summary of presence of virulence genes and plasmids possessed by the 15 C. sakazakii isolates. The phylogenetic tree shown on the left was generated using CFSAN_SNP pipeline and FastTree v2.1 taking the core genome (3,440 core genes were analyzed) SNPs as input and was visualized with iTOL. Isolation information including PIF manufacturing facility location and sources as well as the sequence types are shown with stripes in different colors. The presence and absence of virulence genes and plasmidotype are shown with heat map. The biofilm production of all 15 isolates are shown with symbols (+ ∼ + +) and simple bar chart exhibiting their capacity of biofilm formation.




Antimicrobial Susceptibility Testing (AST)

All confirmed Cronobacter isolates were performed on AST using the Biofosun® Gram-negative panels (Fosun Diagnostics, Shanghai, China) by broth dilution method (CLSI, 2019). The panel of antimicrobial compounds tested included tetracycline (TET), nalidixic acid (NAL), ciprofloxacin (CIP), sulfamethoxazole–trimethoprim (SXT), amoxicillin (AMX), ampicillin (AMP), ampicillin–sulbactam (SAM), gentamicin (GEN), cefotaxime (CTX), ceftazidime (CAZ), and imipenem (IMP). The Escherichia coli ATCCTM 25922 strain was used as a quality control for the AST.



Biofilm Production

Biofilm formation was assessed in a 96-well microtiter plate assay using minimal medium M9 (6 g/l Na2HPO4, 3 g/l KH2PO4, 0.5 g/l NaCl, 1 g/l NH4Cl, 2 mM MgSO4, 0.1% glucose, and 0.1 mM CaCl2) (Huang et al., 2015). After overnight growth at 37°C in tryptic soy broth medium (TSB; Beijing Land Bridge Technology Ltd., Beijing, China), 200 μl Cronobacter cell suspension was transferred into each microtiter well and incubated at 37°C for 72 h. After three brief washes with 200 μl phosphate-buffered saline (PBS) solution, and a 20-min fixation step with 200 μl methanol, all plates were stained with 200 μl 0.4% (w/v) crystal violet (CV) for 15 min and washed three times with 200 μl PBS for another 15 min. The stained biofilm was then dissolved with 200 μl 33% (v/v) acetic acid for 30 min. The biofilm formation was measured at 570 nm optical density (OD) in a microtiter plate reader (Tecan, Mannedorf, Switzerland). Salmonella Typhimurium ATCCTM 14028, a strong biofilm-forming strain, was recruited as the positive control, and sterile minimal medium M9 was used as negative control for the biofilm production assays (Martins et al., 2013). These biofilm assays were performed in triplicate which included biological duplicates. On the basis of criteria described by Lee, OD at 570 nm (OD570) < 0.5 was defined as “weak,” OD570 ranging from 0.5 to 1.0 was “moderate,” and OD570 > 1 was “strong” (Lee et al., 2012).



DNA Extraction and WGS

Cronobacter isolates were inoculated onto a tryptone soya agar (TSA) plate (Beijing Land Bridge Technology Ltd., Beijing, China) and incubated overnight at 37°C to obtain a pure culture. Genomic DNA (gDNA) was purified using a Tiangen TIANamp Bacteria DNA Kit (DP302-02, Tiangen Biotech Co., Ltd., China) according to the manufacturer’s procedures. The qualified gDNA (OD260/280 = 1.8–2.0 and concentration ≥20 ng/μl with a single DNA band) was then dispatched to Novogene for commercial sequencing. Illumina HiSeq protocols were carried out by Novogene (China) on an Illumina HiSeq platform. SOAP de novo v2.04 (Li et al., 2010), SPAdes, and AbySS were used for assembly, and CISA was used to integrate the assembly (Simpson et al., 2009; Bankevich et al., 2012; Lin and Liao, 2013).



Genome Annotation and Bioinformatic Analysis

Prokka v1.12-beta (Seemann, 2014), KOALA v2.21, and PubMLST2 were used to perform the genome annotation. Seven-gene MLST of Cronobacter was performed in silico for all the isolates studied by uploading the whole-genome sequence to the PubMLST Cronobacter spp. Database3. Virulence genes were selected based on a careful review of the literature (Franco et al., 2011a,b; Joseph et al., 2013; Singh et al., 2015; Gao et al., 2017; Kim et al., 2017; Ye et al., 2017) and then screened among the studied genomes using the BLASTN algorithm (Altschul et al., 1990) with minimum nucleotide identity and alignment length coverage of 90%. Plasmidotype was identified using the ABRicate4 software package, which contains the PlasmidFinder database (Carattoli et al., 2014). The antimicrobial resistance genes (AMR genes) were also identified using the ABRicate (see text footnote 4) software package, which contains the ResFinder, CARD, ARGannot, and NCBI databases (Carattoli et al., 2014).



Phylogenetic Analysis

A maximum-likelihood phylogenetic tree was developed with the Center for Food Safety and Applied Nutrition and single-nucleotide polymorphism and single-nucleotide polymorphism (CFSAN_SNP) pipeline with FastTree v2.1 (Price et al., 2010; Burall et al., 2017). The phylogenetic tree was subsequently visualized through iTOL (Letunic and Bork, 2019). The average nucleotide identity (ANI) analysis was calculated using the Python module PYANI v0.1.3.2 for all Cronobacter genomes (Pritchard et al., 2015). In addition, to determine the underlying genomic population structure of the isolates, a core genome maximum likelihood phylogenetic tree clustered by different STs was also constructed with all available reference genomes downloaded from the PATRIC database (Wattam et al., 2017). In brief, all annotated genome assemblies were taken as input for pan genome analysis with core gene alignments through Roary (Page et al., 2015). Maximum likelihood phylogenies of the concatenated core gene alignments were constructed using FastTree (Price et al., 2010). The final tree was visualized with iTOL (Letunic and Bork, 2019).



Nucleotide Sequence Accession Numbers

Accession numbers for draft sequence files (raw reads) are given in Table 1.



RESULTS


Species Identification and AST of Cronobacter

A total of 15 Cronobacter strains were recovered from 617 samples including lactose powder, soil, and disk sedimentation (sampled by the TSA plates exposed in air of PIF manufacturing facilities for 15 to 20 min) and swabs taken from an air inlet, drain, and shoe soles of staff working in two PIF production facilities in Shaanxi, China, 2016 (Table 1 and Figure 1). All these isolates were identified as C. sakazakii using the rpoB PCR species identification method. Notably, five C. sakazakii isolates were found to be positive for malonate utilization (four were subsequently identified as ST64; the other one was ST148). AST results showed that all 15 C. sakazakii isolates were susceptible to all 11 tested antimicrobials (pan susceptible) (Table 1).



Biofilm Formation

Cronobacter sakazakii were studied for biofilm formation using the microplate method with M9 minimal medium at 37°C, and the results showed that all 15 isolates could produce biofilm, although at different formation levels (Figure 1). Thirteen isolates (13/15, 86.7%) were able to produce a weak biofilm, and two strains collected from soil showed strong biofilm formation.



MLST

The MLST results showed that seven STs were identified among 15 isolates, with ST64 (4/15, 26.7%) being the predominant ST that isolated from soil around the PIF facility, followed by three ST40 (3/15, 20.0%) with two from soil and one from disk sedimentation of the PIF processing room, two ST93 (2/15, 13.3%) collected from lactose powder, two ST148 (2/15, 13.3%) from soil and processing room drain, two ST494 (2/15, 13.3%) from soil and air inlet, a single isolate of ST256 (1/15, 6.7%) from staff members shoes’ soles, and one ST4 (1/15, 6.7%) from soil (Table 1 and Figure 1). The recognized clonal complexes for STs are also listed in Table 1.



Genomic Sequence Information

A summary of the genome statistics for the 15 C. sakazakii isolates is provided in Table 1. The average total genome length of the de novo assembly of genomes was 4,419 kb with a range of 4,273 to 4,515 kb. The average total number of genes was 4,129 with a gene number range of 3,980 to 4,241 observed among the genomes. The average G + C content of these genomes was 57.4% with a range from 56.3 to 57.8%.



Virulence Factors and AMR Genes Annotated in the Bacterial Genome and Plasmid Replicon Type

Nine types of genes related to virulence and toxin production were detected in this study. These include genes encoding for outer membrane proteins (ompA, ompX), plasminogen activator (cpa), sialic acid utilization (nanAKT), iron acquisition system (iucABCD), zinc-containing metalloprotease (zpx), hemolysin III (hlyIII), hemolysin expression-modulating protein (hha), ibeB-homologous (cusC), and RNA-binding protein (hfq). The details are shown in Figure 1 and Tables 2, 3. All 15 Cronobacter isolates carried the ompA, ompX, nanKT, iucABCD, hlyIII, hha, and hfq genes. Totally, 93.3% (14/15) isolates carried the nanA gene, while the cpa, zpx, and cusC genes were found in 80.0% (12/15), 73.3% (11/15), and 13.3% (2/15) isolates, respectively. A total of 14 (14/15, 93.33%) isolates were positive for all the nanAKT genes. Of note, one isolate (1/15, 6.7%) was found to harbor all of the 15 virulence genes. In all, six virulence gene patterns were found among 15 C. sakazakii isolates (Table 3). The AMR genes were also analyzed among all 15 C. sakazakii genomes. However, no AMR genes were identified by ABRicate software package against the ResFinder, CARD, ARGannot, and NCBI databases.


TABLE 2. Virulence genes harbored by C. sakazakii isolates.
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TABLE 3. Patterns of virulence genes distribution in C. sakazakii isolates.

[image: Table 3]Fifteen C. sakazakii isolates carried three types of plasmids, and all strains harbored the IncFIB plasmid. Besides, two isolates (2/15, 13.3%) carried the IncFII plasmid, and one isolate (1/15, 6.7%) carried the IncY plasmid.



Whole-Genome Phylogenetic Characteristic of All C. sakazakii Isolates

According to the phylogenetic tree, 15 C. sakazakii showed strong clustering by their STs (Figure 1). Four ST64 isolates collected from two factories, carrying the same virulence gene pattern I, showed a close relationship and also had similar biofilm formation capacity; three of these strains had one pESA3 plasmid and the rest one carried two plasmids (Figure 1 and Table 3). Three ST40 isolates, harboring the same virulence gene pattern I and plasmidotype IncFIB, also showed a close relationship. Two of these ST40 isolates from soil had a strong biofilm formation capacity, while the other one from disk sedimentation of the processing room showed a weak capacity (Figure 1 and Table 3).

The ANI analysis showed that 15 isolates could be divided into two clades: four C. sakazakii ST64 isolates from soil collected from two factories shared >99% of their total genome length with each other; 11 genomes shared >90% of their total genome length in their own clade and shared 92–96% when compared with those former four genomes (Figure 2). The alignment identity plot showed that they shared nucleotides of all genomes which had >97% similarity to each other (Figure 2), and isolates within the same ST which had a high similarity as shown by the four ST64 isolates from soil samples with >99% similarity and three ST40 isolates from disk and soil samples that also had >99% similarity.
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FIGURE 2. Average nucleotide identity (ANI) analysis of all 15 C. sakazakii genomes. (A) Heat map of the ANIm coverage for the studied genomes. The 15 genomes assignments as indicated at the source are given as row and column labels. Cells in the heat map corresponding to 50% coverage or greater are marked in red. Blue cells correspond to coverage of 50% or less. Color intensity fades as the comparisons approach 50% coverage. Color bars above and on the left of the heat map correspond to isolate ID for each genome in the analysis. Hierarchical clustering of the data in two dimensions is represented by dendrograms, constructed by simple linkage of ANIm percentage identities. This analysis identifies a single with a minimum aligned genome length above 50%. (B) ANIm percentage identity for the studied genomes. The 15 genomes as indicated at the source are given as row and column labels. Cells in the heat map corresponding to 95% ANIm sequence identity are colored red. Color intensity fades as the comparisons approach 95% ANIm sequence identity. Color bars above and to the left of the heat map correspond to isolate ID for each genome in the analysis. Hierarchical clustering of the analysis results in two dimensions is represented by dendrograms, constructed by simple linkage of ANIm percentage identities. The analysis indicates a single-level clade along the heat-map diagonal at the 95% identity threshold, suggesting that the current 15 studied Cronobacter genomes have a high sequence similarity at the nucleotide level.


A population structure analysis was reconstructed using a core-genome tree including all genomes of 15 studied C. sakazakii and an additional 108 available reference genomes from PATRIC that shared the same STs identified in this study (Figure 3 and Supplementary Table 1). The phylogenetic tree showed strong clustering by STs. Besides, no geographical or source specificities were found. C. sakazakii genomes in this study were clustered within reference Chinese genomes; for example, the Chinese mushroom isolate (28141.193) and other food isolates were clustered and close to our ST64 isolates but also had similarities with genomes from other countries. Similar observations were also found, showing that isolates from various sources were clustered with each other. Most environmental C. sakazakii in this study were found to be mixed with food and human related isolates.
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FIGURE 3. Whole-genome maximum likelihood phylogenetic trees of all 15 C. sakazakii genomes in this study combined with 108 reference genomes shared the same sequence types from PATRIC. Isolates that were clustered with the same color-coded label background shared the same sequence type, as marked on each clade. The ID font of genomes in this study and reference genomes were distinguished in red and black, respectively. The isolation information of countries and sources were also color-coded in the following rings.




DISCUSSION

Cronobacter contamination in PIF and infant foods could cause severe infections in neonates, particularly in low-birth-weight neonates, and has drawn great attention among international organizations and countries (Patrick et al., 2014). In our previous study, the contamination rate of Cronobacter in 119 PIF samples collected in China was 3.4% (Gan et al., 2018). This contrasts with a very early study that reported 14.2% of samples being positive for Cronobacter among 141 PIF samples studied (Muytjens et al., 1988). The detection of Cronobacter from PIFs has posed potential risk of infections in neonates and low-birth-weight infants, especially infants who are premature or immunodeficient. Following an earlier FAO-WHO risk assessment, this bacterium was categorized as a Category A bacterial pathogen associated with PIF with clear evidence of causality (Food and Agriculture Organization-World Health Organization (FAO-WHO), 2004). Therefore, the control of Cronobacter in PIF and its production environment is important in limiting the risk of neonatal infection through contaminated products. Strategies to prevent persistence in the PIF factory, including limiting the contamination on surfaces of processing facilities and surviving in raw material, are required. Thus, understanding the epidemiology of this bacterium in this context is a key step, toward development of targeted food safety controls.

In this study, 15 Cronobacter isolates cultured from raw materials, production facilities, and environment of two PIF factories were investigated by conventional bacteriological methods and WGS. All isolates were identified as C. sakazakii, being similar to those reported by Huang et al. (2015). In their study, 76 of 1,012 samples collected from 14 manufacturing factories in China during 2010 were Cronobacter positive, and 52 (52/76, 68.4%) were identified as C. sakazakii (Huang et al., 2015). The detection of C. sakazakii from different PIF production sources indicated that this bacterium can disseminate through raw ingredients, along with soil cross-contamination in the PIF production site. Our data suggested that PIF manufacturing factories should improve supervision of the environment around the factory and strengthen hygiene management in regard to raw materials. In this study, susceptibility testing of C. sakazakii showed pan susceptibility and lack of any AMR known genotypes. Our previous study showed that the antibiotic resistant rate was 1.92% (8/417) (Gan et al., 2015). However, in the study of Peng, 56 C. sakazakii were sensitive to SAM, CTX, CIP, meropenem, TET, piperacillin–tazobactam, and trimethoprim–sulfamethoxazole; 5 (8.9%) were resistant to chloramphenicol; 2 (3.6%) were resistant to GEN; and 31 (55.4%) were resistant to cephalothin (Fei et al., 2017). Further, Cronobacter cultured from food and clinical stool samples showed a 16% multidrug resistance in 90 isolates including two isolates that were resistant to more than five antibiotics along with six isolates that were resistant to six antibiotics (Li et al., 2020).

According to a study by Fei, ST4, ST1, and ST64 were the predominant STs among 70 Cronobacter isolated from PIF (Fei et al., 2015), and in the work of Lepuschitz, ST4, ST17, ST1, and ST40 were the dominant STs among their clinical isolates (Lepuschitz et al., 2019). Similar data were also found in our study showing that ST64 was the predominant ST (26.7%) followed by ST40 (20%). One ST4 (6.7%) isolate from a soil sample taken around the PIF factory was identified in our study, which was considered as the major ST associated with neonatal meningitis and has been proved to show a stronger desiccation-resistant capability than other STs (Joseph and Forsythe, 2011). Recently, ST494 and ST256 STs have been reported to be detected from neonatal Cronobacter meningitis infection cases in Brazil and China (Zeng et al., 2018; Costa et al., 2020). Furthermore, ST148 was also a dominant type with no reports associated with human infection. However, according to the PubMLST database, one ST148 isolate was obtained from a 64-year-old person’s blood sample in Denmark in 2009 (Li et al., 2019). The frequent detection of clinically relevant STs (four out of seven STs) highlights that it is necessary to investigate the distribution of these STs in PIF in China. Previous studies reported that some C. sakazakii had the capacity for malonate utilization (Iversen et al., 2008; Gopinath et al., 2018). In this study, five C. sakazakii isolates (four ST64, one ST148) could also utilize malonate, representing 33.3% (5/15) of all isolates, a higher number than that in an earlier study by Iversen (<5%). The malonate utilization is now considered as one typical biochemical reaction of C. malonaticus identification. Therefore, the observation of malonate utilization by C. sakazakii in this study indicated that the current identification methodology of C. malonaticus is inappropriate and may need to be improved.

Virulence genes were also analyzed in this study. The ompA and ompX genes in C. sakazakii play a critical role in both adherence and invasion through receptors which are located in both basolateral and apical host cell membrane surfaces (Kim et al., 2015). Iron is considered as an essential microelement for bacteria and also an important factor related to pathogenesis. Accordingly, the cpa and iucABCD genes are reported to be carried by virulence plasmids (Franco et al., 2011a,b). These virulence genes were also identified in genomes of C. sakazakii in our study. The iucABCD cluster participated in encoding a siderophore-mediated iron acquisition system to support bacterial growth in human hosts (Franco et al., 2011a). The plasmid-borne outer membrane protease Cpa has the ability to render serum resistance by cleaving complement components and efficient invasion by activating plasminogen and inactivating the plasmin inhibitor α2-AP (Franco et al., 2011b). Type III hemolysin and hemolysin expression-modulating proteins are potential virulence-related factors of Cronobacter, which have been reported in a recent study (Ye et al., 2017). The Hfq protein first discovered in E. coli plays an important role in the pathogenesis of various bacteria, as Hfq is regarded as a post-transcriptional global regulator and participates in the biogenesis of outer membrane proteins which could increase virulence in vivo, enhancing host cell adhesion and invasion in vitro (Kim et al., 2015). Considering that C. sakazakii is detected in the majority of clinical isolates in all age groups, the presence of the above virulence genes in all 15 isolates could contribute to risk of infection in vulnerable humans. Meanwhile, 93.3% (14/15) isolates carried the nanAKT genes that encode for sialic acid utilization and the uptake of sialic acid into bacteria, which are related to a number of virulence factors and could aid the bacterium to overcome the immune responses of the host (Singh et al., 2015). Furthermore, 12 isolates (80%) and 11 (73.3%) isolates carried the cpa gene and zpx gene, respectively. The zpx gene codes a zinc-containing metalloprotease and is considered as a putative virulence factor. It has been shown that Zpx can cause “rounding” for Chinese hamster ovary cells and has an ability to metabolize azocasein, azocoll, and insoluble casein, and the factor is also involved in helping the bacteria to cross the blood–brain barrier (Eshwar et al., 2018). Only two isolates (13.3%) including one ST256 and one ST494 carried the cusC gene. The ibeB homolog encoded by the cusC gene was reported to be associated with the invasion of human brain microvascular endothelial cells (Kim et al., 2017), and isolates harboring this gene may be one of the factors leading to neonatal meningitis similar to the two clinical cases reported in China and Brazil (Zeng et al., 2018; Costa et al., 2020). Of note, the ST256 C. sakazakii cultured from the shoe soles of staff working in PIF facility harbored all 15 virulence genes, suggesting that the virulence factors encoded by these genes might be responsible for severe pathogenicity exerted by this strain. Once it contaminated products and is consumed by infants, it could endanger consumers’ health and lead to serious infection symptoms.

In this study, the phylogenetic analysis of 15 C. sakazakii showed that isolates with the same STs exhibited a close genetic relationship and also carried similar virulence gene patterns. Four ST64 isolates were collected from two factories, and these showed a high similarity at a nucleotide level suggestive of a common ancestor. The phylogenetic relationship of three ST40 and two ST148 isolates also showed a high similarity and revealed that these isolates may evolve from the same ancestral species, respectively. Isolates with the same STs were obtained from both the interior and exterior environments of the PIF-processing site, suggesting that there may exist potential cross-contamination routes.

Population structure analysis including 15 genomes in this study and an additional 108 reference genomes further revealed that the STs of C. sakazakii formed their own distinct cluster, which was in agreement with previous studies (Lee and Andam, 2019; Jang et al., 2020). Therefore, it is essential to recognize more STs to aid in epidemiological investigations and risk assessments of this pathogen. Furthermore, C. sakazakii have been reported to be detected in imported PIF or dairy products in China and other countries (Guo et al., 2018; Valenci et al., 2019; Wang et al., 2019; Pakbin et al., 2020). Our data showed that the genome clusters had no geographical nor source specificities, which is in agreement with a recent research (Guo et al., 2018). The similar genomic background may be instrumental in the adaptive capability of those isolates, giving rise to a potential challenge for tracing of such pathogen from different regions or sources (Lee and Andam, 2019). However, more experimental evidence and more extensive sampling is needed to verify this.



CONCLUSION

In conclusion, 15 Cronobacter isolates collected from raw material, environment, and production facilities of PIF manufacturing factories were identified with their AST phenotype, ST, and virulence genes. All Cronobacter in our study were identified as C. sakazakii, and ST64 was the predominant ST. All 15 C. sakazakii isolates harbored at least 12 virulence genes tested, and one ST256 isolate carried all 15 genes. Consumption of products contaminated by this bacterium will pose a potential threat to neonatal health. Isolates with the same STs were obtained from both inside and outside the environment of the processing room, indicating that there existed potential cross-contamination between both. Our observation shows that genomes of imported and domestic isolates had similar challenges for tracing C. sakazakii strains. The application of WGS could contribute to better understanding the pathogenicity of C. sakazakii and revealing the genomic relationship of isolates collected from different sources.
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Sepsis caused by Clostridium perfringens infection is rare but often fatal. The most serious complication leading to poor prognosis is massive intravascular hemolysis (MIH). However, the molecular mechanism underlying this fulminant form of hemolysis is unclear. In the present study, we employed 11 clinical strains isolated from patients with C. perfringens septicemia and subdivided these isolates into groups H and NH: septicemia with (n = 5) or without (n = 6) MIH, respectively. To elucidate the major pathogenic factors of MIH, biological features were compared between these groups. The isolates of two groups did not differ in growth rate, virulence-related gene expression, or phospholipase C (CPA) production. Erythrocyte hemolysis was predominantly observed in culture supernatants of the strains in group H, and the human erythrocyte hemolysis rate was significantly correlated with perfringolysin O (PFO) production. Correlations were also found among PFO production, human peripheral blood mononuclear cell (PBMC) cytotoxicity, and production of interleukin-6 (IL-6) and interleukin-8 (IL-8) by human PBMCs. Analysis of proinflammatory cytokines showed that PFO induced tumor necrosis factor-α (TNF-α), IL-5, IL-6, and IL-8 production more strongly than did CPA. PFO exerted potent cytotoxic and proinflammatory cytokine induction effects on human blood cells. PFO may be a major virulence factor of sepsis with MIH, and potent proinflammatory cytokine production induced by PFO may influence the rapid progression of this fatal disease caused by C. perfringens.

Keywords: Clostridium perfringens, sepsis, hemolysis, perfringolysin O, phospholipase C, cytokine


INTRODUCTION

Clostridium perfringens is an anaerobic spore-forming Gram-positive bacillus widely distributed in the intestinal tracts of humans and animals and in soil, and it is highly pathogenic to humans and animals (Uzal et al., 2014). Clostridium perfringens is classified into seven types, A–G, based on production of the six major toxins: α, β, ε, and ι toxins, enterotoxin (CPE), and necrotic enteritis toxin (NetB2). Clostridium perfringens, isolated mainly from humans, is classified into two types: type A, producing only α-toxin (phospholipase C, CPA), and type F, producing CPA and CPE. Clostridium perfringens secretes many other toxins and enzymes, more than 20 of which are estimated to be pathogenicity-related (Kiu and Hall, 2018).

In humans, C. perfringens resides in the gastrointestinal tract and genital organs and is well-known as a causative agent of mass food poisoning (Kiu and Hall, 2018), gas gangrene (Awad et al., 2001; Uzal et al., 2014), liver abscess, and sepsis (Hübl et al., 1993; van Bunderen et al., 2010; Chinen, 2020). Food poisoning develops when CPE is produced by this microorganism (Kiu and Hall, 2018). Myonecrosis in gas gangrene is caused specifically by CPA, which has phospholipase and sphingomyelinase activities, and CPA is widely accepted to be the main virulence factor. In addition, complementation with the pore-forming θ-toxin (perfringolysin O, PFO) aggravates muscle necrosis; thus, the pathogenesis of gas gangrene is currently believed to be caused by the synergistic effect of both toxins (Awad et al., 2001; Uzal et al., 2014). The incidence rate of C. perfringens sepsis is lower than that of food poisoning or gas gangrene, but its prognosis is very poor, especially when massive intravascular hemolysis (MIH) occurs (Chinen, 2020). Clostridium perfringens sepsis with MIH remains an extremely serious disease, with a fatality rate of 74–80% (van Bunderen et al., 2010; Simon et al., 2014). Because of the fulminant course of sepsis with MIH, the average hospital stay is only approximately 8 h, and most patients are in shock or dead when the diagnosis is confirmed by blood culture (van Bunderen et al., 2010).

We retrospectively compared the clinical presentation of patients with C. perfringens sepsis in groups with and without MIH. In our previous study, patients in the MIH group were significantly younger than those in the non-hemolysis group and more often presented with severe pain, disorientation, shock, hematuria, liver dysfunction, and metabolic acidosis on arrival at the hospital (unpublished data). All patients in the MIH group had developed systemic inflammatory response syndrome (SIRS), and all died within 26 h because of rapidly progressing lung injury and acute respiratory distress syndrome (ARDS). Older patients with sepsis exhibit a more severe clinical course and higher mortality than younger patients because of impaired cellular and humoral immunity (Martín et al., 2017). The high prevalence of SIRS/ARDS and the younger age, which increased the likelihood of an immune response, in the MIH group, strongly suggested that a strong host response is activated in patients with sepsis with MIH early in the infection course, resulting in an excessive immune response including cytokine storm (unpublished data).

The major virulence factor of sepsis with MIH is thought to be CPA, a pathogenic toxin of C. perfringens type A (Hübl et al., 1993). However, since all C. perfringens strains produce CPA, it is difficult to explain this fatal and rapidly progressive condition by the presence or absence of CPA alone. No study has conclusively identified the main virulence factor of sepsis with MIH. Clostridium perfringens sepsis with MIH remains a fatal disease for which major virulence factors are unknown because of its infrequent occurrence and the difficulty of collecting cases and strains due to the fulminant disease course and the common death of patients before diagnosis.

This study is the first to compare the hemolysis of human erythrocytes and the effects on human peripheral blood mononuclear cells (PBMCs) between clinical C. perfringens strains isolated from patients with MIH (group H) or without MIH (group NH) to elucidate the mechanism of lethal MIH in C. perfringens sepsis.



MATERIALS AND METHODS


Bacterial Strains

The bacterial strains used were 11 clinical blood-derived isolates of C. perfringens stored at Nihon University Hospital. Of the 11 strains, five were from group H, whose sera appeared exceptionally bright red with marked hemoglobinemia on arrival at the hospital (Chinen, 2020), and six were from group NH. The clinical backgrounds of the isolates used in this study are provided in Table 1. Clostridium perfringens standard strain 13, isolated from a patient with gas gangrene (Shimizu et al., 2002), was used as the reference strain. The study was approved by the ethical committee of Nihon University Hospital (Number 20160401).



TABLE 1. Clinical profiles of 11 blood-derived Clostridium perfringens isolates used in this study.
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Culture Conditions and Collection of Culture Supernatant

Frozen clinical isolates were first recovered on sheep blood agar under anaerobic conditions overnight at 37°C and were then cultured in Gifu anaerobic medium (GAM) broth (Nissui, Tokyo, Japan) for 12 h to stationary phase (Ohtani et al., 2009). These strains were washed twice, inoculated at a 1% concentration in fresh GAM medium, and cultured anaerobically at 37°C. An aliquot of each culture was removed every 1 h and bacterial growth was measured by change of aliquots absorbance at 600 nm using an absorbance microplate reader iMark microplate reader (Bio-Rad, United Kingdom). Growth curves were plotted for each isolate. Clostridium perfringens supernatants were collected at a concentration of 6 × 106 cfu/ml in early logarithmic growth phase, centrifuged at 19,370 g for 5 min, and then the supernatants were sterile-filtered (pore size 0.22 μm; Merck Millipore, Burlington, MA, United States).



DNA Manipulation

All strains were cultured in GAM broth and used to isolate chromosomal DNA. The C. perfringens chromosomal DNA library was constructed as described previously (Ohtani et al., 2010). PCR was performed using primers and EX Taq (Takara Bio, Shiga, Japan) with total DNA from each strain (Supplementary Table S1).



Isolation of Human Erythrocytes and PBMCs

Heparinized human peripheral blood samples were collected from five healthy adult volunteers with informed consent on the day of the experiment. Human PBMCs were prepared within 3 h after blood collection with Lymphoprep™ (Axis-Shield, Norway). The study was approved by the institutional review board of Nihon University School of Medicine (Number 30-13-1).



Hemolysis Assays

Hemolysis assays were performed according to the method of Larsen et al. (2011). Erythrocytes were washed three times with phosphate buffered saline (PBS) and mixed to yield suspensions containing 40% (v/v) erythrocytes, corresponding to the approximate human hematocrit value, and 50% (v/v) clinical isolate culture supernatants. The suspensions were incubated at 37°C for 60 min, and the absorbance of the supernatants was detected at 540 nm as a measure of hemoglobin release. GAM broth was used as the control and the level of hemolysis was calculated by the following equation: Hemolysis = (Abssample − Abscontrol)/(Absmax lysis − Abscontrol) × 100.

The hemolysis assay was performed in three independent experiments with technical triplicates.



Measurement of CPA in Culture Supernatants of Clinical Isolates by Quantitative Enzyme-Linked Immunosorbent Assay

For the detection of CPA in the supernatants of clinical isolates, a Monoscreen AgELISA C. perfringens α-Toxin Kit (Bio-X Diagnostics S.A., Rochefort, Belgium) was used according to the instructions of the manufacturer. The amount of CPA was calculated using quantitative enzyme-linked immunosorbent assay (ELISA) with a standard (CPA from C. perfringens type I; Sigma-Aldrich, St. Louis, MO, United States), as described previously (Zhang et al., 2006). The CPA ELISA was performed in three independent experiments with technical duplicates.



Detection of PFO in Culture Supernatants of Clinical Isolates by Western Blot Analysis

The culture supernatant of each clinical isolate was mixed with sodium dodecyl sulfate (SDS) loading buffer and boiled for 10 min (Li et al., 2011). Those mixtures were electrophoresed on a pre-cast gel (NuPAGE 4–12% Bis-Tris Gel; Invitrogen, Carlsbad, CA, United States) and separated by electrophoresis. Western blot analysis was performed using a rabbit anti-PFO antibody (Abcam, Cambridge, United Kingdom) and visualized with a Luminescent Image Analyzer, Image Reader LAS-4000 mini (Fujifilm K. K., Tokyo, Japan). Four separate experiments were performed for analysis. The amount of PFO produced in each individual preparation was normalized to the amount produced by strain 13 as the control.



Cytotoxicity Assay in PBMCs

Human PBMCs were collected from five healthy donors on the day of the experiment and suspended in RPMI 1640 medium (Gibco-BRL) supplemented with 10% fetal bovine serum, 1.0 mg/ml streptomycin, and 50 IU/ml penicillin to a final concentration of 1 × 106 viable cells/ml. Then, 100 μl of the PBMC suspension and supernatants of clinical isolates or recombinant toxins were added to 96-well plate and cultured with 5% CO2 at 37°C for 4 h. The number of viable cells was determined using a cell counting kit-8 (CCK-8; Dojindo, Kumamoto, Japan; Li et al., 2020). GAM broth or PBS was used as a control, and the percentage of the cytotoxicity was calculated by the following equation: Cytotoxicity = (Abscontrol − Abssample)/(Abscontrol) × 100.

The cytotoxicity assay was performed in three independent experiments with technical triplicates.



Stimulation of PBMCs

Peripheral blood mononuclear cells were stimulated by adding bacterial supernatant, recombinant toxins [recombinant PFO (rPFO), Cusabio Technology; recombinant CPA (rCPA): CPA from C. perfringens type I, Sigma-Aldrich, St. Louis, MO, United States], and GAM or PBS as a negative control. The plates were incubated at 37°C in a 5% CO2 atmosphere for 4 h, and the supernatants were collected after centrifugation (8,500 × g, 5 min) and stored at −20°C (Tuovinen et al., 2013).



Measurement of Interleukin-6 and Interleukin-8 Production by PBMCs

The culture supernatant of each clinical isolate was added separately to PBMCs to a final concentration of 1%. After 4 h of incubation, the concentrations of interleukin-6 (IL-6) and interleukin-6 (IL-8) in the PBMC culture medium were determined by ELISA (Proteintech) and were then normalized to the number of PBMCs and compared between groups H and NH. The cytokine sandwich ELISA protocol was followed according to the instructions of the manufacturer (Tuovinen et al., 2013). The IL-6 and IL-8 ELISAs were performed in three independent experiments with technical duplicates.



Measurement of Inflammatory Cytokine Production by PBMCs

Peripheral blood mononuclear cells were stimulated with 0.016 U/ml rCPA and 63 ng/ml rPFO. As a control, PBMCs were treated with PBS for 4 h. Cytokine concentrations were measured using a Bio-Plex Pro Human Th17 Cytokine Assay Kit (Bio-Rad Laboratories, Hercules, CA, United States) according to the instructions of the manufacturer (Komine-Aizawa et al., 2015) and normalized to the number of PBMCs.



Statistical Analysis

The data were analyzed using the Mann–Whitney test, Pearson correlation analysis, and the Tukey–Kramer test using Statcel 3 software (The Publisher OMS Ltd., Tokorozawa, Saitama, Japan). A probability value of < 0.05 was considered to indicate a significant difference.




RESULTS


Gene Variations in Possible Virulence Factors in Blood-Derived Clostridium perfringens Clinical Isolates

To compare the gene variations in possible virulence factors between clinical isolates in groups H and NH, known virulence-related genes were examined based on the gene repertoire of C. perfringens strain 13 generated by whole-genome sequencing (Supplementary Table S2). The gene variations in possible virulence factors did not differ between the five strains in group H and the six strains in group NH.



Proliferation of Blood-Derived Clinical Isolates

The clinical isolates in group H tended to grow faster than those in group NH, but no significant difference was observed between the two groups (Figure 1). Since there were two particularly slow-growing isolates (NH5 and NH6) in group NH, nine isolates, excluding these two isolates, were used for further investigations.
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FIGURE 1. Growth curves of blood-derived clinical isolates. Clinical isolates in stationary phase were inoculated at a 1% concentration, and bacterial growth was assessed by measuring the change in the absorbance of the aliquots at 600 nm. OD600: optical density at 600 nm. In the graph, strains in group H are shown with solid circles and solid lines, strains in group NH with open squares and dashed lines, and strain 13 with black markers and a dashed line. Group H, massive intravascular hemolysis group; Group NH, nonhemolysis group.




Hemolytic Effect of Culture Supernatants of Clinical Isolates on Human Erythrocytes

Compared to those of group NH strains, the culture supernatants of group H strains clearly hemolyzed the 40% washed human erythrocyte solution (group H 12.2 ± 5.4% vs. group NH 4.4 ± 3.2%, p < 0.05; Figures 2A,B).
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FIGURE 2. Hemolytic effects on human erythrocytes and the production of phospholipase C (CPA) and perfringolysin O (PFO) in culture supernatants of clinical isolates. Five strains in group H and four strains in group NH, except for the two slow-growing strains (NH5 and NH6), were studied. Strain 13 (St 13), a standard strain, was also examined for comparison. (A) Hemolytic effect of culture supernatants of clinical isolates on a 40% human erythrocyte suspension. The hemolysis rate of each strain was calculated according to a formula. The solid bars show strains in group H, the open bars show strains in group NH, and the diagonal striped bar shows strain 13. The values are the average of three independent experiments conducted with technical triplicates, and the error bars indicate the SDs. (B) Hemolytic effect of group H (n = 5) and group NH (n = 4) strains on a 40% human erythrocyte suspension. *p < 0.05 (C) CPA concentration in culture supernatants of clinical isolates. The values are the average of three independent experiments conducted with technical duplicates, and the error bars indicate the SDs. (D) Correlation between the hemolysis rate and CPA production. The hemolysis rate is plotted against the CPA concentration. (E) Expression of PFO in culture supernatants of clinical isolates, as determined by Western blot analysis. Relative PFO expression normalized to that of strain 13 is expressed numerically. (F) Correlation between the hemolysis rate and PFO production. The hemolysis rate is plotted against the relative PFO expression level normalized to that of strain 13.




Production of CPA in Culture Supernatants of Clinical Isolates

Phospholipase C was detected in the supernatants of all clinical isolates in both groups. The concentration ranged from 0.14 to 0.51 U/ml, and CPA production did not differ significantly between the two groups (group H strains 0.37 ± 0.16 U/ml vs. group NH strains 0.28 ± 0.08 U/ml, p = 0.33; Figure 2C). The hemolysis rate was not correlated with PCA production by the isolated strains (r = 0.06; p = 0.87, Figure 2D).



Expression of PFO in Culture Supernatants of Clinical Isolates

Perfringolysin O expression tended to be higher in group H strains than in group NH strains, although the difference was nonsignificant (group H strains 1.52 ± 0.68 vs. group NH strains 0.78 ± 0.68, p = 0.19; Figure 2E). PFO expression in preparations of strains H2 and H3, which had high hemolysis rates against 40% washed human erythrocytes, was clearly high; in contrast, the NH1 strain, with a low hemolysis rate, had low PFO expression, and the NH3 strain, which did not exhibit hemolysis, did not express PFO (Figure 2E). The higher the PFO expression was, the stronger the hemolytic effect, and the hemolysis rate and PFO expression level were positively correlated (r = 0.91, p < 0.001; Figure 2F).



Cytotoxicity of Culture Supernatants of Clinical Isolates in Human PBMCs

The cytotoxicity of group H strain culture supernatants in human PBMCs tended to be higher than that of group NH strains (cytotoxicity of 1% culture supernatant: group H strains 21.2 ± 11.0% vs. group NH strains 5.6 ± 11.6%, p = 0.086; cytotoxicity of 5% culture supernatant: group H strains 38.9 ± 5.9% vs. group NH strains 15.4 ± 25.6%, p = 0.17; Figures 3A,B). Next, the relationship between the mean PBMC cytotoxicity and relative PFO expression level was examined by treating human PBMCs with the culture supernatant of each clinical isolate at concentrations of 1 and 5%. Cytotoxicity in PBMCs and the PFO expression level were positively correlated for supernatant concentrations of both 1 (Figure 3C) and 5% (Figure 3D; 1%: r = 0.96, p < 0.001; 5%: r = 0.81, p = 0.005; Figures 3C,D). In brief, clinical isolates with higher PFO expression exhibited higher cytotoxicity in PBMCs, and group H strains exhibited higher PFO expression and cytotoxicity in PBMCs than group NH strains (Figures 3C,D). No correlation was found between cytotoxicity in PBMCs and the amount of CPA produced (Figures 3E,F).
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FIGURE 3. Cytotoxicity of culture supernatants of clinical isolates in human peripheral blood mononuclear cells (PBMCs). (A) Cytotoxicity of 1% culture supernatants from group H (n = 5) and group NH (n = 4) strains in human PBMCs for 4 h. (B) Cytotoxicity of 5% culture supernatant in human PBMCs for 4 h. The values are the average of five independent experiments conducted with technical triplicates, and the error bars indicate the SDs. (C) Correlation between cytotoxicity in human PBMCs and PFO production in 1% culture supernatants. The average cytotoxicity in PBMCs from five healthy donors is plotted against the relative PFO expression normalized to that of strain 13. (D) Correlation between cytotoxicity in human PBMCs and PFO production in 5% culture supernatants. (E) Correlation between cytotoxicity in human PBMCs and CPA production in 1% culture supernatants. The average cytotoxicity in PBMCs from five healthy donors is plotted against the CPA concentration. (F) Correlation between cytotoxicity in human PBMCs and CPA production in 5% culture supernatants.




Production of Human IL-6 and IL-8 in Culture Supernatants of Clinical Isolates

The production of IL-6 and IL-8 in individual preparations was significantly higher for group H strains than for group NH strains (IL-6 production: group H strains 636.9 ± 429.0%, n = 25 vs. group NH strains 331.4 ± 196.6%, n = 20; p < 0.01; IL-8 production: group H strains 310.1 ± 122.0%, n = 25 vs. group NH strains 210.2 ± 89.1%, n = 20; p < 0.01; Figures 4A,B). In addition, the relationships between IL-6 and IL-8 production by PBMCs induced by culture supernatants of C. perfringens strains and the relative PFO expression level were examined. Both IL-6 and IL-8 production were significantly correlated with the relative PFO expression level (IL-6: r = 0.84, p = 0.002; IL-8: r = 0.96, p < 0.001; Figures 4C,D). Next, the relationships between IL-6 and IL-8 production by PBMCs induced by culture supernatants and the amount of CPA in the culture supernatants were examined. Neither IL-6 production (Figure 4E) nor IL-8 production (Figure 4F) was correlated with the amount of CPA (IL-6: r = −0.35, p = 0.32; IL-8: r = −0.12, p = 0.73).
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FIGURE 4. Interleukin-6 (IL-6) and interleukin-8 (IL-8) production by PBMCs induced by supernatants of clinical isolates. Human PBMCs collected from five healthy volunteers on the day of the experiment were stimulated with 1% supernatants of clinical isolates for 4 h. Gifu anaerobic medium (GAM) broth (1%) was used as the control. The graphs show the percentages of IL-6 (A) and IL-8 (B) production normalized to the PBMC count in group H (n = 25) and group NH (n = 20) compared to the control. *p < 0.01 (C) Correlation between IL-6 production and PFO expression. The average amount of IL-6 produced in five healthy donors is plotted against relative PFO expression normalized to that of strain 13. (D) Correlation between IL-8 production and PFO production. The average amount of IL-8 produced in five healthy donors is plotted against relative PFO expression normalized to that of strain 13. (E) Correlation between IL-6 production and CPA production. The average amount of IL-6 produced in five healthy donors is plotted against CPA production. (F) Correlation between IL-8 production and CPA production. The average amount of IL-8 produced in five healthy donors is plotted against CPA production.




Effect of rPFO and rCPA on Hemolysis, Cytotoxicity in PBMCs, and Production of IL-6 and IL-8

The effects of rPFO and rCPA on hemolysis, cytotoxicity in PBMCs, and the production of IL-6 and IL-8 were examined. rPFO increased the human erythrocyte hemolysis rate and cytotoxicity in PBMCs in a concentration-dependent manner (Figures 5A,C) and stimulated IL-6 and IL-8 production most potently at 63 ng/ml (Figures 5E,G). rCPA increased the hemolysis rate and cytotoxicity in PBMCs in a concentration-dependent manner (Figures 5B,D) and stimulated IL-6 and IL-8 production most potently at 16 mU/ml (Figures 5F,H).
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FIGURE 5. Effects of recombinant PFO (rPFO) and recombinant CPA (rCPA) on human blood cells. The effects of rPFO and rCPA were measured using human blood cells collected from five healthy volunteers on the day of the experiment. (A) Hemolytic effect of rPFO on a 40% human erythrocyte suspension. (B) Hemolytic effect of rCPA on a 40% human erythrocyte suspension. (C) Cytotoxicity of rPFO in human PBMCs. (D) Cytotoxicity of rCPA in human PBMCs. (E) IL-6 production by human PBMCs induced by rPFO. (F) IL-6 production by human PBMCs induced by rCPA. (G) IL-8 production by human PBMCs induced by rPFO. (H) IL-8 production by human PBMCs induced by rCPA. The values are the average of five independent experiments conducted with technical duplicates, and the error bars indicate the SDs.




Production of Various Cytokines From Human PBMCs by rPFO and rCPA

The production of various proinflammatory cytokines from human PBMCs stimulated by rPFO and rCPA was comprehensively analyzed using a cytokine assay kit. rPFO and rCPA exhibited almost the same cytotoxicity in PBMCs (rPFO 39.7 ± 12.2 vs. rCPA 49.4 ± 5.8%, p = 0.15). rPFO stimulated significantly higher production of tumor necrosis factor-α (TNF-α), interferon-γ (IFN-γ), IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-13, and macrophage inflammatory protein-1β (MIP-1β) than the PBS control. rCPA stimulated significantly higher production of IFN-γ, IL-1β, IL-2, IL-4, IL-5, IL-7, IL-8, IL-10, IL-12, IL-13, IL-17, granulocyte macrophage colony-stimulating factor (GM-CSF), and MIP-1β than the control. Specifically, rPFO stimulated the production of TNF-α, IL-5, IL-6, and IL-8 much more potently than rCPA (Figure 6).
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FIGURE 6. Effects of rPFO and rCPA on human blood cells and the production of various cytokines. The effects of rPFO (63 ng/ml) and rCPA (0.016 U/ml) on human blood cells were evaluated using blood samples from five healthy volunteers. The same volume of phosphate buffered saline (PBS) was used as the control. The black bars indicate the average of five independent experiments conducted with technical duplicates, and the error bars indicate the SDs. **p < 0.01 and *p < 0.05.





DISCUSSION

Since sepsis with MIH has a fulminant course from early onset, the hemolysis rate of the 40% washed human erythrocyte suspension and production of CPA and PFO by the clinical isolates were compared between the two groups in early logarithmic phase. PFO production was higher in the group H strains (Figure 2E), and the amount of PFO produced was significantly correlated with the hemolysis rate (Figure 2F). CPA also induces hemolysis alone (Kiu and Hall, 2018; Liu et al., 2020); however, CPA production and the hemolysis rate were not correlated. CPA, which hydrolyzes sphingomyelin and lecithin, can lyse erythrocyte, platelet, and endothelial cell membranes (Uzal et al., 2014; Kiu and Hall, 2018; Chinen, 2020). Serum CPA activity was detected in two case reports of C. perfringens septicemia with MIH (Moore et al., 1976; Hübl et al., 1993). Therefore, CPA has been considered the most important pathogenic factor for MIH in C. perfringens sepsis (Hübl et al., 1993; Chinen, 2020). However, when patient sera with detected CPA activity were used, no hemolytic effect was observed in vitro after culture at 37°C for 24 h (Moore et al., 1976). In our study, the amounts of CPA in the culture supernatants of strains H3 and NH3 were 0.14 and 0.22 U/ml, respectively (Figure 2C). Strain H3, which produced PFO, hemolyzed 40% washed human erythrocytes, but strain NH3, which did not produce PFO, did not, suggesting a correlation between PFO expression and hemolysis. These results suggest that PFO is a major hemolytic factor in C. perfringens sepsis with MIH.

Next, the effects of C. perfringens culture supernatants on human PBMCs were compared between the two groups. The culture supernatants of group H strains, containing more PFO, tended to be more cytotoxic to PBMCs (Figures 3A,B), and PFO expression in the culture supernatant was significantly correlated with cytotoxicity in PBMCs (Figures 3C,D). In addition to causing intravascular hemolysis, PFO was also found to be cytotoxic to PBMCs. The production of IL-6 and IL-8 induced by 1% culture supernatants was clearly higher for the group H strains than the group NH strains (Figures 4A,B), and PFO expression was significantly correlated with the production of both IL-6 and IL-8 (Figures 4C,D). Moreover, rPFO increased the hemolysis rate of 40% washed human erythrocytes, cytotoxicity in PBMCs, and production of IL-6 and IL-8 (Figures 5A,C,E,G). Toxin concentrations in the host differ based on the growth of C. perfringens, and toxins are thought to exert their effects at a specific effective concentration (Vidal et al., 2009). Since extensive intravascular hemolysis is detected beginning in the early stage of sepsis with MIH, the effects of toxins in culture supernatants of clinical strains in early logarithmic growth phase were examined herein. PFO in the culture supernatants promoted the hemolysis of 40% washed human erythrocytes, cytotoxicity in PBMCs, and the production of IL-6 and IL-8.

Perfringolysin O is a member of the cholesterol-dependent cytolysin (CDC) family of pore-forming toxins on cholesterol-containing membranes (Popoff, 2014). PFO is thought to be necessary for bacterial escape from macrophage phagosomes in cooperation with CPA (O’Brien and Melville, 2004). PFO was reported to augment the action of CPA and to act synergistically with CPA to contribute to the enhanced pathogenesis of gas gangrene in humans (Bryant et al., 1993; Awad et al., 2001; Uzal et al., 2014; Verherstraeten et al., 2015). PFO was also reported to cause synergistic effects with other toxins and contribute to the progression of animal diseases, including bovine necrohemorrhagic enteritis (in cooperation with CPA; Verherstraeten et al., 2013) and enterotoxemia of sheep and goats (in cooperation with ε-toxin; Verherstraeten et al., 2015). Despite the widespread presence of PFO-producing C. perfringens strains, no disease has been identified in which PFO is a major virulence factor (Bryant et al., 1993; Verherstraeten et al., 2015; Kiu and Hall, 2018). This study provided the first demonstration that PFO is one of the major pathogenic toxin promoting the development of sepsis with MIH after C. perfringens infection. Further experiment using modified strains deficient in the production of PFO or CPA will be needed to finally prove that PFO is the major pathogenic factor for MIH in C. perfringens septicemia.

Furthermore, the effect of PFO on the induction of proinflammatory cytokine production by human PBMCs was investigated. rPFO significantly increased the production of TNF-α, IFN-γ, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-13, and MIP-1β, and its effects on TNF-α, IL-5, IL-6, and IL-8 were particularly strong compared with those of rCPA. rCPA also significantly enhanced the production of various proinflammatory cytokines (Figure 6). Both toxins had very strong activity to induce the production of proinflammatory cytokines by human PBMCs. PFO is speculated to induce intravascular hemolysis and the production of proinflammatory cytokines, such as TNF-α, IL-5, IL-6, and IL-8 beginning in the early stage of infection in hosts infected with C. perfringens. As SIRS is caused by overproduction of IL-6 (Kang et al., 2014), C. perfringens strains with high PFO production and strong IL-6 inducibility might lead more readily to SIRS than those producing only CPA. In other words, the effects of PFO on human erythrocytes and PBMCs could explain why the pathogenesis of sepsis with MIH follows a rapidly progressive, lethal course. In addition, TNF-α and IL-6, which are strongly induced by PFO, are involved in the development of pathological pain as well as fever (Zhang and An, 2007), and IL-6, IL-8, and IL-10 are reported to cause acute lung injury/ARDS (Aisiku et al., 2016; Yang et al., 2020). Many patients with sepsis with MIH have severe pain and acute lung injury/ARDS from early onset, suggesting that the action of both toxins initiates the clinical pathogenesis of fulminant sepsis with MIH.

In this study, PFO-induced cytokine production was measured using whole PBMCs. One report indicated that 50 ng/ml PFO induced the secretion of TNF-α and IL-6 from mouse bone marrow-derived macrophages via Toll-like receptor 4 (Park et al., 2004). The specific cells within human PBMCs that are involved in the production of each cytokine induced by PFO must be clarified. Patients with C. perfringens sepsis with MIH are seriously ill, and systemic administration of potent antimicrobial agents and resection of the lesion are needed early in the disease course (Simon et al., 2014). Many patients are already in shock by the time this disease is suspected, and many die prior to any therapeutic effect (van Bunderen et al., 2010; Chinen, 2020). In general, antimicrobial therapy alone is often inadequate in patients with Clostridium infections, and antitoxin therapy has already been established for patients with other Clostridium infections (C. tetani and C. botulinum infections; Johnson, 1997). In newborn piglets with C. perfringens type C infection, an anti-β toxoid vaccine has been reported to be effective against necrotizing enterocolitis (Richard et al., 2019). The development of a PFO antitoxin and cytokine-targeted therapies using an anti-IL-6 antibody (Kang et al., 2014) should be considered for the treatment of patients with C. perfringens sepsis with MIH.
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Salmonellosis represents a growing threat to global public health. Salmonella enterica remains the leading cause of bacterial foodborne diseases in China. Salmonella enterica serovar Rissen (S. Rissen) has been recognized as one of the emerging serovars among humans in different countries worldwide. However, knowledge on the prevalence of S. Rissen in China is largely lacking. To address essential epidemiological information for S. Rissen in China, a total of 1,182 S. Rissen isolates recovered from samples across the food chain were collected from 16 provinces or province-level cities between 1995 and 2019. Risk factors due to the consumption of animal-derived food products were also analyzed. We found S. Rissen is widely distributed, especially in the Eastern and Southern parts of China, and there is an increasing frequency in recent years as evidenced by the greater number of isolates recovered in 2016, 2017, and 2018. Interestingly, the majority of S. Rissen isolates recovered in this study were from human samples (63.4%; 749/1182), remarkably, 58.4% (438/749) were from asymptomatic carriers. We obtained most of the S. Rissen isolates from humans from Guangxi (59.5%; 446/749) and Shanghai (29.5%; 221/749). Among 302 human diarrheal isolates (40.3%; 302/749), we found 44.6% (139/311) of S. Rissen in children with diarrhea (age below 10 years old). This is of clinical significance as diarrhea is one of the crucial causes of child mortality globally and our findings here highlighted the importance of Salmonella infections in Chinese children. Additionally, S. Rissen isolates were also found to be associated with pork and poultry products in China. This study projected the most updated national-wide study of S. Rissen isolates obtained from different sources in China over the past two decades. Continued surveillance is warranted to further monitor this emerging serovar in China and elsewhere over the world.
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INTRODUCTION

Salmonella is one of the most common causes of human diarrheal diseases resulting in a significant morbidity and mortality burden over the world (Centers for Disease Control Prevention, 2013; Crump et al., 2015; Xu X. et al., 2020). It is also being considered as the leading cause of childhood diarrheal diseases in developing countries (Ince et al., 2012; Bula-Rudas et al., 2015) especially in China. Salmonella spp. are a group of bacteria that can survive in animals, humans, and the environment (Boyle et al., 2007; Velge et al., 2012; Elbediwi et al., 2020a). Salmonella is an important foodborne pathogen that causes gastroenteritis and bacteremia in humans (Hohmann, 2001; Boyle et al., 2007; Majowicz et al., 2010; Crump et al., 2015; Wang et al., 2019). Particularly, Salmonella infections by certain serovar are one of the significant causes for economic losses in the livestock production industry (Paudyal et al., 2018; Xu Y. et al., 2020).

Non-typhoidal Salmonella (NTS) is a common etiological agent of human diarrheal disease worldwide (Majowicz et al., 2010). Although many serovars have been identified, most of the human infections are generally caused by a limited number of Salmonella serovars. Salmonella enterica serovar Typhimurium and Enteritidis are among the most frequent Salmonella serovars which cause human salmonellosis, but several other serovars are being reported to be more prevalent in certain regions (Biswas et al., 2019; Jajere, 2019).

A bilateral changing trend in association between previously under-reported Salmonella serovars such as Salmonella Rissen and Salmonella Derby causing foodborne salmonellosis and increasing pork and poultry production has been observed (Padungtod and Kaneene, 2006; Jiang et al., 2021). Salmonella enterica serovar Rissen (S. Rissen) is a frequently reported serovar around different countries with a significant association with intensive pig industry.

S. Rissen is reported as the top three serovars in swine products in Southeast Asia and Europe (Schmidt et al., 2012). Several studies also detect S. Rissen in slaughtered pigs in some European Countries (Vieira-Pinto et al., 2006; Wales et al., 2009; Belsue et al., 2011; Arguello et al., 2013). The recent report published by European Food Safety Authority and European Centre for Disease Prevention and Control (EFSA and ECDC) identified S. Rissen among the twenty most common Salmonella serovars linked with human salmonellosis and as one of the top ten serovars associated with swine and poultry products in the European Union (European Food Safety Authority and European Centre for Disease Prevention and Control, 2015). Salmonella Rissen infections in humans have also been reported from several countries (Foley et al., 2005; Hendriksen et al., 2008; Higa, 2011). The risk of Salmonella infection in humans including the increase of multidrug resistance in Salmonella spp. highlights the necessity for the continuous surveillance of emerging Salmonella serovars, including Rissen (Biswas et al., 2019; Elbediwi et al., 2019).

To date, the knowledge on Salmonella Rissen epidemiological prevalence and disease burden in China is largely unknown. Therefore, to address these key knowledge gaps in S. Rissen infection in China, our study aimed to establish an epidemiological relationship of 1,182 S. Rissen isolates obtained from humans, food animals, food of animal origin, and environment over a period ranging from 1995 to June 2019 in China. We also investigated S. Rissen infection in children, aiming to understand the clinical epidemiology of S. Rissen isolates in Chinese children. Given the importance of NTS infection in worldwide foodborne illnesses and childhood diarrhea, knowledge of national-wide epidemiology for emerging NTS serovars could guide appropriate control measurements and policy planning. Updated information about the epidemiology and prevalence of different Salmonella serovars in specific areas may facilitate precision public health interventions for mitigation of emerging pathogens.



MATERIALS AND METHODS


Bacterial Isolates

A total of 1,182 S. Rissen isolates were used in this study. S. Rissen isolates were obtained from a collection of (>30,000) isolates as a part of the Chinese Local Surveillance System. These isolates were collected from human samples (diarrhea, urine infections, bacteremia, and asymptomatic carriers), live animal samples (pigs, chicken), food samples (pork, poultry meat, poultry products, and seafood), and environmental samples (water and soil). They were originated from 16 provinces or province-level cities (Beijing, Chongqing, Fujian, Guangdong, Guangxi, Hebei, Henan, Hubei, Jiangsu, Shandong, Shanghai, Shanxi, Shenzhen, Sichuan, Xinjiang, and Zhejiang) in China. The meta-data for all Salmonella isolates can be found in Supplementary Table 1.



Isolation and Characterization of Bacteria

Isolation of the microorganism was conducted based on the protocol recommended by the World Organization for Animal Health Terrestrial Manual (Elbediwi et al., 2020b, Elbediwi et al., 2021). Briefly, human (feces, blood, and urine), animal (feces), food or environmental samples were subjected into 10 mL pre-enrichment in buffered peptone water (Oxoid, United Kingdom). Following the initial pre-enrichment in buffered peptone water, 0.1 mL of the pre-enriched samples were added to 10 mL of Rappaport Vassiliadis broth (Oxoid, United Kingdom) and incubated at 42°C for 24 h. The enriched samples were streaked onto Xylose Lysine Desoxycholate (XLD) (Oxoid, United Kingdom). Plates were then incubated at 37°C for 18–24 h. Spherical transparent red or pink colonies with or without typical black centers on XLD, were selected as presumptive Salmonella colonies. The bacterial isolates were then confirmed using polymerase chain reaction (PCR). DNA extraction was done by boiling method. PCR for enterotoxin stn gene for the confirmation of the Salmonella was performed as recommended (Deguenon et al., 2019).



Salmonella Serotyping

The pure colonies of bacteria were seeded in Luria-Bertani (LB) broth for serotyping. For further serotyping analysis, the PCR confirmed Salmonella isolates were performed by slide agglutination method to define O and H antigens using commercial antisera (SSI Diagnostica, Denmark), and the results were interpreted according to the White-Kauffmann-Le Minor scheme (Grimont and Weill, 2007).



Statistical Analysis

The chi-square test variances were used to test the significant differences in the prevalence of Salmonella isolates between samples collected from different geographical regions, sampling origins, human sex, human age groups, in addition to the difference between the prevalence of asymptomatic carriers and diseased humans if information is available. P-values less than 0.05 were considered statistically significant. Statistical analysis of the results was performed with GraphPad Prism 7.



RESULTS


Emergence and Geographical Distribution of S. Rissen Serovar in China

Our data showed that S. Rissen prevalence was increasingly detected in recent years in China as evidenced by the greater number of isolates recovered in 2016, 2017, and 2018 (Figures 1A,B). Furthermore, our data suggest that S. Rissen is an emerging serovar in China. The prevalence of S. Rissen in this study is of concern as evidenced by the distribution of the serotype in 16 provinces or province-level cities consisting of almost all geographical regions in China. The S. Rissen isolates were mostly obtained from the southern (51.1%; 604/1182) and eastern (37.9%; 448/1182) parts of China (Figure 2). Notably, S. Rissen was more prevalent in Guangxi 39.59% (468/1182) and Shanghai 30.11% (356/1182), which was also indicated a region-specific distribution (Figure 2). Statistical analysis based on the chi-square test variances showed that there is a significant difference between the prevalence of Salmonella isolates collected from the Southern part and those collected from Central and Northern parts (P < 0.00001), and between the isolates collected from the Southern part and Eastern part (P < 0.001) (Figure 3A), and also showed no significant difference between the different provinces (P > 0.05) (data not shown).
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FIGURE 1. Increasing trend of the Salmonella serovar Rissen in China between 1995 and June 2019. (A) An emerging trend of S. Rissen in China as compared to other Salmonella serovars. (B) An emerging trend of S. Rissen serovar in humans in addition to the prevalence of clinical patients and asyndromatic carriers in China as compared to other Salmonella serovars.



[image: image]

FIGURE 2. Geographical distribution of S. Rissen isolates obtained from four established sources (humans, foods of animal origin, food animals, and environment) in China during 1995–2019. Pie charts reveal that the different sources for samples in each province and the size of charts is according to the actual number of the isolates obtained from each province. Blue color for animal samples, yellow color for food samples, green color for environmental samples and violet color human samples.
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FIGURE 3. The prevalence and dynamics among S. Rissen isolates examined in this study. (A) Difference in prevalence of S. Rissen isolates collected from different geographical parts. (B) Difference in prevalence of S. Rissen isolates collected from different origins. (C) Difference in prevalence of S. Rissen isolates collected from different human age groups. (D) Difference in prevalence of S. Rissen between the asymptomatic carriers and diseased patients. P-values less than 0.05 were considered statistically significant. Y-axis revealed to the prevalence %. The threshold of significance for the P-values indicated as follows: *⁣*⁣*⁣*⁣**P < 0.0001; *⁣*⁣*⁣**P < 0.0001; ∗∗∗P < 0.001.


Our results also showed that the majority of S. Rissen isolates studied in this study were obtained from humans (63.36%; 749/1182) followed by foods (31.1%; 368/1182), animals (3.29%; 39/1182), environment (2.11%, 25/1182), and also displayed statistically significant difference between the isolates recovered from the food samples and those collected from human and animal samples (P < 0.0001) (Figure 3B). To the best of our knowledge, this is the first study to establish an epidemiological relationship of 1,182 S. Rissen isolates obtained from humans, animals, and food products over a period of two decades in China.



Prevalence of S. Rissen Isolates in Human Samples

Our results showed that the majority of S. Rissen isolates studied in this study were obtained from humans (63.36%) in China which is of great clinical significance. However, most of the S. Rissen isolates causing human salmonellosis were from Shanghai 29.5% (221/749) (Figure 2). Some isolates derived from cases with diarrhea were also obtained from Chongqing and Zhejiang. Importantly, we also noticed an accumulation in the number of isolates from the asymptomatic carriers in 2017, and 2018 (Figure 1B), majority of these isolates are located and prevalent in Guangxi, Southern China. Additionally, 54% (407/749) of S. Rissen isolates were obtained from females. Out of 407, 134 isolates were recovered from diseased females. On the other hand, 46% (342/749) of males were affected with S. Rissen isolates. Out of these, 51.75% (177/342) of males showed disease syndromes caused by S. Rissen. We also noticed that there was no statistically significant difference between the isolates obtained from males and females in this study (P > 0.05) (data not shown).

Interestingly, most of the S. Rissen isolates from humans were recovered from Guangxi (62.5%; 468/749) and Shanghai (47.5%; 356/749) from different age-group (Figure 3C). It was noteworthy that the distribution of S. Rissen in different age-group was not even. 18.69% (140/749) S. Rissen isolates were found in the age group under 10; 27.50% (206/749) isolates were found in the age group between 10 and 30, 48.99% (367/749) isolates were found in the age group between 31 and 60, and 3.04% (36/749) isolates were found in the age group above 60 (Figure 3C). Statistical analysis showed that the prevalence of Salmonella isolates collected from human samples in the age group between 31 and 60 was statistically different from those collected from other age groups (P < 0.001) (Figure 3C). Our study also revealed that 42% (311/749) and 58% (438/749) of S. Rissen isolates from diseased (diarrheal 40.8% (302/749) and bacteremia and urine infections 1.2% (9/749) and asymptomatic carriers, respectively, with a significant difference (P < 0.000001) (Figure 3D).



Prevalence of S. Rissen Isolates in Live Animals, Food of Animal Origin, and Environmental Samples

Among isolates obtained from live animals and food products, we found that sample obtained from live pigs (84.61%, 33/39) and pork products (65.56%, 253/386) were the highest prevalent with S. Rissen isolates followed by live chicken (15.39%, 6/39) and chicken meat (22.53%, 87/386), respectively (Supplementary Table 1).

Furthermore, the highest prevalence of serovar Rissen in the pig and chicken production chain was observed in Guangdong, followed by Shanghai and Henan provinces (Supplementary Table 1). There was no statistically significant difference between the isolates obtained from food of different sources in this study (P > 0.05) (data not shown). We also noticed that only 3% of S. Rissen isolates were obtained from seafood including (different types of mollusks, including razor clam, snail, oyster) and only one isolate from minced fish from Shanghai and 2% from beef (Supplementary Figure 1). Our results also showed that (2.11%, 25/1182) isolates were obtained from environmental sources. Two isolates were obtained from soil and the other 23 isolates were obtained from water samples.



DISCUSSION

S. Rissen is one of the most common serovars found in gastrointestinal patients, swine herds, pork, and chicken products in different parts of the world (Angkititrakul et al., 2005; Vo et al., 2006; Kumar et al., 2009; Lim et al., 2009). In this study, we highlighted that S. Rissen is an emerging serovar in China, which has been increasingly detected in recent years in almost all geographical regions in China. The first case of S. Rissen was described in two immunosuppressed children from turtles in France in 1990 (Mallaret et al., 1990). S. Rissen isolates are also obtained from patients with diarrhea during the period from 1985 to 1994 in Yamanashi Prefecture, Japan (Kaneko, 1995). Following these two reports, serovar Rissen was reported from many other countries (Oliveira et al., 2002; Song et al., 2005; Vaeteewootacharn et al., 2005; Inthavong et al., 2006; Riaño et al., 2006; Vieira-Pinto et al., 2006; Vo et al., 2006; Hendriksen et al., 2008; Kumar et al., 2009; Wales et al., 2009). In these countries, S. Rissen was associated with either animal or animal-derived foods. However, in this study the majority of S. Rissen isolates derived from humans (63.4%; 749/1182). This is of significant clinical importance concerning the emerging trend of this serovar. Additionally, all isolates obtained from children under the age of 10 years were isolated from clinical cases of diarrhea. Diarrhea remains a significant cause of morbidity and mortality among children globally (Walker et al., 2013). Compared with the surveillance data, we found that the prevalence of S. Rissen in diarrheal children was much higher in Shanghai (Figure 4). A recent hospital-based case-control study reported that the prevalence of NTS in diarrheal children was 9.3% in Shanghai (Chang et al., 2017). Li Y. et al. (2014) also reported an increasing NTS infection in pediatric cases with acute gastroenteritis. Another study showed that 34% of NTS diarrheal cases occurred in children under 5-years old in China (Ran et al., 2011). Younger children are likely more vulnerable by diarrhea-causing pathogens because of their food habits as they have different exposure pathways than those of adults due to their immunological condition and developmental stage. For example, young children involve in normal exploratory behaviors including hand-to-mouth and object-to-mouth behaviors, and non-nutritive ingestion which may increase exposure over that in adults. The amount of food that children consume per kilogram of body weight is higher than that of the adult because children not only need to maintain homeostasis, as adults do, but are growing. If the food or liquid contains a contaminant, children may receive more of it relative to their size than adults. In addition, children consume a specific type of food (American Academy of Pediatrics Committee on Environmental Health, 2003; Mahoney and Moy, 2005). The ingestion of contaminated food, mainly foods of animal origin, is recognized as the most possible source of NTS transmission to humans, with a huge worldwide impact on human health (Crump et al., 2015; Arya et al., 2017).
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FIGURE 4. The prevalence of S. Rissen human isolates in China. (A) Prevalence of S. Rissen isolates from clinics and asymptomatic carriers in different provinces or province-level cities in China. (B) Prevalence of S. Rissen isolates from different age-group of humans recovered from different provinces or province-level cities in China. This suggests that the most prevalent age-group was the children under the age of 10.


Our results also showed that 58% of S. Rissen isolates were isolated from asymptomatic carriers and may be due to the number of ingested bacteria since symptoms of bacterial infection with NTS depend on the number of ingested bacteria. In general, the number of bacteria that could cause disease symptoms for a healthy human host ranges from 106 to 108 organisms (Xu et al., 2010; Gut et al., 2018). Carriage of Salmonella and other pathogens can be temporary or chronic. Several studies have reported different periods of asymptomatic shedding from 3 months (Copyright and License information, 1910; Vogelsang and Bøe, 1948) to 12 months (Musher and Rubenstein, 1973; Pires et al., 2014). Unlike, S. Typhi, lifelong persistence of NTS was not detected, and 8 years was the maximal recognized time of NTS carriage (Yue, 2016). The majority of the persistent infection in patients were immunocompromised. Smaller doses of the ingested pathogen can produce diseases in high−risk groups which might be the reason for higher rates of NTS infection in children, especially those under 5 years of age, and immunocompromised patients (Bula-Rudas et al., 2015). On the other hand, a higher dose of ingested bacteria correlates with a more severe disease. In some cases, clinical symptoms of bacterial infection may be mild or the person may be asymptomatic; and sometimes because of this, the data about the true incidence of infection are underestimated (Bula-Rudas et al., 2015; Paudyal et al., 2020).

This study also showed that Salmonella serovar Rissen isolates were widespread in live animals and foods from retail markets in different regions or parts of China. S. Rissen is frequently associated with pigs and pig products as reported previously (Musher and Rubenstein, 1973; Jiang et al., 2019; Paudyal et al., 2020). Recently, 24.1% of S. Rissen isolates were detected from pork samples in Guangdong province, China (Lertworapreecha et al., 2013; Boonkhot et al., 2015). Recently, 24.1% of S. Rissen isolates were detected from pork samples in Guangdong province, China (Zhang et al., 2018). Similar finding was reported previously by Hendriksen et al. (2008) in Denmark. S. Rissen is described to be among the most common serovars found in Thailand pig industries (Dorn-In et al., 2009) and has been shown to efficiently transmit from pigs to humans along the food chain (Sanguankiat et al., 2010; Prasertsee et al., 2019). Other studies reported S. Rissen (17.1%) found in piglets in Spain (Casanova-Higes et al., 2019); and accounted for 10.5% of Salmonella recovered from French slaughterhouse (Bridier et al., 2019); 31.25% of S. Rissen were identified on pig carcasses in Italy (Bonardi et al., 2016); 57.1% of S. Rissen from pigs were found from Shandong province, China in 2017 (Zhao et al., 2017). The high levels of Salmonella Rissen contamination suggest Hazard Analysis and Critical Control Point (HACCP) system for the pork being sold in retail outlets in many countries should be improved or adjusted. Therefore, the consumption of contaminated swine products is considered one of the most important sources of human infection resulting in Salmonella outbreaks. The prevalence of S. Rissen in pork is of concern because it has been responsible for increasing sporadic human cases in China.

Additionally, food of animal origins such as poultry, its products, and eggs are usually associated with human salmonellosis (European Food Safety Authority and European Centre for Disease Prevention and Control, 2015; World Health Organization, 2015; Liu et al., 2020). Poultry products are a vital source of Salmonella in the United States (Andino et al., 2014; Barbour et al., 2015) and Europe (European Food Safety Authority and European Centre for Disease Prevention and Control, 2015). Other study from Thailand also found S. Rissen among the most common serovars in chicken meat (Padungtod and Kaneene, 2006). The presence of Salmonella in retail meat and its related products have often led them to be unsafe for human consumption (Centers for Disease Control Prevention, 2013). Our result also highlights the importance of the chicken reservoir as an alternative source of S. Rissen infection to humans. The egg-related Salmonella outbreaks have decreased over time due to the use of antibiotics in the poultry industry and more strict preventive measures as evidenced by this study as we found only two S. Rissen isolates from eggs in the whole study (Supplementary Table 1).

We also noticed that S. Rissen isolates were detected in seafood and minced fish in our study. Isolation of Salmonella serovars from fish, live molluscan shellfish from the marine environment has been reported previously in Cambodia (Nadimpalli et al., 2019) and Spain (Martinez-Urtaza et al., 2003). A recent report verified that three S. Rissen isolates were recovered from ready-to-eat mussels between 2012 and 2016 in northwest Spain (Lozano-Leon et al., 2019), and another report from the seafood in India (Kumar et al., 2009). It is important to know that Salmonella enterica, including serovar Rissen, can be transmitted worldwide by international travel and food trade (Hendriksen et al., 2008). A previous study reported that consumption of local and imported swine products and travel history from Thailand were risk factors for S. Rissen infection in Danish patients in Denmark (Hendriksen et al., 2008).

Indeed, contamination by Salmonella in animal-derived foods in China is a serious issue, posing increasing the risk for human infections. The presence of S. Rissen in different foodstuffs highlights the need for continuing surveillance of these food products. Our results suggest that animal-derived foods should be paid more attention to mitigate the dissemination of Salmonella. These findings highlight the importance of strict prevention and control measures in the pork and poultry production process to ensure food safety along the food chain in China.



CONCLUSION

This study presented the most comprehensive and updated epidemiological description of emerging S. Rissen in humans, animals, and animal foods in China. Here, original data on Salmonella prevalence and associated microbial ecology were collected and the dynamics of S. Rissen infection have been extensively studied. This investigation may have potential benefits for future S. Rissen surveillance and outbreak detection in China. The updated knowledge may lead to a better understanding of the prevalence and disease burden caused by S. Rissen in China and in other countries. This information will provide support for the development of novel approaches to mitigate Salmonella infections along the food production chain and in humans. Salmonella control strategies from farm to table should focus on all stages of the food production chain to reduce contamination levels and consumer risk. Moreover, more research regarding the characteristics of the dissemination of S. Rissen in China is highly needed and continued surveillance of this serovar is necessary as it can cause human diseases as well as asymptomatic carrier, which may represent as the reservoir for human transmissions. This study provides a framework for understanding Salmonella epidemiology from a national-wide to a global perspective and these findings here may offer valuable information for developing future Salmonella surveillance systems globally.
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Listeria monocytogenes is a ubiquitous foodborne pathogen that causes listeriosis and is mostly linked to consumption of ready-to-eat (RTE) foods. Lack of hygiene in food processing environments may be a primary reason for contamination by L. monocytogenes isolates. In this study, L. monocytogenes strains isolated from two RTE meat processing plants in the Shanghai municipality, China, were characterized during 2019–2020 using pulsed-field gel electrophoresis and whole-genome sequencing. Results showed that 29 samples (12.2%) out of 239 were positive for L. monocytogenes, with 21 (18.9%) and 8 (6.25%) isolates from plants A and B, respectively. The packaging room at plant A had the most contamination (14, 48.3%; p < 0.05), with a peak occurrence of 76.5% in processing environments. Nineteen L. monocytogenes isolates belonging to the pulsotype (PT) 7 group were indistinguishable (≥ 95.7%). Furthermore, core-genome multiple loci sequencing typing identified up to nine allelic differences, and the closet pairwise differences among these ST5 isolates included 0–16 small nucleotide polymorphisms. Therefore, L. monocytogenes likely persisted at plant A during 2019–2020 with ongoing clone transmission. In contrast, no L. monocytogenes isolates were identified from processing environments at plant B. Most L. monocytogenes isolates were sampled from raw materials (62.5%). Several isolates (ST378, ST8, and ST120) were detected only once in 2020 and were considered as transient isolates. However, three ST121 isolates with the same PT (PT2) were detected in 2020 and should be noted for their stronger survival ability in harsh environments. These results suggest that continuous monitoring, stringent surveillance, and source tracking are crucial to guaranteeing food safety in RTE food plants.

Keywords: Listeria monocytogenes, ready-to-eat food processing plant, PFGE, WGS, cgMLST, SNP


INTRODUCTION

Listeria monocytogenes is a ubiquitous foodborne pathogen that causes listeriosis and is frequently linked to consumption of ready-to-eat (RTE) foods, such as fresh produce, soft cheese, and especially RTE meat products (Fagerlund et al., 2020). RTE meat products have caused several outbreaks of listeriosis, including the largest outbreak that occurred in South Africa (Smith et al., 2019; Gilmour et al., 2020). Furthermore, listeriosis remains a significant public health concern because of the high case fatality and mortality (Thomas et al., 2015).

RTE foods are intended to be consumed without further cooking or other processing, thus requiring the elimination or reduction of microorganisms of concern to acceptable levels. The microbiological safety of RTE foods relies on the adoption by manufacturers and processors of a number of measures aimed at preventing food contamination (FAO., and WHO., 2019). Contamination by L. monocytogenes is a major characteristic at food processing plants because bacterium can exist in harsh environments, such as low pH and high salt concentrations, and can grow and persist at low temperatures (Ferreira et al., 2014). The epidemiological investigation of meat-related outbreaks has revealed substantial deficiencies in hygiene in food processing environments (Smith et al., 2019). In a previous study, the contamination of L. monocytogenes in an RTE food processing plant suggested that clone transmission may occur in the food processing environments in Shanghai (Zhang et al., 2021) and thus pose a potential hazard to food safety. Therefore, the constant risk of L. monocytogenes transmission to consumers remains a central challenge to the food processing plants (Almeida et al., 2013; Muhterem-Uyar et al., 2015).

The multilocus sequence typing (MLST) method has been used to type L. monocytogenes into many different sequence types (STs). Epidemiological investigations have identified that several STs are predominantly found in clinical patients, whereas other STs have been shown to be particularly abundant in food or food processing environments (Maury et al., 2016). In China, ST87 and ST8 were the most STs isolated from patients (Li et al., 2019), whereas ST9 was the most common ST isolated from foods (Wang et al., 2012; Zhang et al., 2020). ST5 and ST121 isolates have been reported to be predominantly found in food processing environments (Muhterem-Uyar et al., 2015; Naditz et al., 2019; Zhang et al., 2021). Therefore, MLST of L. monocytogenes can help establish links between isolates from different sources and provide information regarding the source of contamination (Chen et al., 2013).

Pulsed-field gel electrophoresis (PFGE) has been used to characterize clusters of L. monocytogenes isolates and can even identify persistence (Buchanan et al., 2017; Li et al., 2019). Persistent strains are defined as those with an indistinguishable PFGE signature (Buchanan et al., 2017). Whole-genome sequencing (WGS) is a powerful tool for analyzing molecular characteristics of L. monocytogenes together with the development of core-genome MLST (cgMLST) and single nucleotide polymorphisms (SNPs) that have been used to investigate listeriosis outbreaks and offer various advantages over PFGE (Chen et al., 2016; Jackson et al., 2016). WGS has recently been used to determine the contamination and/or colonization route of pathogens within food processing environments (Zhen et al., 2017). Tracking the primary contamination route of L. monocytogenes in RTE meat processing plants is essential as this could help guide food business operators to remove or reduce resident L. monocytogenes. In this study, we investigated the contamination of L. monocytogenes in two RTE plants in Shanghai. The study aimed to (1) describe the occurrence of L. monocytogenes in different areas, such as thawing, trimming, boiling, cooled, packaging, and sterilizing rooms, at two RTE meat plants in Shanghai; (2) trace the relevant sources of contamination for RTE meat products using PFGE and WGS and clarify the transmission of L. monocytogenes at RTE meat plants; and (3) identify the molecular characteristics of persistent isolates in RTE meat plants in relation to their ST, serogroup, and virulence profile.



MATERIALS AND METHODS


RTE Meat Product Processing

L. monocytogenes contamination was investigated in processing environments and products, and the transmission route tracked at two RTE meat processing plants in Shanghai. Plant A and plant B are well-established famous companies that produce RTE meat products in Shanghai. There is no connection between the two RTE plants. The processing procedure of RTE meat products at these two plants are similar, and the meat products were processed as follows: first, frozen meat was bought from trade companies as raw material. Second, the meat was water thawed in a thawing room, and cut and trimmed in the trimming room; following which, the meat was pickled in a pickling liquid with accessory materials including oil, salt, sauce, vinegar, and spices in pickling rooms. Third, the pickled meat products were boiled to produce intermediate products in boiling rooms. After being cooled in the cooling room, these intermediate products were eventually processed by activities such as weighing and cutting into shapes to create products in packaging rooms. Finally, these products were sterilized in a sterilization room to create end products for consumers.



Sampling

A total of 239 samples were collected during one visit every year at the two RTE meat plants from 2019 to 2020 in Shanghai (Table 1). A total of 113 samples were collected at plant A during 2019 and 2020, including 16 raw materials, 4 accessory materials, 6 process water samples, 32 intermediate products, 42 processing environments and facilities samples, 6 products, and 3 end products in seven areas (thawing, trimming, pickling, boiling, cooled, packaging, and sterilizing rooms). A total of 128 samples were collected at plant B, including 35 raw materials, 6 process water samples, 17 intermediate products, 3 accessory materials, 55 processing environments and facilities samples, 3 products, and 9 end products from the same seven areas as described for plant A. The raw materials were frozen meat products bought from trade companies. Intermediate products generated during the processing stage included pickled, boiled, and cooled products. The processed environmental and facilities samples were collected from associated surfaces using premoistened swabs after cleaning and sanitation procedures were completed. The end products were RTE meat products, prepared for retail and consumption. Samples of these products were delivered to the laboratories within 2 h in a cold chain.


TABLE 1. Occurrence of L. monocytogenes in the different areas, sources investigated in two RTE meat plants in this study.
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Detection of L. monocytogenes

L. monocytogenes was detected according to the Chinese food safety national standard GB4789.30 (2016). Regarding this standard, environmental swabs and raw and accessory materials were placed into L. monocytogenes broth 1 (LB1) for pre-enrichment at 30°C. Afterward, 100 μl of LB1 was placed into L. monocytogenes broth 2 (LB2) at 30°C for 24 h. One inoculation loop of LB2 was streaked on polymyxin acriflavine LiCl ceftazidime esculin mannitol agar plate. The isolates were identified as L. monocytogenes using standard biochemical tests (catalase, fermentation of dextrose, and Gram staining). The positive control strain used in this study was L. monocytogenes ATCC19114.



PFGE

PFGE for L. monocytogenes was performed using the PulseNet International protocol (CDC, 2016). Based on this protocol, L. monocytogenes isolates were embedded into agarose plugs. Then, slices of the agarose plugs were digested using AscI (Takara, Dalian, China) for 3 h at 37°C. XbaI-digested Salmonella Braenderup H9812 DNA was used as a molecular size marker, and electrophoresis was conducted using the CHEF-DRII apparatus (Bio-Rad Laboratories, Hercules, CA, United States).

The running parameters were as follows: 6 V/cm; angle, 120° temperature, 14°C; initial switch, 4 s; final switch, 40 s; and length, 19 h. After electrophoresis, the gel was stained with 50 μl of ethidium bromide (Sigma-Aldrich, Saint Louis, MO) solution (10 mg/ml) in 500 ml of distilled water for 20 min in a covered container, and destained in 500 ml of fresh water for 30 min. Images were captured using the Gel Doc 2000 system (Bio-Rad), converted to TIFF files, and then analyzed using BioNumerics software v 7.6 (Applied Maths, Kortrijk, Belgium). Finally, clustering was performed using the unweighted pair group method with arithmetic mean. The isolates with two or three different band patterns showing a PFGE similarity level ≥ 90% were assigned to the same pulsotype (PT) (Tenover et al., 1995).



Genomic DNA Extraction and WGS

Overnight cultures of L. monocytogenes strains were harvested. Genomic DNA was extracted using the DNeasy Blood & Tissue Kit (QIAGEN, Hilden, Germany) according to the protocol of the manufacturer except that cells were prelysed with lysozyme for 30 min at 37°C, and the proteinase K treatment was extended to 30 min. DNA concentration, quality, and integrity were assessed using a Qubit Fluorometer (Invitrogen, Waltham, MA, United States) and a NanoDrop Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States). Sequencing libraries were generated using the TruSeq DNA Sample Preparation Kit (Illumina, San Diego, CA, United States). Then, genome sequencing was performed using the Illumina Hiseq platform (Illumina). Finally, the reads were trimmed and assembled using the CLC Genomics Workbench v7.0 (CLC Bio, Aarhus, Denmark), and the assembled contigs were exported as raw sequencing reads.

These reads were quality checked using FastQC version (v) 0.11.2 and trimmed using Trimmomatic v 0.36. Subsequently, the trimmed reads were assembled using BioNumerics v 7.6, and the assembled sequence was used for further analysis.

A total of 23 L. monocytogenes isolates including 16 ST5 isolates and 3 ST121 isolates in this study, and 4 other ST5 isolates from food and patients as outgroup reference were analyzed using WGS.



Serogroup, MLST, and Pathogenic Island Determination

Four major serogroups (IIa: serotypes 1/2a, 3a, and 3c; IIb: 1/2b, 3b, and 7; IIc: 1/2c and 3c; and IVb: 4b, 4d, and 4e) could be identified using specific genes: lmo0737, lmo1118, ORF2819, ORF2110, and prs (Burall et al., 2015). The sequence data for these five genes were extracted from the genome data. Serogroups were determined by the presence or absence of the five genes using BLAST.

STs were assigned using BioNumerics v 7.6 (Applied Maths, Kortrijk, Belgium) according to the classical seven housekeeping loci MLST scheme (Ragon et al., 2008), and sequence data of the isolates were extracted from their genome data.

Virulence associated genes extracted from WGS data using the BioNumerics software were added to the Virulence Factor Database (MOH Key Laboratory of Systems Biology of Pathogen, Institute of Pathogen Biology, Beijing, China)1 to identify Listeria pathogenicity island-1, island-2, island-3, and island-4 (shown as LIPI-1 to LIPI-4).



cgMLST Characterization

cgMLST typing was conducted based on the profile of 1,748 loci in the BIGSdb Pasteur cgMLST.2 The WGS tools of BioNumerics v 7.6 (Applied Maths) was used for analysis with the integrated 1,748 loci cgMLST scheme (Moura et al., 2016). Cluster analysis was conducted by applying a complete linkage using the BioNumerics software. L. monocytogenes isolates showing ≤ 7 allelic differences and belonging to the same cgMLST type were considered potentially epidemiologically linked (Moura et al., 2016).



SNP Analysis

SNP analysis was conducted using BioNumerics. Strict filtering of SNPs at software settings was applied with the reference genome of LM19057. Considering the possible evolution over time of a population of persistent strains in its environment, a relaxed 25-SNP threshold was applied to define strains as belonging to the same cluster (Gerner-Smidt et al., 2019; Fagerlund et al., 2020).



Statistical Analysis

The contamination level of L. monocytogenes isolates between plant A and plant B, and in different areas in the same plants, was calculated using prevalence ratios and p-value. The analysis was performed using the chi-square test, where p < 0.05 was considered statistically significant.



RESULTS


Isolation and Identification of L. monocytogenes

A total of 29 of the overall 239 samples (12.1%) were positive for L. monocytogenes, with 21 (18.9%) and 8 (6.25%) samples isolated from plants A and B, respectively. For both plants, low contamination rates were reported in five areas, including trimming, pickling, boiling, cooled, and sterilizing rooms (p > 0.05). However, the packaging room at plant A was the most contaminated area (14, 56%; p < 0.05), with a maximum level of 76.5% for the processing environments (p < 0.05). For other areas, no obvious differences in L. monocytogenes occurrence between the two plants were found in this study. At plant B, L. monocytogenes was isolated from the thawing, trimming, pickling, and boiling rooms. However, the thawing room had the highest contaminated rates with a peak of 18.5% for raw materials (p < 0.05). At plant A, L. monocytogenes was isolated from pickling, cooling, and packaging rooms; the packaging room was the most contaminated, with the maximum level (76.5%) for processing environments (p < 0.05). More materials regarding the occurrence and distribution of L. monocytogenes at the two plants and their statistical comparisons are presented in Table 1.



Molecular Characteristics of L. monocytogenes

Molecular typing using WGS data showed that 29 L. monocytogenes isolates were typed into nine STs, and all 29 isolates were grouped into four serogroups. A total of 19 out of 29 isolates belonged to ST5 (IIb), followed by four to ST121 (IIa) and one each to ST120 (IIa), ST2 (IVb), ST9 (IIc), ST378 (IIa), and ST8 (IIa). One L. monocytogenes isolate was identified as a new ST. All of the isolates carried LIPI-1. All 19 L. monocytogenes isolates (19/21) of ST5 were from plant A (11 from 2019 and 8 from 2020). Furthermore, 14 of the 19 isolates with ST5 were from processing environment and facility samples, 2 from end products, 2 from accessory materials, and 1 from intermediate products. Three of four isolates with ST121 were from plant B in 2020. All three L. monocytogenes isolates were from raw materials (Figure 1).
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FIGURE 1. Relationships among the L. monocytogenes isolates between of PFGE. The 29 L. monocytogenes isolates were analyzed by PFGE using AscI. The corresponding data, including the name of the isolate (Key), name of the plant (Plant), MLST type (ST), serogroup, source, area, separation time (Year), PFGE type, and pathogenic island (LIPI) type, are shown along with the dendrogram to the right.


PFGE analysis typed the 29 isolates into seven pulsotypes (PT1–7) (Figure 1). L. monocytogenes isolates in PT7 and PT2 had indistinguishable PFGE profiles (> 95.7%) and accounted for 75.9% (22/29) of these isolates. L. monocytogenes isolates in PT7 were ST5 (IIb), which were isolated during 2019–2020 in plant A. However, L. monocytogenes isolates in PT2 were ST121, which were isolated in 2020 at plant B. Two PTs (PT1 and PT4) were demonstrated in two isolates. The other two PTs (PT3 and PT6) were presented by only a single isolate each.



cgMLST

A total of 23 L. monocytogenes ST5 and ST121 isolates were used for cgMLST analysis (Figure 2). All the ST5 isolates were from plant A, with 12 out of the 16 isolates from packaging room during 2019–2020, including 10 isolates from the processing facilities and 2 isolates from end products. Two ST5 isolates were from the cooling room (processing facility and intermediate product), whereas another two ST5 isolates were from accessory products in the pickling room. Two L. monocytogenes isolates from food and two isolates from patients were used as outgroup reference isolates. These isolates were compared using cgMLST. Seven clusters (CL1–CL7) were obtained as shown in Figure 2. Of 16 ST5 isolates from plant A, 15 belonged to CL3 and had up to two alleles based on cgMLST. A total of 176 alleles were found between the isolates in CL3 and other CLs (CL5–CL7). More than 200 alleles were found between ST5 isolates and ST121 isolates.
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FIGURE 2. Minimum spanning tree of cgMLST data for the 23 L. monocytogenes isolates. The multiplication by 1 in the tree represents the number of different alleles among isolates. The corresponding data, including the name of the isolates (Key), ST, serogroup, year, source, cluster, area, and accession number, are shown along with the dendrogram to the right.




SNPs

The same ST5 isolates were used for SNPs analysis (Figure 3). Core SNP analysis was performed to deepen the genetic relationship among these ST5 isolates. The obtained results, according to the 25-SNP threshold, confirmed what was observed from the cgMLST results, identifying the same clusters with the same strain composition (Figure 3). According to the SNP matrix, in cluster 5, the number of SNPs in strains ranged from 0 to 21. The seven outlier strains differed in the number of SNPs from 7 to 113 and differed by 200 SNPs from strains of cluster 5.
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FIGURE 3. Clustering of the 16 L. monocytogenes based on SNPs by BioNumerics software using five unrelated L. monocytogenes isolates for comparison. LM19057 isolated from plant A was used as reference. The corresponding data, including the name of these isolates (Key), source (Plant), ST, serogroup, and year, are shown along with the dendrogram to the right.




DISCUSSION

The control of L. monocytogenes in RTE meat processing plants is an ongoing and important challenge. The introduction of L. monocytogenes to processing plants continues to occur, and persistent L. monocytogenes isolates can exist in food processing plants because of their strong ability to survive in different types of conditions (Conficoni et al., 2016). Therefore, samples from different areas in the two RTE meat processing plants were collected to investigate the distribution of L. monocytogenes and track the sources of contamination. A total of 239 samples were collected in the two RTE meat processing plants during 2019–2020 in Shanghai (Table 1); 58 of these samples were from raw and accessory materials, and 12 samples were from process water, by which L. monocytogenes isolates could enter food processing environments (Marriott et al., 2018). Overall, 99 of the 239 samples were from processing environments and facilities, such as floor, wall, transport units, pipes, trash can, and weighing tools, as well as hands, clothes, and shoes of the handlers. These niches can harbor sites where L. monocytogenes can survive and even grow (Buchanan et al., 2017). Overall, 70 of the 239 samples were intermediate and end products, collected and also identified to be contaminated by L. monocytogenes.

Our study confirmed the different contamination models of L. monocytogenes observed in the two RTE meat plants. Indeed, a higher level of L. monocytogenes contamination occurred in the packaging room than in other areas (p < 0.05), indicating this may be the high-risk area. At the same plant, the positive rate of L. monocytogenes from samples in the packaging room was significantly higher than that in other rooms (p < 0.05). These results suggest that contamination of L. monocytogenes in the packaging room was more likely to occur. In packaging rooms, more of the tasks required human handling, such as weighing, cutting, and packaging. Furthermore, L. monocytogenes isolates in CL5 were found in the clothes and shoes of the workers, as well as facilities and environments in packaging rooms; this suggests the possibility of cross contamination. Accordingly, on the one hand, it is essential to pay attention to the hygiene of the workers, i.e., their clothes needed to be cleaned and disinfected regularly. On the other hand, it is vital to clean and disinfect the facilities and environments regularly. Moreover, L. monocytogenes isolates have been detected in 2019 as well as in 2020. Therefore, regular cleaning and disinfection are essential.

Six L. monocytogenes isolates were detected in raw materials at plant B. However, L. monocytogenes was not detected in processing environments and facilities at plant B. These results suggested that raw materials contaminated with L. monocytogenes were the means whereby bacterium could enter food processing environments. However, this contamination could be eradicated by some measure. Raw materials should be cleaned and disinfected, and good hygiene of the plants should be essential.

The PFGE profiles of 19 L. monocytogenes isolates in PT7 were indistinguishable (> 95.7%), suggesting that they were from the same ancestor. The epidemiological data showed that these 19 L. monocytogenes isolates detected at plant A during 2019–2020 were persistent isolates that might have been presented since 2 years at the plant. A similar contamination model reported that when L. monocytogenes isolates entered food processing plants, recontamination and persistence frequently occurred (Chambel et al., 2007), and such samples represented 65.5% (19/29) of the overall L. monocytogenes isolates. The presence of L. monocytogenes in PT7 in the cooling, pickling, boiling, and packaging rooms and their circulation at plant A through the transmission between food products and the facilities, probably represented the mechanism whereby L. monocytogenes could persist in the food processing plants. Indeed, a significant difference (p < 0.05) in the occurrence of contamination between plants A and B was observed in the packaging room, and a significant difference (p < 0.05) was also observed between the packaging room and other areas at plant A. This contamination model suggested the existence of cross contamination between different areas within the same plant and reflected the operative features of a plant regarding sanitization procedures and behavior of workers. Based on the findings observed in the packaging room at plant A, the hands, clothes, and shoes of the handlers were contaminated with L. monocytogenes isolates belonging to PT7 and could be considered carriers for processing environments, facilities, and even end products. In contrast, processing facilities, such as conveyors, and the inside and outside surface of facilities were significant niches that supported the tendency of L. monocytogenes to persist in processing facilities because of the difficulty in completely eradicating the bacterium from these areas. It has been reported that similar hard-to-clean surfaces allow the bacteria to survive or even proliferate, thereby making it difficult to completely eradicate from these surfaces (Ferreira et al., 2014). Therefore, ensuring correct sanitization practices is essential to avoid cross contamination to products. Where necessary, facilities should be autoclaved to completely eradicate L. monocytogenes.

There was a high diversity of PFGE patterns of L. monocytogenes from plant B. Eight isolates were typed into five PTs (PT1–PT2 and PT4–PT6). ST121-IIa was predominant with three L. monocytogenes isolates identified from raw materials in plant B in 2020. However, one ST121-IIa was detected in the processing facility at plant A in 2020, which belonged to PT3. The similarity of the isolate in PT3 to ST121 isolates in PT2 was low. Furthermore, only one ST121 isolate was detected in plant A. It was difficult to judge how ST121 isolates entered plant A. Although there was no relationship between plant A and plant B, these results could suggest that ST121 L. monocytogenes could enter plants via raw materials. Raw meat has rarely been implicated in foodborne disease, although this may be considered a potential source of domestic cross contamination of other foods (Thévenot et al., 2006). ST121 L. monocytogenes has been reported to persist in food processing facilities (Naditz et al., 2019). Therefore, strengthening surveillance of L. monocytogenes in raw materials as well as food processing environments is essential to prevent contamination of L. monocytogenes.

In this study, WGS was used to obtain more detailed information on the genetic similarity between isolates and has clear advantages over PFGE (Zhen et al., 2017). The indistinguishable L. monocytogenes isolates that have the same PFGE pattern could be differentiated by cgMLST (Figure 2). cgMLST analysis of L. monocytogenes isolates in PT7 exhibited up to nine allelic differences, and these isolates could be identified as being the same clone. The closest pairwise differences between these ST5 isolates from plant A ranged from 0 to 16 SNPs. These numbers were well below the threshold of 25 SNPs commonly employed during outbreak investigations as an indication that two isolates had originated in the same facility (Wang et al., 2018; Allard et al., 2019). This indicated that persistence of L. monocytogenes at plant A was the most common scenario. These isolates were from different areas, such as the packaging, cooling, and pickling rooms, which suggested that clone transmission had occurred at plant A during 2019–2020 by cross-transmission. This cross contamination has been reported as the primary route of contamination by L. monocytogenes in RTE food products in food processing environments (Møretrø and Langsrud, 2004; Ferreira et al., 2014); clones of L. monocytogenes are known to have persisted for years in processing environments, including those in meat industries (Cherifi et al., 2018; Melero et al., 2019).

The primary origin of ST5 from plant A is unknown. In-depth epidemiological studies have identified that ST5 isolates can be highly abundant in foods and in food processing environments (Muhterem-Uyar et al., 2018; Naditz et al., 2019). Our previous study indicated that the predominant L. monocytogenes isolates from both food and clinical patients in Shanghai were ST5 (Zhang et al., 2020). Why do ST5 isolates tend to be persistent in food processing environments? At the genome level, the ST5 isolates contain plasmids harboring an efflux pump system (bcrABC cassette) and heavy metal resistance genes, which may be important for the persistence of ST5 isolates in food processing environments (Muhterem-Uyar et al., 2018). In contrast, our previous study proved that these ST5 isolates at plant A could form biofilms, which provided a protective environment for bacterial survival and thus increased the risk of subsequent contamination (Colagiorgi et al., 2017; Zhang et al., 2021). Although ST5 isolates with LIPI-1 were not hypervirulent because they lack LIPI-3 or LIPI-4 (Manso et al., 2019), they still have caused many sporadic patients (Zhang et al., 2020). Several outbreaks caused by L. monocytogenes have been linked to ST5 isolates (Buchanan et al., 2017). Therefore, the potential risk of pathogenicity is worth noting, and further studies are needed to uncover the trait that enables persistence of ST5 in food processing environments.

Raw meat is a common source of introduction of L. monocytogenes into food processing environments (Fagerlund et al., 2020). In this study, raw materials were also positive for L. monocytogenes isolates. Raw meat distribution chains in China are complex, and there are many different raw meat suppliers who sold raw meat to different meat processing plants. This may explain why the positive rate of L. monocytogenes occurrence was different between plants A and B. Furthermore, a total of three STs (ST378, ST121, and ST120) from raw materials were detected in plant B. However, these STs were only detected once, suggesting that these were transient isolates. However, transient isolates could change to persistent isolates under specific conditions (Naditz et al., 2019), and detection of L. monocytogenes from raw materials should be prioritized to ensure food safety. Furthermore, detection of L. monocytogenes isolates from upstream in the raw material chains was required to potentially identify the primary sources of L. monocytogenes isolates.



CONCLUSION

Our study demonstrated a two-contamination model of L. monocytogenes isolates at different RTE meat processing plants in Shanghai. Using PFGE, ST5 isolates at plant A were confirmed as persistent isolates and may have been persisted here for an extended period (at least 2 years). Clone transmission was confirmed using WGS data from processing environments and facilities by cross contamination. At plant B, L. monocytogenes isolates could enter the food processing environment from raw materials. However, these isolates were considered as transient isolates by PFGE and were not detected in the processing environments, facilities, and RTE products. These results suggested that continuous monitoring, stringent surveillance, and source tracking are crucial to guarantee food safety.
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The purgaty One systems (cap+bottle) are portable stainless-steel water bottles with UV subtype C (UVC) disinfection capability. This study examines the bottle design, verifies disinfection performance against Escherichia coli, Pseudomonas aeruginosa, Vibrio cholerae, and heterotrophic contaminants, and addresses the public health relevance of heterotrophic bacteria. Bottles were inoculated with deliberately contaminated potable water and disinfection efficacy examined using colony forming unit (CFU) assay for each bacterial strain. The heterotrophic plate count (HPC) method was used to determine the disinfection performance against environmental contaminants at day 0 and after 3days of water in stationary condition without prior UVC exposure. All UVC irradiation experiments were performed under stationary conditions to confirm that the preset application cycle of 55s offers the desired disinfection performance under-tested conditions. To determine effectiveness of purgaty One systems (cap+bottle) in disinfection, inactivation efficacy or log reduction value (LRV) was determined using bacteria concentration between UVC ON condition and controls (UVC OFF). The study utilized the 16S ribosomal RNA (rRNA) gene for characterization of isolates by identifying HPC bacteria to confirm if they belong to groups that are of public health concern. Purgaty One systems fitted with Klaran UVC LEDs achieved 99.99% inactivation (LRV4) efficacy against E. coli and 99.9% inactivation (LRV3) against P. aeruginosa, V. cholerae, and heterotrophic contaminants. Based on the 16S rRNA gene analyses, the study determined that the identified HPC isolates from UVC irradiated water are of rare public health concern. The bottles satisfactorily inactivated the target pathogenic bacteria and HPC contaminants even after 3days of water in stationary condition.

Keywords: cholera, disinfection, Escherichia coli, Pseudomonas aeruginosa, public health, UVC LED, Vibrio cholerae, water treatment


INTRODUCTION

The low quality of potable water is a major issue in travel medicine, especially when visiting places with poor hygienic conditions due to waterborne diseases, which pose substantial health risk (Ericsson et al., 2002). Waterborne pathogens, predominantly of fecal origin, can be transmitted via contaminated drinking water (Ashbolt, 2004). Even in developed countries, they represent a risk to recreational travelers who have to rely on surface water (Ericsson et al., 2002). For instance, in the United States, it is estimated that each year 560,000 people suffer from severe waterborne diseases due to the consumption of contaminated drinking water, with 7.1million suffering from mild to moderate infections, resulting in estimated 12,000 deaths a year (Medema et al., 2003). Hikers and campers are also exposed to waterborne disease risks if they consume untreated water from rivers and lakes (Schlosser et al., 2001). Diarrheal infections are a major inconvenience in the wilderness during hiking or camping and can easily spread via contaminated water supplies and from person-to-person.

One way to prevent waterborne diseases for healthy travelling in regions with unsafe or underdeveloped water sources is by ensuring adequate supply of potable water. Alternatively, outdoor enthusiasts can use portable and germicidal devices that ensure inactivation of microbial contaminants. UV irradiation in the UVC range (200–280nm) has demonstrated effective inactivation of microbial contaminants in water (Umar et al., 2019). Specifically, as part of the effort to accelerate the sustainable development goals (SDGs) such as clean water and sanitation goal (SDG #6; Fagunwa and Olanbiwoninu, 2020), regulating microbial load is required to control waterborne diseases caused by microorganisms, such as Pseudomonas aeruginosa, Escherichia coli, and Vibrio spp. (Cabral, 2010).

Cholera, caused by Vibrio cholerae remains a serious risk in emerging economies where sanitation is poor, health care limited, and drinking water unsafe (Heidelberg et al., 2000). Additionally, due to global warming, there is association between the spread of pathogenic vibrios and emergence of human diseases toward the temperate world (Vezzulli et al., 2016). Existing water infrastructure including electronic faucets can act as reservoirs and sources of outbreaks once contaminated. Hospital water, for instance, can disseminate opportunistic pathogens such as P. aeruginosa and fecal coliforms, where E. coli is a key species (Kanamori et al., 2016).

Furthermore, heterotrophic bacteria are a concern in drinking water systems if the counts are consistently >500 colony forming units per milliliter (CFU/ml). They can be an indication of general decrease in water quality and potential biofilm formation in municipal water (Lizzadro et al., 2019). Therefore, to eradicate elevated levels of heterotrophic plate count (HPC) and other pathogens, portable bottle devices with disinfection features can act as a form of disinfectant.

With more than 1billion people globally having no access to potable water, and 2.4billion people still living in areas without adequate sanitation systems (World Health Organization, 2000), there is need for portable, durable, appealing, personal, and highly germicidal devices to help curb enteric pathogens. Use of UVC radiation is one of the disinfection methods recognized by WHO (World Health Organization, 2000). Unlike most methods, UV disinfects by striking the target microorganism with sufficient dose of energy, while neither altering the water, nor providing any residue (World Health Organization, 2000). UV is subdivided into three distinct bands: UVA with a wavelength of 315–400nm, UVB with 280–315nm, and UVC with 100–280nm (World Health Organization, 2014). The UVC region has been found to be effective against waterborne microorganisms such as E. coli ATCC 25922 and Staphylococcus aureus ATCC 25923 (Timmermann et al., 2015), where UV systems such as Mountop Water Purifier Bottle and SteriPEN Water Purifier Kit have been used for the disinfection of Mycobacterium abscessus, M. avium, and M. chimaera (Norton et al., 2020). Specifically, the wavelength range between 250 and 270nm is strongly absorbed by the nucleic acids (DNA and RNA) of microbial cells (Dai et al., 2012). The use of UVC for point-of-use (POU) is technically possible at 270nm as demonstrated in a study that utilized E. coli K12 ATCC W3110 and Enterococcus faecalis ATCC 19433 (Lui et al., 2016). This study further revealed that the 310 and >455nm LEDs offer no significant UVC disinfection efficacy. Theoretically, the disinfection performance of a UVC device is a function of the intensity of UVC light (irradiance) and time of exposure resulting in a UVC dose. Greater disinfection efficacy is expected at higher UVC dose (Gora et al., 2019).

The purpose of this study was to investigate the disinfection performance of the recent commercial development of the portable purgaty One system (cap+bottle) by analyzing test bottles against pathogens and heterotrophic contaminants. This study was carried out using US municipal drinking water supplied by Cohoes Water Department in New York State.



MATERIALS AND METHODS

There are two bottle types of purgaty One on the market, a 650 and a 500ml version. The purgaty brain (cap) can fit either of the bottles. The cap is rechargeable (Figure 1B).

[image: Figure 1]

FIGURE 1. (A) Test bottles whose ordinary caps can be replaced with UV subtype C (UVC) emitting purgaty brain (B) The UVC emitting purgaty brain threaded onto both bottles (top) and shown individually from a side view and from the bottom (bottom).



Disinfection Cap (Purgaty Brain) Design

The stainless-steel bottles (Figure 1A) are fitted with a 60mW UVC LED purgaty brain (Figure 1B) with an emission angle of 130° that offered continuous disinfection for 55s and stainless steel that exhibited reflectivity of 25%. The purgaty brain is operated by means of a button on the top of the housing (Figures 1B, 2A). Pressing the button once puts the device in standby mode, while the current charge level of the integrated battery is displayed. A second press of the button for 2s activates the preset disinfection cycle for duration of 55s. The unit is equipped with a safety feature, which allows the disinfection cycle to be started only after the cap has been correctly placed on the bottle (Figure 2A). A light sensor on the Printed Circuit Board (PCB) next to the UVC LED detects ambient light and interrupts the activated UVC LED in case of unthreading the cap or system damage with light entrance during a running disinfection cycle. This mechanism is designed to protect the user from contact with UVC radiation on skin or eyes. During the cycle, the LED and the sensor are periodically monitored to prevent malfunction. At the end of the 55s cycle, the purgaty brain flashes to indicate the end of the treatment process. The cap has one Klaran UVC LED (part number KL265-50U-SM-WD) that emits radiation at 268.5nm peak wavelength (Figure 2B) as confirmed using an Ocean Optics USB4000 photospectrometer.
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FIGURE 2. (A) The purgaty brain (cap emitting UVC) schematic and (B) measured optical spectrum of the UVC LED emission from the cap. Inset: zoom into the peak wavelength range. A trend line has been added to the data to determine the peak wavelength value.


The thermal design is crucial for lifetime management (irreversible power degradation) as well as for ensuring the effective optical output power level (reversible thermal derating) of the UVC LED for achieving the target disinfection performance. In the purgaty brain, an aluminum cup is used to transfer the heat from the PCB to the outer stainless-steel shell, which releases the heat to the ambient air. This design ensures that after a continuous disinfection cycle of 55s, the temperature on the aluminum PCB on which the UVC LED is mounted, does not exceed 45°C at an ambient temperature of 25°C maintaining enough optical output power levels for reliable disinfection performances. A plan-parallel 2mm thick fused silica window covers the UVC LED and seals the electronics section from water and humidity. The LED package is located at 2mm distance from the window.



Bacterial Cultivation and Enumeration of Microorganisms

Three strains of E. coli The American Type Culture Collection (ATCC) 8739, P. aeruginosa ATCC 15442, and V. cholerae ATCC 25872 were obtained from ATCC (Manassas, VA, United States). Stock cultures for E. coli and V. cholerae were propagated in ATCC Medium 3: nutrient agar or nutrient broth. Pseudomonas aeruginosa was propagated in ATCC Medium 18: Trypticase Soy Agar/Broth. All strains were plated and incubated at 37°C for 24h. One isolated colony was picked using sterile inoculation loop and used to inoculate 25ml broth. Flasks with side baffles were used to enhance aeration. Cultures were incubated for 18–20h at 37°C while shaking at 180rpm. Culture storage was done at −80°C (0.7ml of culture with 0.7ml of sterile 40% Glycerol stock). To obtain working cultures, the microorganisms were obtained from −80°C, streaked onto corresponding agar, and incubated under same conditions. Storage of test cultures was done at −4°C.

For UVC disinfection experimental use, each strain was harvested by centrifugation at 4,000rpm for 10min. The pellets were washed using 1× phosphate buffered solution (PBS) three times for 10min. Between each wash, the supernatant was discarded, and the remaining pellet re-suspended by vortexing. After washing thrice, the pellet was resuspended in 1× PBS and used to spike dechlorinated test water to achieve a final UV transmittance (UVT) value of 96% (contaminated drinking water). Dechlorination of test water was verified with a Hach DPD Free Chlorine colorimetric test. All the other test water characteristics were within the NSF/ANSI 55 standard (Supplementary Tables S1–S3). The standard covers UVC disinfection systems within the range of 240 and 300nm for POU and point-of-entry (POE) applications (NSF International Standard, 2019).



Disinfection Experiments

The inactivation efficiency of the purgaty One system was evaluated by inoculating the bottles with 650 or 500ml of contaminated water with a UVT of 96%. A single preset disinfection cycle of 55s was applied, following the manufacturer’s instructions on how to use the tactile push-button of the purgaty brain. Positive control bottles had no UVC activated as there was no use of the push-button, whereas negative control bottles contained uninoculated potable test water. The samples were thoroughly mixed after disinfection, serially diluted, and processed for plating.



Decontamination of Heterotrophic Plate Count Bacteria

The HPC is an analytic method used to measure the variety of bacteria mostly found in water. HPC bacteria have no health effects at lower concentrations, instead at lower concentrations in drinking water, they are an indication of a water system well maintained. Experiments on inactivation of heterotrophic contaminants using purgaty One system were conducted on day 0 (water was not left in stationary condition), and after 3days of water being in stationary condition in bottles without prior UVC exposure. The standard HPC technique was used and incubation at 22°C and 37°C was applied using R2A agar (Gensberger et al., 2015).



HPC Isolation, Identification, and Phylogenetic Analyses

Characteristic colonies (Table 1) were picked from the R2A agar plates and re-streaked for purity, incubated at 22°C prior to being shipped for sequencing. Submitted colony samples underwent a crude Sodium hydroxide lysis and were directly used in PCR amplification. PCR amplification was performed according to Genewiz proprietary protocol. Following amplification, enzymatic cleanup was performed prior to primer extension sequencing (GENEWIZ, Inc., South Plainfield, NJ, United States) using the Applied Biosystems BigDye version 3.1. The reactions were then run on an Applied Biosystem’s 3730xl DNA Analyzer. The primer set used in this study amplifies regions V1–V9 of the 16S gene, which is roughly a 1,400 base pairs amplicon. Internal sequencing primers were utilized in order to allow for the generation of a consensus sequence with the forward and reverse traces. Consensus files were quality trimmed to remove the N’s. The generated 16S ribosomal RNA (rRNA) gene sequences were then compared with those obtained from the NCBI database, using the program BLASTN 2.2.27+.1 For phylogenetic analysis, multiple alignment of Acinetobacter 16S rRNA gene sequences using ClustalW algorithm and tree was constructed using MEGA-X (Kumar et al., 2018). The sequences from type strains used for phylogenetics were retrieved from GenBank (National Centre for Biotechnology Information),2 except for the 16S rRNA gene sequences obtained through this study. Psychrobacter cryohalolentis K5 (Accession no. NR_075055.1) was used for rooting.



TABLE 1. Identification of the heterotrophic plate count (HPC) bacterial isolated from this study using 16S ribosomal RNA (rRNA) gene.
[image: Table1]




RESULTS


Disinfection Performances Against Escherichia coli ATCC 8739, Pseudomonas aeruginosa ATCC 15442, and Vibrio cholerae ATCC 25872

Table 2 shows the purgaty One system effectiveness against test strains for both bottle volume types. In all cases, both test bottles obtained a log reduction value (LRV) greater than 3 (equivalent to greater 99.9% reduction) against target microbes. Additionally, the study revealed that E. coli ATCC 29425 was more susceptible to UVC at 268.5nm wavelength compared to other test strains (Table 2; Supplementary Tables S1 and S2). In general, the 500ml bottle obtained slightly better disinfection performances compared to the 650ml bottle.



TABLE 2. Purgaty One bottles disinfection performances against bacterial strains and environmental contaminants.
[image: Table2]



Disinfection Performance Against HPC Bacteria

Heterotrophic plate count bacteria were present in all untreated water samples with concentrations ranging from 5.0×105 to 5.67×105CFU/ml (Supplementary Table S3). Disinfection using the purgaty One system reduced the microbial load of heterotrophic bacteria by >LRV3 (99.9% reduction, Table 2; Supplementary Table S3). Additionally, there was HPC bacterial selection by UVC exposure. The isolation of bacterial strains from UVC irradiated water is not new, as some strains obtained in this study have been isolated previously (Oguma et al., 2018).



Identification and Phylogenetic Analysis of HPC Bacteria

Eleven bacterial monocultures with distinct characteristics isolated from UVC on condition were selected for molecular identification. They were identified as: Methylorubrum populi, Sphingomonas ursincola, Brevundimonas nasdae, Bradyrhizobium yuanmingense, Brevibacillus choshinensis, Brevibacillus nitrificans, Roseomonas mucosa, Methylorubrum rhodesianum, Cupriavidus lacunae, and Caulobacter segnis (Table 1). Two most abundant isolates were however obtained under non-UVC treated conditions (UVC not applied). These were identified as Acinetobacter johnsonii and Methylibium petroleiphilum. These two strains were UVC sensitive, thus accounting for the high HPC bacteria decontamination (Table 2; Supplementary Table S3). All isolates belonged to either Phylum Proteobacteria or Firmicutes (Table 1).

Taxonomic classification of HPC isolates using 16S rRNA gene identified A. johnsonii and M. petroleiphilum to be most dominant in untreated water. These two representatives of Phylum Proteobacteria were sensitive to UVC irradiation and thus not selected by UVC (+UVC condition). Strain Poff1, identified as A. johnsonii, which was isolated under UVC off condition (−UVC) belongs to the same Genus as Acinetobacter baumannii, a multidrug resistant nosocomial pathogen of global concern (Antunes et al., 2014). The study sought to confirm if the two species did not cluster together to rule out any concerns regarding the presence of A. johnsonii in drinking water. Phylogenetic analysis revealed that they do not cluster together (Supplementary Figure S1). Further, based on literature from previous studies, A. johnsonii has been confirmed to rarely cause human infections and has been found to be sensitive to virtually all antibiotics (Montaña et al., 2016).




DISCUSSION

Data from this study revealed >LRV3 in test bacteria, further supporting accumulating evidence for high disinfection activities of portable UVC devices (Timmermann et al., 2015). The study demonstrated high disinfection performance against E. coli ATCC 29425 (99.99% reduction). This can be attributed to relatively low %GC content of E. coli (50.68%; Engelbrecht et al., 2017) and its peak UVC sensitivity (Green et al., 2018). Although the Vibrio Genus has low %GC content (~47%), the presence of more elaborate DNA repair/protection processes make them less susceptible against UVC irradiation (Krin et al., 2018), thus obtaining 99.9% disinfection under similar test conditions (Table 2). This is in comparison with P. aeruginosa ATCC 15442, which has higher %GC content 66.17%.3

Even after 3days of water in stationary condition, the use of purgaty One system effectively decontaminated that HPC bacteria, obtaining <500CFU/ml, as recommended (Kohn et al., 2003). All the UVC selected bacteria are of rare to no public health concern. For instance, B. nitrificans is a heterotrophic nitrifying bacterium (Takebe et al., 2012) whose genera, Brevibacillus is one of the most widespread and is found in diverse environmental habitats, including drinking water (Panda et al., 2014). The study revealed that phylum Proteobacteria as most frequent of the identified isolates (Table 2). Although drinking water has complex microbiota, previous characterization studies have confirmed that phylum Proteobacteria is the most frequent in drinking water (Vaz-Moreira et al., 2017).

Results from this study indicate that UVC exposure of static water in devices such as the purgaty One systems (cap+bottle) can reduce elevated initial bacterial loads. These devices could be useful in environments where people are vulnerable to pathogens. Applications include but are not limited to those related to travel medicine, healthcare facilities where patients are vulnerable to opportunistic pathogens, hiking, remote military installations, and regions having water potability challenges.

It must be acknowledged that the current study utilized potable water that was deliberately contaminated with bacteria, and that this water, at 96% UVT, will exhibit lower absorption compared to water of low quality from natural sources like ponds which have abundant phytoplankton population (McKnight et al., 1994), iron rich lakes (Baffico, 2013), and clear alpine lakes, which ordinarily have zooplankton in the upper water layers (Tartarotti et al., 2017), and nutrient rich river estuaries or natural water with high concentrations of organic compounds (Lei et al., 2019). These waters may have UVT which is as low as 50% at 265nm within 1cm. In general, due to the different physical-chemical compositions, these natural waters will shield microorganisms from UVC, leading to lower disinfection efficacies. Additionally, in some cases, the presence of chromophoric dissolved organic matter (CDOM), for instance in arctic lakes, have spectral light attenuation and UVC absorption properties (Markager and Vincent, 2000), which may impact UVC performance. Thus, the results reported in the current study might be different if different water is used by travelers.



CONCLUSION

This study investigated the efficacy of the purgaty One system (bottle+cap) on bacterial inactivation in a stationary water disinfection setup. The two types of stainless-steel water bottles (650 and 500ml) achieved more than 99.99% inactivation efficacy against E. coli ATCC 29425 after a single treatment cycle of 55s preset by the purgaty brain (cap), including a Klaran UVC LED with peak wavelength of 268.5nm. For P. aeruginosa ATCC 15442 and V. cholerae ATCC 25872, an inactivation efficacy of more than 99.9% was achieved. The bottles were also able to inactivate heterotrophic contaminants with more than 99.9% reduction, even after 3days of water in stationary condition in the bottles without prior exposure to UVC. These results demonstrate the ability of consistent disinfection performances of a mobile, simple-to-use and safe consumer water bottle appliance with a UVC disinfection feature including a single UVC LED only, which has extended application potential during emergency preparedness, such as for flooding situations, outdoor activities like mountain climbing, military use especially during operations in remote areas as well as consumer home use when in doubt of water potability. Lastly, these results offer fundamental evidence on how travel medicine can benefit from the use of personal UVC devices to ensure eradication of enteric pathogens.
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This study aimed to investigate the effects of low-dose continuous ozone gas in controlling Listeria innocua and quality attributes and disorders of Red Delicious apples during long-term commercial cold storage. Red Delicious apples were inoculated with a three-strain L. innocua cocktail at ∼6.2 log10 CFU/apple, treated with or without 1-methylcyclopropene, and then subjected to controlled atmosphere (CA) storage with or without continuous gaseous ozone in a commercial facility for 36 weeks. Uninoculated Red Delicious apples subjected to the above storage conditions were used for yeast/mold counts and quality attributes evaluation. The 36 weeks of refrigerated air (RA) or CA storage caused ∼2.2 log10 CFU/apple reduction of L. innocua. Ozone gas application caused an additional > 3 log10 CFU/apple reduction of L. innocua compared to RA and CA storage alone. During the 36-week CA storage, low-dose continuous gaseous ozone application significantly retarded the growth of yeast/mold, delayed apple firmness loss, and had no negative influence on ozone burn, lenticel decay, russet, CO2 damage, superficial scald, and soft scald of Red Delicious apples compared to CA-alone storage. In summary, the application of continuous low-dose gaseous ozone has the potential to control Listeria on Red Delicious apples without negatively influencing apple quality attributes.

Keywords: Red Delicious apple, Listeria innocua, 1-methylcyclopropene, gaseous ozone, quality


INTRODUCTION

Listeria monocytogenes can cause deadly listeriosis in susceptible human populations and has a high mortality rate (CDC, 2017). L. monocytogenes is widespread in agricultural environments. The Food and Drug Administration enforces a zero tolerance for apples and other ready-to-eat foods (Shank et al., 1996; FDA, 2008). Apples are grown in an open environment and can therefore be subject to L. monocytogenes during production or subsequent postharvest packing (Angelo et al., 2017). L. monocytogenes has been implicated in two multistate caramel apple outbreaks (Angelo et al., 2017; Marus et al., 2019) and multiple recalls of several fresh apple varieties (FDA, 2017, 2019) and fresh-cut apples (FDA, 2016, 2020b). These outbreaks and recalls highlight the risk of L. monocytogenes contamination of apples and the importance of controlling L. monocytogenes on apples. After harvest, apples are usually subjected to cold storage for up to 12 months in controlled atmosphere (CA) refrigerated storage. Antimicrobial interventions during this long-term storage could provide potential interventional strategies in controlling Listeria on fresh apples (Sheng and Zhu, 2021).

Ozone is a strong oxidant and potent antimicrobial agent, which does not leave any residue on the treated produce (Guzel-Seydim et al., 2004). Ozone gas is approved by the Food and Drug Administration as a Generally Recognized as Safe agent (FDA, 2020a) and is approved for use in organic production and handling (USDA-NOP, 2021). Gaseous ozone at a fixed rate for a short duration has been investigated to control major food-borne pathogens, including Escherichia coli O157:H7 (Han et al., 2002), Salmonella (Das et al., 2006), and L. monocytogenes (Alwi and Ali, 2014; Concha-Meyer et al., 2014) on fresh produce. For example, ozone gas at 10 mg/L resulted in a ∼7 log10 CFU/tomato reduction of Salmonella Enteritidis inoculated on tomatoes within 1 h (Das et al., 2006). Gaseous ozone at 4 mg/L reduced L. monocytogenes by 3 log10 CFU/ml on fresh blueberries after 10-day storage at 4°C (Concha-Meyer et al., 2014). A 20-min gaseous ozone (23 mg/L) exposure caused 2.1–3.1 log10 CFU/apple reduction of L. monocytogenes on Empire apples (Murray et al., 2018). Ozone gas was also studied to control resident microbiota on different apple varieties during storage (Yaseen et al., 2015). A 60-day exposure of ozone gas at 0.5 mg/L under 1°C storage resulted in a 2.7–4.0 log reduction of Penicillium expansum on fresh apples, depending on the variety (Yaseen et al., 2015). Furthermore, ozone gas application during storage is beneficial to maintain fruit quality. For example, 1–3 mg/L gaseous ozone exposure was reported to maintain the firmness of apples (Antos et al., 2018) and reduced apple weight loss (Juhnevica-Radenkova et al., 2019). We previously showed that 30 weeks of continuous application of gaseous ozone at 87 μg/L in CA storage reduced Listeria by ∼5.0 log10 CFU/apple on Fuji apples without negatively impacting apple fruit quality (Sheng et al., 2018). However, this effect cannot directly transfer to other apple cultivars because each apple variety has its unique cuticular wax and resident microbiota compositions that impact Listeria persistence and response to antimicrobial interventions (Chai et al., 2020; Ku et al., 2020; Abdelfattah et al., in press).

Red Delicious apples, one of the most commercially sold apple cultivars in the United States (USAA, 2019), was recently implicated in a recall due to potential contamination of L. monocytogenes (FDA, 2019). Red Delicious apples are especially prone to developing watercore compared to other commercially grown apple varieties, possessing an increased risk of developing internal disorders such as internal browning during long-term CA storage (Mattheis, 2008), further leading to losses to the apple industry. The objective of this study was to investigate the effects of different commercial storage regimes in conjunction with different doses of continuous gaseous ozone in controlling Listeria innocua, which is phylogenetically related to L. monocytogenes (Buchrieser et al., 2003), on Red Delicious apples with or without 1-methylcyclopropene (1-MCP) pretreatment. The maintenance of quality attributes of Red Delicious apples under different storage conditions was further evaluated.



MATERIALS AND METHODS


Listeria innocua Culture Preparation

Two L. innocua food isolates, NRRL 33314 and NRRL 33554, and one processing plant isolate L. innocua, NRRL 33197, were obtained from the USDA-ARS culture collection [National Center for Agricultural Utilization Research (NRRL), Peoria, IL, United States] and stored in trypticase soy broth (Becton, Dickinson and Company (BD), Sparks, MD, United States) supplemented with 0.6% yeast extract (TSBYE; Fisher Scientific, Fair Lawn, NJ, United States) (TSBYE) and 20% (v/v) glycerol at −80°C. Each frozen culture was subjected to two sequential transfers in TSBYE at 37°C for 24 h. The three-strain cocktail inoculum was prepared by combining an equal population of individual L. innocua strains. The individual L. innocua strain or a three-strain cocktail was enumerated by serially diluting and plating on TSAYE (TSBYE with 1.5% agar) plates.



Apple Inoculation

Fresh unwaxed Red Delicious apples, manually harvested at commercial maturity as indicated by the Cornell Starch index for a range of 2.8–3.5 (Blanpied and Silsby, 1992), were stored in a commercial storage room (Yakima, WA, United States) at ∼1°C and delivered to the laboratory before the study. Apples (∼200 g), free of cuts, bruises, or scars, were selected for this study. For L. innocua inoculation, apples were dip inoculated in the three-strain L. innocua inoculum diluted in sterile phosphate-buffered saline (1 × PBS, pH 7.4) to obtain the inoculation level of ∼6.2 log10 CFU/apple. The inoculated apples were held at room temperature (∼22°C) for 24 h before subjected to the respective storages. Forty inoculated apples were randomly sampled at 0 and 24 h, respectively, to confirm the initial bacterial level and the uniformity of inoculation.



Storage Treatment of Apples

Apples 24-h postinoculation were randomly packed into plastic crates; 40 apples per crate. The boxed inoculated apples were randomly separated into six groups, and half of them were treated with 1.0 mg/L gaseous 1-MCP air for 24 h before storage. Apples were then subjected to the refrigerated air (RA; 0.2 ± 0.1°C) and CA (0.2 ± 0.1°C, 3.1 ± 0.0% O2, 0.4 ± 0.0% CO2) with or without continuous gas at 60.2 ± 5.7 or 78.7 ± 13.2 μg/L in semicommercial RA/CA rooms (3,200 ft2) with the relative humidity of ∼90% in a commercial facility (Stemilt Growers LLC, Wenatchee, WA, United States). Ozone gas was generated by a commercial ozone generator (Guardian Ozone, Cocoa, FL, United States) and transferred automatically into storage room coupled with a proportional–integral–derivative algorithm to maintain ozone dose at the target level during storage. Ozone concentrations were initiated at the first week of storage and reached the target concentration at the beginning of the fourth week. Concurrently, separated sets of uninoculated apples were included in the above storage conditions for resident microflora enumeration and apple quality evaluation.

Inoculated apples were sampled after 3, 6, 12, 18, 24, 30, and 36 weeks of storage for L. innocua enumeration. Uninoculated apples were sampled after 6, 12, 24, and 36 weeks of storage for total plate counts (TPC) and yeast/mold counts. Apple quality attributes were assessed at harvest and at 6 and 9 months of storage. Forty apples per storage regime were sampled at each time point for microbial enumeration, quality attributes, and internal disorder evaluation, while 100 apples per storage regime were sampled at each time point for external disorder evaluation, where each apple was considered an experimental unit.



Listeria innocua Enumeration

Each apple was transferred to a stomacher bag (Fisher Scientific) containing 10 ml of sterile 1 × PBS and hand-rubbed for 80 s. Rub solutions were 10-fold serially diluted with sterile 1 × PBS, plated on TSAYE plates, and then overlaid with modified Oxford agar (MOX) (BD) to discern Listeria from background bacteria (Shen et al., 2019), and incubated at 37°C for 48 h. L. innocua produced typical black colonies surrounded by black halos on MOX agar plates. For samples below the detection limit (10 CFU/apple), 1.0 ml of rub solution was enriched in buffered Listeria enrichment buffer (BLEB) (BD) at 30°C for 48 h; the presence/absence of Listeria was reported. The enrichment culture was streaked onto both MOX and CHROMagarTM Listeria (CHROMagar, Paris, France) plates, respectively, to qualitatively detect the presence of Listeria (Sheng et al., 2017). A sample size of 10 apples per replication with four independent replicates per storage regime was sampled at each time point.



Resident Microbiota Enumeration

Uninoculated apples were processed the same way as inoculated apples. Rub solutions at appropriate dilutions were plated on duplicate TSAYE plates and potato dextrose agar (PDA; BD) plates, respectively, for TPC and yeast/mold counts. TSAYE plates were incubated at 37°C for 24 h, while PDA plates were incubated at room temperature (22°C) for 5 days. A sample size of 10 apples per replication with four independent replicates per storage regime was sampled at each time point.



Fruit Quality Analysis

Fruit quality attributes including firmness, total soluble solids (TSS), and titratable acidity (TA) were evaluated on uninoculated apples at harvest and at 6 and 9 months after cold storage per the published method (Sheng et al., 2018). Briefly, fruit firmness was measured with a fruit texture analyzer (FTA GS-15-643, Güss Manufacturing, Ltd., Strand, South Africa) using a 1-cm-diameter probe on a peeled area (∼3 cm2) on both the sun-exposed and shaded sides of each apple. TSS content was measured using an Atago PR-32 digital Brix refractometer (Atago Co., Ltd., Tokyo, Japan). TA of fruit juice was represented by the percentage of malic acid content (grams of malic acid per 100 g fresh weight of apples) and measured using a potentiometric titrator (Titrando 888 and 875 Robotic USB Sample Processor XL, Metrohm, Riverview, FL, United States). A sample size of 10 apples per replication with four independent replicates per storage regime was used for apple quality analysis.



Fruit Disorder Analysis

Fruits were inspected for external disorders at harvest and after 6 and 9 months of cold storage. External disorders including ozone burn (surface pitting on apple exposed side), superficial scald (brown patches and discoloration on the skin), lenticel decay (dark brown pits around lenticels), decay (visible mycelium or spore masses), russet (periderm formation on skin), and CO2 damage (snowflake-like patches on the skin) were visually inspected following standard criteria as previously described (Sheng et al., 2018). Soft scald, characterized by smooth or irregularly shaped brown lesions on apple surfaces (DeEll, 2013), was also evaluated. Apples were sliced three times for evaluation of internal disorders including watercore and internal browning. Watercore was characterized by the accumulation of sorbitol-rich fluid in the intercellular spaces in flesh adjacent to the vasculature (Marlow and Loescher, 1984). Internal browning was characterized by the brown discoloration of the flesh that usually originated near the core area (Argenta et al., 2001). The results were reported as apples with respective disorder/total apples (%) within individual treatment per storage period. A sample size of 10 apples per replicate with four independent replicates per storage regimen was used for internal disorder assessment. For external disorder evaluations, a sample size of 100 apples was used per each storage regime. Apples were evaluated after 1 and 7 days at room temperature (22°C).



Statistical Analysis

Data were analyzed with IBM SPSS 19.0 (Chicago, IL, United States). Mean difference was discerned by one-way analysis of variance (ANOVA) followed by Tukey multiple comparison test. Values of p < 0.05 were considered statistically significant.



RESULTS


Survival of Listeria innocua on Red Delicious Apples Under Commercial Cold Storage Conditions With Different Doses of Gaseous Ozone

During the first 3 weeks of cold storage, the populations of L. innocua on apples were reduced by 0.7–0.9 log10 CFU/apple under all storage conditions, before the ozone concentration had reached the target concentration (Figure 1). There was 2.1–2.2 log10 CFU/apple reduction of L. innocua on Red Delicious apples under RA storage or CA storage with or without 1-MCP treatment during 36 weeks of storage (Figure 1). Low-dose continuous gaseous ozone application, regardless of dose and 1-MCP treatment, dramatically increased L. innocua reduction on Red Delicious apples compared to that under RA or CA storage, which resulted in an additional 3.3–3.5 log10 CFU/apple reduction at the end of 24 weeks of storage followed by no further reduction during subsequent storage (Figure 1 and Table 1).
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FIGURE 1. Survival of L. innocua on Red Delicious apples during 36 weeks of commercial cold storage. a– cMean at each sampling point without a common letter differ significantly (p < 0.05). Mean ± SEM, n = 32–40. MCP, apples were treated with 1-MCP prior to cold storage; CAHighO3, CA storage with continuous gaseous O3 application at 78.7 ± 13.2 μg/L; CAMCPHighO3, CA storage with continuous gaseous O3 application at 78.7 ± 13.2 μg/L, where apples were treated with 1-MCP prior to cold storage; CAMCPLowO3, CA storage with continuous gaseous O3 application at 60.2 ± 5.7 μg/L, where apples were treated with 1-MCP prior to cold storage.



TABLE 1. Listeria innocua-positive Red Delicious apples under CA with gaseous ozone and/or 1-MCP storage after 18 weeks.
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Resident Microflora on Red Delicious Apples Under Commercial Cold Storage Conditions With Different Doses of Gaseous Ozone

The resident bacteria on uninoculated Red Delicious apples were 3.8 log10 CFU/apple before storage (Figure 2). The population of resident bacteria on apples increased by 0.9–1.0 log10 CFU/apple under RA or CA storage pretreated with or without 1-MCP (Figure 2). The level of resident bacteria was relatively stable during subsequent RA and CA storage (Figure 2). Gaseous ozone application decreased resident bacteria by 1.2–1.3 log10 CFU/apple after 36 weeks of storage regardless of ozone dose and 1-MCP pretreatment (Figure 2).
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FIGURE 2. Resident bacteria on Red Delicious apples during 36 weeks of commercial cold storage. a,bMean at each sampling point without common letter differ significantly (p < 0.05). Mean ± SEM, n = 40. MCP, apples were treated with 1-MCP prior to cold storage; CAHighO3, CA storage with continuous gaseous O3 application at 78.7 ± 13.2 μg/L; CAMCPHighO3, CA storage with continuous gaseous O3 application at 78.7 ± 13.2 μg/L, where apples were treated with 1-MCP prior to cold storage; CAMCPLowO3, CA storage with continuous gaseous O3 application at 60.2 ± 5.7 μg/L, where apples were treated with 1-MCP prior to cold storage.


The yeast/mold counts of uninoculated Red Delicious apples were 4.7 log10 CFU/apple at the beginning of storage, which increased by 1.1–1.3 log10 CFU/apple after 36 weeks of RA or CA storage (Figure 3). The gaseous ozone application, regardless of dose and 1-MCP treatment, resulted in a 0.7 log10 CFU/apple reduction of yeast/mold counts after 36 weeks of storage (Figure 3).
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FIGURE 3. Yeast/mold counts on Red Delicious apples during 36 weeks of commercial cold storage. a– cMean at each sampling point without common letter differ significantly (p < 0.05). Mean ± SEM, n = 40. MCP, apples were treated with 1-MCP prior to cold storage; CAHighO3, CA storage with continuous gaseous O3 application at 78.7 ± 13.2 μg/L; CAMCPHighO3, CA storage with continuous gaseous O3 application at 78.7 ± 13.2 μg/L, where apples were treated with 1-MCP prior to cold storage; CAMCPLowO3, CA storage with continuous gaseous O3 application at 60.2 ± 5.7 μg/L, where apples were treated with 1-MCP prior to cold storage.




Quality Attributes and Disorders of Red Delicious Apples Under Commercial Cold Storage Conditions With Different Doses of Gaseous Ozone

The TSS of Red Delicious apples did not differ among storage treatments at 6 and 9 months (Table 2). Red Delicious apples under RA storage had a significantly lower firmness and TA compared with CA with 1-MCP treatment or with gaseous ozone at 6- and 9-month storages (Table 2). Ozone gas application or 1-MCP treatment in CA storage significantly retarded fruit firmness loss compared to CA storage alone at 6 and 9 months of storage, where the firmness was 4.4 and 4.2 kg for CA storage but was 5.5–6.5 and 5.2–6.8 kg for CA storage with MCP treatment and ozone gas application (Table 2).


TABLE 2. Fruit quality attributes of Red Delicious apples after cold storage under different conditions.
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Red Delicious apples under RA storage had a higher incidence of superficial scald (at 6- and 9-month of storage) and rot (at 9-month of storage) compared to CA storage with or without 1-MCP treatment (Table 3). Compared to CA storage, gaseous ozone application in CA storage did not influence the incidence of superficial scald, ozone burn, lenticel decay, russet, CO2 damage, and soft scald of Red Delicious apples up to 9 months of storage (Table 3).


TABLE 3. External disorders analysis of Red Delicious apples after cold storage under different conditions1.
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The incidence of watercore was decreased in Red Delicious apples under all storage treatments after 6- and 9-month of storage (Table 4). The internal browning incidence was significantly increased in Red Delicious apples under RA and CA storage, with or without 1-MCP at 6 and 9 months, compared to that at harvest (Table 4). The application of gaseous ozone at 60.2–78.7 μg/L during CA storage mitigated the internal browning incidence of Red Delicious apples (Table 4).


TABLE 4. Internal disorder analysis of Red Delicious apples after cold storage under different conditions1.
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DISCUSSION

Red Delicious apples at 36 weeks of RA and CA commercial cold storages exhibited a 2.1–2.2 log10 CFU/apple reduction of L. innocua. Similarly, a 2.5–3.0 log10 CFU/apple reduction of L. innocua was detected on Fuji apples at 30 weeks of RA and CA cold storages (Sheng et al., 2018). Consistently, a 10-day CA storage at 4°C reduced L. monocytogenes by 1.2 log10 CFU/ml on fresh highbush blueberries (Concha-Meyer et al., 2014). This study found a similar reduction of L. innocua on the surface of Red Delicious apples during 36 weeks of RA and CA storages. However, more reduction of L. innocua was observed in Fuji apples under RA storage than that under CA storage (Sheng et al., 2018). L. monocytogenes showed better survival on endive under RA storage at 4°C compared to that under CA storage (5% CO2, 5%O2, 90% N2), where an additional 1.0 log reduction of L. monocytogenes occurred on endive under CA storage after 14 days (Niemira et al., 2005). The exact reasons for the different behavior of L. innocua in different apple varieties/studies are unknown. Different Listeria strains are known to have different behavior under 56-day CA (5% O2, 10% CO2, and 85% N2) storage at 4°C (Razavilar and Genigeorgis, 1992). Given that the same L. innocua cocktail was used in this study as previous reports using Fuji apples, the resident microbial community associated with each apple variety, the source of apples, and the apple surface wax composition might be partially responsible for the divergence, warranting future research.

The gaseous ozone application at 60.2–78.7 μg/L during 24 weeks of CA storage resulted in > 5 log10 CFU/apple reductions of L. innocua on Red Delicious apples, which is consistent with the finding on Fuji apples (Sheng et al., 2018). The 1-MCP application, a common practice for apple fruit subjected to long-term CA storage (Mattheis, 2008), did not interfere the antilisterial efficacy of gaseous ozone throughout the entire storage. Considering practical L. monocytogenes contamination loads were less than 3.5 log10 CFU/fruit (Chen et al., 2016), the gaseous ozone application provides a viable in-storage intervention strategy in controlling L. monocytogenes on fresh apples. It is worth noting that the maximal reduction of L. innocua was achieved at 24 weeks of CA storage with gaseous ozone; ozone application during subsequent storage did not cause additional reduction of L. innocua. A similar phenomenon was also observed in Fuji apples, where lethality of ozone gas against L. innocua reached a plateau at 24 weeks of storage (Sheng et al., 2018). A 6-h exposure to 1 mg/L ozone reduced L. monocytogenes on fresh-cut bell peppers by 2 log10 CFU/g, and prolonged exposure of 24 h did not result in any further reduction (Alwi and Ali, 2014). Gaseous ozone is highly mobile and reactive compared to aqueous ozone intervention on produce surfaces (Singh et al., 2002), and it induces cell leakage by increasing membrane fluidity, reducing membrane integrity, and disrupting cell osmotic balance (Zhang et al., 2011; Ersoy et al., 2019). The L. innocua on apple surfaces might be protected from ozone by dead cells or microcrack/niches on the apple surfaces (Macauley et al., 2006; Selma et al., 2008).

The initial populations of resident bacteria and yeast/mold counts on Red Delicious apples were 3.8 and 4.7 log10 CFU/apple, which was similar with previous observations on Fuji apples (Sheng et al., 2018) and Red Delicious apples (Kreske et al., 2006), indicating apple surfaces are covered with a high population of background microflora. TPC and yeast/mold counts increased by ∼1 log10 CFU/apple on Red Delicious apples under RA and CA storage after 36 weeks. Similarly, TPC and yeast/mold counts increased on sweet cherries under CA storage at 1°C for 30 days (Serradilla et al., 2013). The yeast/mold counts of Fuji apples increased by ∼1 log10 CFU/apple during 30 weeks of RA storage (Sheng et al., 2018). In contrast, TPC of Fuji apples under RA and CA storage and the yeast/mold population of Fuji apples under CA remained relatively stable during 30 weeks (Sheng et al., 2018). This difference might be due to different initial background resident microbiota compositions as well as the different surface properties of Fuji and Red Delicious apples.

Ozone gas application at 60.2–78.7 μg/L in CA storage suppressed the resident microflora on Red Delicious apples. This was consistent with the finding on Fuji apples, where supplementation of 87 μg/L gaseous ozone in CA storage retarded the growth of resident bacteria and yeasts and molds on apples at 30 weeks of storage (Sheng et al., 2018). Concordantly, continuous provision of 0.5 mg/L ozone gas during 15 days of storage at 12°C reduced resident microbiota, including total mesophilic bacteria and yeast/mold counts, by ∼0.2 log10 CFU/g on tomatoes (Tuffi et al., 2012). A 45-min ozone gas treatment at 2.8 mg/L reduced TPC and yeast/mold counts by 1.5 and 0.7 log10 CFU/mushroom on mushrooms (Akata et al., 2015).

Fruit quality is an important driver of consumer preference. Improper cold storage leads to a significant loss of fruit quality (Davis and Blair, 1936). CA storage is known to maintain the fruit quality longer (Tasdelen and Bayindirli, 1998) and retard apple decay during long-term storage (Xuan and Streif, 2005). Consistently, Red Delicious apples under RA storage had a higher incidence of superficial scald and decay compared to CA storage, pretreated with or without 1-MCP treatment, during 36 weeks of storage.

The supplementation of low-dose continuous gaseous ozone in CA storage significantly retarded the firmness loss in Red Delicious apples compared to that in RA or CA storage alone. Similarly, the application of gaseous ozone in CA storage after 24 weeks significantly decreased the firmness loss in Fuji apples compared to that in RA storage (Sheng et al., 2018). However, the changes of apple firmness were similar for Fuji apples under CA storage alone or supplemented with ozone gas (Sheng et al., 2018). Accordingly, the application of gaseous ozone at 0.8 mg/L during 6 months of cold storage retarded the loss of flesh firmness in Ledzenu and Auksis apples (Juhnevica-Radenkova et al., 2019).

The 1-MCP pretreatment was beneficial to maintain the firmness in Red Delicious apples during 9-month CA storage. Consistently, Empire apples pretreated with 1-MCP were firmer than apples without 1-MCP treatment after 10 months of 0.5°C CA storage (Jung and Watkins, 2011); Red Delicious apples treated with 1-MCP were firmer than those without 1-MCP treatment after 6 months of 0°C storage (Mir et al., 2001). 1-MCP is a known ethylene action inhibitor, which binds to ethylene receptor and prevents ethylene from binding and eliciting its action, thus retarding fruit ripening and firmness loss (Deell et al., 2008).

Watercore is a physiological disorder where fluid accumulates in the intercellular air spaces in flesh adjacent to the vasculature (Marlow and Loescher, 1984). Red Delicious and Fuji apples are two cultivars that are prone to developing watercore (Mattheis, 2008). In this study, the incidence of watercore in Red Delicious apples at harvest was high. This might be due to the fact that Red Delicious apples typically, when achieving the optimum background color for commercial harvest requirements, are more likely to have watercore at harvest (Watkins et al., 1992). The incidence of watercore was significantly reduced during cold storage regardless of storage treatment/period. In agreement, the incidence of watercore decreased from 2.6 to 0.1 as expressed by watercore rating in Fuji apples after 160 days of storage at 0°C (Kasai and Arakawa, 2010). In this study, the internal browning developed in Red Delicious apples under all storage conditions after 6- and 9-month storages but was mitigated by supplementing with gaseous ozone in CA storage compared with CA storage alone. In Fuji apples, no internal browning was found after 6 months of RA or CA storage (Sheng et al., 2018). Consistent with our finding on Fuji apples (Sheng et al., 2018), continuous low-dose gaseous ozone application did not cause ozone burn and had no impact on superficial scald, lenticel decay, russet, CO2 damage, and soft scald on Red Delicious apples over 9 months of CA storage.



CONCLUSION

The counts of L. innocua on Red Delicious apples decreased by ∼2 log CFU/apple over 9 months of commercial RA or CA storage. The reduction of L. innocua was magnified 1,000-fold by continuous low-dose ozone gas treatment at 60.2–78.7 μg/L; > 5.0 log10 CFU/apple reduction was achieved after 24 weeks of storage. In addition, low-dose gaseous ozone application in CA storage retarded the growth of resident microbiota, delayed apple firmness loss, improved apple quality, and had no negative impacts on external disorders of Red Delicious apples compared to CA storage without ozone gas. Thus, low-dose continuous gaseous ozone application is a promising strategy for the apple industry to control Listeria and microbial decay on Red Delicious apples. Further studies on different ozone dosage and apple varieties are warranted to ensure the safety and quality of fresh apples.
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Background and Objective: The accurate differential diagnosis of tuberculous pleural effusion (TPE) from other exudative pleural effusions is often challenging. We aimed to validate the accuracy of complement component C1q in pleural fluid (PF) in diagnosing TPE.

Methods: The level of C1q protein in the PF from 49 patients with TPE and 61 patients with non-tuberculous pleural effusion (non-TPE) was quantified by enzyme-linked immunosorbent assay, and the diagnostic performance was assessed by receiver operating characteristic (ROC) curves based on the age and gender of the patients.

Results: The statistics showed that C1q could accurately diagnose TPE. Regardless of age and gender, with a cutoff of 6,883.9 ng/mL, the area under the curve (AUC), sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) of C1q for discriminating TPE were 0.898 (95% confidence interval: 0.825–0.947), 91.8 (80.4–97.7), 80.3 (68.2–89.4), 78.9 (69.2–86.2), and 92.5 (82.6–96.9), respectively. In subgroup analysis, the greatest diagnostic accuracy was achieved in the younger group (≤ 50 years of age) with an AUC of 0.981 (95% confidence interval: 0.899–0.999) at the cutoff of 6,098.0 ng/mL. The sensitivity, specificity, PLR, NLR, PPV, and NPV of C1q were 95.0 (83.1–99.4), 92.3 (64.0–99.8), 97.4 (85.2–99.6), and 85.7 (60.6–95.9), respectively.

Conclusion: Complement component C1q protein was validated by this study to be a promising biomarker for diagnosing TPE with high diagnostic accuracy, especially among younger patients.

SUMMARY AT A GLANCE

Our study is the first to investigate the diagnostic efficacy of C1q in pleural fluid in differentiating TPE from non-TPE according to patients’ age and gender.

Keywords: c1q, tuberculous pleural effusion, diagnosis, age, biomarker


INTRODUCTION

Tuberculosis (TB) resulted from Mycobacterium tuberculosis (Mtb) infection is known as one of the major causes of death worldwide. Tuberculous pleural effusion (TPE) is the most common extrapulmonary form of TB (Baumann et al., 2007; Peto et al., 2009; Pang et al., 2019; Kang et al., 2020). Although TPE is clinically common, its differentiation from other types of exudative pleural effusion, such as malignant pleural effusion (MPE), parapneumonic pleural effusion (PPE), and other types of pleural effusion due to autoimmune diseases etc., is often challenging. Smear microscopy with Ziehl–Neelsen stains, Mtb culture, and pleural biopsy are the gold standards for the diagnosis of TPE; however, the positive rates of Ziehl–Neelsen staining and Mtb culture are both very low. Pleural biopsy is an invasive procedure with the concerns that the complications associated with surgery that cannot be ignored (Wang et al., 2015). Compared with the above methods, biomarkers in pleural fluid (PF), such as adenosine deaminase (ADA), are an affordable, simplified, non-invasive, and rapid diagnostic method for TPE (Porcel, 2016; Zhang et al., 2020).

Recently, complement has been highlighted as a candidate biomarker for active TB. There are a few studies on the role of C1q in TB immunity that have suggested C1q to be useful in the differential diagnosis of human activity infection and latent infection of Mtb (Cai et al., 2014; Lubbers et al., 2018), although most have focused on the C1q level in serum. In addition, some studies on TPE have enrolled patients with transudative pleural effusion, which can be separated effectively from exudative effusions using Light’s criteria (Cai et al., 2014; Luo et al., 2019). Meanwhile, age and gender have important effects on the immune system (Markle and Fish, 2014; Giefing-Kröll et al., 2015), which may affect the diagnostic accuracy of diagnostic markers (Jiang et al., 2020). Therefore, we conducted this study to identify the exact role of complement component C1q in the diagnosis of TPE according to age and gender.



MATERIALS AND METHODS


Study Populations and Sample Collection

Consecutive pleural effusion patients were enrolled in the Department of Respiratory and Critical Care Medicine, Beijing Chao-yang Hospital, Capital Medical University, between April 2019 and October 2020. Patients who underwent any invasive pleural surgery or experienced chest trauma during the 3 months prior to their hospitalization; who had received any anti-TB chemotherapy, antitumor treatment, glucocorticoids, or other non-steroidal anti-inflammatory therapy were excluded. Due to the activation of complement system is related to the pathogenesis of diabetes (Shim et al., 2020). This may cause complicated changing of the level of C1q in pleural fluid, lead to unpredictable results, we excluded the patients complicated with diabetes. A total of 110 patients with a definite diagnosis of exudative pleural effusion were included in our study. Non-TPE cases included patients with MPE, PPE, or various pleural effusion. TPE was diagnosed if Ziehl–Neelsen staining or Mtb culture of PF or pleural biopsy specimens were positive, or if a granuloma was present in the pleural biopsy specimens. MPE was diagnosed when malignant cells were observed in PF and/or pleural biopsy specimens. PPE was diagnosed as any effusions related to bacterial pneumonia, lung abscess, and bronchiectasis with infection. The remaining effusions consisted of exudates caused by coronary artery bypass surgery or autoimmune diseases. Patients’ baseline data are illustrated in Table 1.


TABLE 1. Baseline characteristics according to study population.
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PF was collected by diagnostic thoracentesis from each patient. At the same time, peripheral blood was also collected, and the PF and paired blood samples were quickly transferred to the laboratory at 4°C and centrifuged at 400 g for 10 min at 4°C. The supernatant was stored at −80°C for later C1q and ADA measurement.

This study was approved by the ethics committees of Beijing Chao-yang Hospital, Capital Medical University, and all participants had written informed consent.



Concentration Determination of C1q Protein

The concentration of C1q protein in PF and plasma were tested by enzyme-linked immunosorbent assay (ELISA) kits with reference to the manufacturer’s specifications (Thermo Fisher Scientific, Waltham, MA, United States). The level of ADA was determined using colorimetric method kits (InTec Products, Inc., Xiamen, China) in accordance with the manufacturer’s specifications. All samples were assayed in duplicate.



Statistical Analysis

Continuous statistics were expressed as mean ± standard deviation or medians (25th–75th centiles). Categorical data were described by frequencies. Differences in continuous statistics between groups were compared using Student’s t-test or Mann-Whitney U-test, while the χ2-test was used for comparing categorical data. Receiver operating characteristic (ROC) analysis was applied to identify the power of C1q to distinguish TPE and non-TPE cases, and results were presented as area under the Curve (AUC) (Hanley and McNeil, 1982; Zweig and Campbell, 1993). Statistical analyses were performed using SPSS and MedCalc software, and statistical significance was present when P < 0.05.



RESULTS


Clinical and Demographic Characteristics of Patients With Pleural Effusion

Some biochemical, cytological, and demographic data of the TPE and non-TPE patient groups are illustrated in Table 1. According to our preliminary statistical results, we selected the age of 50 years as the cutoff for the age subgroups: younger group (≤ 50 years old) and older group (> 50 years old), respectively. In this study, TPE patients were younger than non-TPE patients (P < 0.001). The total cell count, Cl- level, and glucose level in TPE patients were lower than those in non-TPE patients (all P = 0.007). Compared with those in non-TPE patients, protein and lactate dehydrogenase (LDH) levels in TPE patients were significantly higher (P < 0.001 and P = 0.003, respectively).



Concentrations of C1q and as Adenosine Deaminase in Pleural Fluid

Regardless of age and gender, the levels of C1q and ADA were higher in the TPE group than in the non-TPE group (P < 0.001) (Table 2, Figure 1A, and Supplementary Figure 1D). Overall, the concentration of C1q was lower in PF than in plasma (P < 0.001). In addition, plasma concentrations of C1q in TPE patients did not differ from those in non-TPE patients (P = 0.965) (Supplementary Table 1). Similar statistical differences were found in the different age subgroups (Table 2 and Figures 1C,F) and gender subgroups (Supplementary Table 2 and Supplementary Figures 1A,F).


TABLE 2. Concentrations of C1q and ADA in PF according to age.
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FIGURE 1. Diagnostic accuracy of C1q and ADA in PF for TPE according to different ages. Comparison of C1q level in TPE and those in non-TPE cases (A). The ROC curves show the diagnostic value of C1q in all patients (B). Comparison of C1q in TPE and those in non-TPE cases according to age (C). The ROC curves show the diagnostic value of C1q in younger patients (D) and older patients (E), respectively. Comparison of ADA in TPE and those in non-TPE cases according to age (F). The ROC curves show the diagnostic value of ADA in younger patients (G) and older patients (H), respectively. ∗∗P < 0.01, ∗∗∗P < 0.001.




Diagnostic Values of Pleural Fluid C1q and as Adenosine Deaminase

In the general patients, with a cutoff of 6,883.9 ng/mL, the AUC, sensitivity, specificity, positive likelihood ratio (PLR), negative likelihood ratio (NLR), positive predictive value (PPV), and negative predictive value (NPV) of PF C1q to discriminate TPE and non-TPE cases were 0.898 (95% confidence interval: 0.825–0.947; P < 0.001), 91.8%, 80.3%, 4.7, 0.10, 78.9, and 92.5, respectively (Figure 1B and Table 3). Meanwhile, the AUC of ADA was 0.953 (Supplementary Figure 1E), and there was no significant difference in the AUCs between C1q and ADA (0.055 (−0.015 to 0.125), z = 1.539, P = 0.124).


TABLE 3. Diagnostic performance of C1q and ADA in PF in differentiating between patients with TPE and those with non-TPE according to age.
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The measures of diagnostic accuracy of PF C1q in different subgroups were also determined. With a cutoff of 6,098.0 ng/mL, the AUC of PF C1q in the younger group to differentiate TPE and non-TPE cases was 0.981 (95% confidence interval: 0.899–0.999; P < 0.001), while the sensitivity, specificity, PLR, NLR, PPV, and NPV of C1q were 95.0%, 92.3%, 12.4, 0.05, 97.4, and 85.7, respectively (Figure 1D and Table 3). The older group, male group, and female group had AUCs of 0.847 (0.727–0.929) (Figure 1E and Table 3), 0.922 (0.836–0.971) (Supplementary Figure 1B and Supplementary Table 3), and 0.827 (0.661–0.933) (Supplementary Figure 1C and Supplementary Table 3), respectively. Further, the parameters of diagnostic accuracy of ADA in the different subgroups are shown in Table 3, Figures 1G,H, Supplementary Table 3, and Supplementary Figures 1G,H.

The AUC of C1q in younger group was significantly higher than that in older group (0.134 (0.028–0.240); z = 2.468; P = 0.014); however, there was no significant difference between younger patients and older patients in terms of ADA [0.030 (−0.064 to 0.124), z = 0.631, P = 0.528). There was no difference found in the gender subgroup analysis of C1q and ADA [0.09 (−0.057 to 0.246), z = 1.224, P = 0.221 and 0.113 (−0.024 to 0.250), z = 1.613, P = 0.107)].



DISCUSSION

According to the global tuberculosis report 2020 (WHO, 2020), there were about 10.0 million people had been diagnosed with TB in 2019. According to the data in the report, as one of the countries with high burden of TB, there were approximately 833,000 people fell ill with TB in China in 2019, and the case fatality rate was about 4.0%. Extrapulmonary TB accounted for 16% of the incident cases. The pleura has been reported as the major site of disease in patients with extrapulmonary TB, and tuberculous pleurisy occurs in approximately 50% of patients with extrapulmonary TB (Kang et al., 2020). Early animal studies have shown that tuberculous pleurisy is thought to be a delayed hypersensitivity reaction induced by a small amount of Mtb entering the thoracic cavity rather than a local inflammatory reaction caused by direct infection (Allen and Apicella, 1968; Leibowitz et al., 1973; Chakrabarti and Davies, 2006; Zhai et al., 2016). Therefore, the bacillary load in pleural effusion is low, and the diagnosis of TPE is often challenging to make and sometimes requires invasive surgery to obtain pleural tissue for histological and microbiological examinations (Amer et al., 2016; Antonangelo et al., 2019). Most cases of TPE can be diagnosed through medical thoracoscopy (Wang et al., 2015; Carlucci et al., 2019). However, not everyone has the indication to undergo a medical thoracoscopy nor is everyone willing to undergo this examination. Therefore, some soluble biomarkers in PF have been extensively evaluated (Porcel, 2016; Wang et al., 2018; Zhang et al., 2020).

The complement system consists of more than 50 kinds of proteins that either circulate in the fluid phase or bind to the cell membrane, which has varied effector functions and plays an important role in both innate and adaptive immune responses (West et al., 2018; Conigliaro et al., 2019; Shim et al., 2020). When Mtb is inhaled into the lungs of human hosts for the first time, it will activate the complement classical pathway in the alveoli (Ferguson et al., 2004). Complement C1q is the first recognition subunit of the complement classical pathway whose gene polymorphism is closely related to TB susceptibility (Bruiners and Schurz, 2020). Research has suggested C1q can be used as a soluble mediator to evaluate TB progression in primates (Dijkman et al., 2020). Both C1q gene expression on mononuclear cells in peripheral blood and the serum C1q protein levels are related to active disease in human tuberculosis (Cai et al., 2014; Lubbers et al., 2018), and there is a progressive decrease in plasma C1q mRNA expression and plasma C1qC protein during anti-tuberculosis chemotherapy (Cai et al., 2014). In our study, no difference was found in plasma C1q levels between TPE and non-TPE patients, which may have been caused by variations in disease stages of enrolled participants in previous studies and our study. Similar to previous findings (Cai et al., 2014; Luo et al., 2019), through this study, we confirmed that C1q protein levels in TPE patients were remarkably higher than those in non-TPE patients, the cause of this issue maybe similar to the cases of pulmonary tuberculosis we mentioned above. The diagnostic efficacy of C1q was comparable to that of ADA, the preferred soluble biomarker for TPE (Zhang et al., 2020). C1q is a great diagnostic biomarker for discriminating TPE and non-TPE cases, and we further conducted subgroup analysis according to age and gender.

The contributions of age and gender to an immune response are significant (Pawelec, 2006; Markle and Fish, 2014). There is a significant postpubertal male bias in the incidence of TB (Guerra-Silveira and Abad-Franch, 2013). Meanwhile, although the serum complement C1q concentrations do not differ between healthy females and males, the activity of the complement classical pathway and the circulating complement C1q level are significantly higher in the elderly population (Gaya da Costa et al., 2018; Hasegawa et al., 2019). However, few studies have examined the influencing factors of pleural soluble mediators for TPE diagnosis, especially in correlation with age and gender (Abrao et al., 2014; Jiang et al., 2020). Our results revealed that the concentration of PF C1q did not differ between younger and older patients or between male and female patients. Compared with in the older group, the AUC of PF C1q in the younger group was significantly higher, but there was no statistical difference between male group and female group. Meanwhile, no significant differences in the level of ADA were found among the age or gender subgroups. At present, to our knowledge, this study is the first to investigate the diagnostic efficacy of PF C1q level in differentiating TPE from non-TPE according to patients’ age and gender.

For PF C1q in younger patients, our data also discerned a PLR value of 12.4, indicating that the probability of positive C1q in TPE patients was 12.4-fold higher than that in non-TPE patients, which is sufficiently high enough for diagnosis. Moreover, an NLR value of 0.05 suggested that, if the C1q result is negative, the probability of the patient be confirmed to have TPE was 5%, which was an acceptable value for ruling out TPE. The high PPV (97.4) and high NPV (85.7) of C1q found in this study further indicate that both the false-negative and false-positive rates were low.

There are some restrictions in this research. First, the numbers of participants enrolled in this study were relatively small, especially those who were eligible for inclusion in the younger non-TPE group, the older TPE group, and the female group. According to epidemiology, the incidence of non-TPE in younger patients and the incidence of female pleural effusion are relatively low, and a small sample size may be influenced by selection bias. Second, most of the MPE cases analyzed in our study were derived from lung adenocarcinoma, and non-TPE cases caused by autoimmune diseases were rare. We aim to pursue the analysis of pleural effusion caused by other types of malignant and benign diseases and confirm the mechanism related to PF C1q in our further studies.

In conclusion, our present data indicated that the level of PF C1q was increased in TPE patients compared with non-TPE patients. Both of the sensitivity and specificity of PF C1q were high, suggesting that it can be used as an indicator for differentiating TPE and non-TPE, especially in younger patients.
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Over the past 11 years, the Slovak National Reference Laboratory has collected a panel of 988 Listeria monocytogenes isolates in Slovakia, which were isolated from various food sectors (61%), food-processing environments (13.7%), animals with listeriosis symptoms (21.2%), and human cases (4.1%). We serotyped these isolates by agglutination method, which revealed the highest prevalence (61.1%) of serotype 1/2a and the lowest (4.7%) of serotype 1/2c, although these represented the majority of isolates from the meat sector. The distribution of CCs analyzed on 176 isolates demonstrated that CC11-ST451 (15.3%) was the most prevalent CC, particularly in food (14.8%) and animal isolates (17.5%). CC11-ST451, followed by CC7, CC14, and CC37, were the most prevalent CCs in the milk sector, and CC9 and CC8 in the meat sector. CC11-ST451 is probably widely distributed in Slovakia, mainly in the milk and dairy product sectors, posing a possible threat to public health. Potential persistence indication of CC9 was observed in one meat facility between 2014 and 2018, highlighting its general meat-related distribution and potential for persistence worldwide.
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INTRODUCTION

Listeria monocytogenes is a Gram-positive intracellular bacterium responsible for a serious food-borne zoonosis called listeriosis. This pathogen is transmissible to humans through the consumption of contaminated food. It can lead to mild gastroenteritis and also to serious infections of the bloodstream or the central nervous system as well as abortions. The organism is able to pass from cell to cell, allowing it to cross blood–brain and placental barriers (Janakiraman, 2008). Immuno-compromised persons, pregnant women, infants, and the elderly are the most vulnerable to listeriosis (Vazquez-Boland et al., 2001). In 2015–2019, the listeriosis trend in Europe remained stable after a long period of increase but had the highest case-fatality rate (8.9%) among the outbreak-related illness (EFSA and ECDC, 2021). In Slovakia, 18 human listeriosis cases and four deaths were reported in the year 2019, which is 6% above the 5-year average (Slovak Focal Point for the Scientific, and Technical Matters of the Efsa., 2020).

Some L. monocytogenes strains can persist for a long period of time in various types of food-processing environment (FPE), including chilled processing plants (Lundén et al., 2004; Schmitz-Esser et al., 2015). Listeria monocytogenes contamination may occur as a result of poor hygiene during food processing or packaging (Carpentier and Cerf, 2011).

Animal listeriosis is generally subclinical, but more serious forms have also been observed (OIE, 2018), with symptoms including septicaemia, encephalitis, meningitis, meningoencephalitis, rhombencephalitis, abortion, stillbirth, perinatal infections, and/or gastroenteritis (Okada et al., 2011; OIE, 2018).

Listeria monocytogenes is a genetically heterogeneous species divided into four phylogenetic lineages, of which lineages I and II are the most frequently encountered. The strains from lineage I (serotypes 1/2b, 4b) are in general found in higher frequency in human outbreaks than lineage II strains (serotypes 1/2a, 1/2c), which are commonly isolated from food, natural and farm environments, and animal and sporadic human listeriosis cases (Orsi et al., 2011).

Several methods have been developed to investigate the genetic diversity of L. monocytogenes strains. Agglutination serotyping is considered to be the first level of discrimination between isolates and can differentiate 13 serotypes. For many years, pulsed-field gel electrophoresis (PFGE) had been the gold standard for L. monocytogenes subtyping (Graves and Swaminathan, 2001). Another key typing approach has been multi-locus sequence typing (MLST) based on the standardized nomenclature derived from the sequences of seven housekeeping genes (Ragon et al., 2008). Unique combinations of alleles from MLST analysis determine strain sequence types (STs) and clonal complexes (CCs), which are now systematically used to describe the population structure of L. monocytogenes (Ragon et al., 2008; Cantinelli et al., 2013; Maury et al., 2016). Certain CCs account for the majority of outbreaks and sporadic cases in humans (Maury et al., 2016) and animals (Dreyer et al., 2016). More recently, typing based on whole-genome sequencing (WGS) of L. monocytogenes has become a very powerful tool and more and more studies are employing this method for national surveillance, outbreak detection, or tracking of the sources of listeriosis (Jackson et al., 2016; Moura et al., 2017; Pietzka et al., 2019).

The State Veterinary and Food Institute (SVFI) has been the designated Slovak National Reference Laboratory (NRL) for L. monocytogenes since 2007. This national-level laboratory is engaged in the surveillance and typing of L. monocytogenes isolates from food items and animals. It participates in the European surveillance network for L. monocytogenes, along with 34 other NRLs coordinated by the European Reference Laboratory (EURL).1 The PFGE method is routinely performed in the Slovak NRL. The isolates are assigned to an MLST CC using a mapping method detailed in Félix et al. (2018). Whole-genome sequencing of the isolates is currently being introduced.

Only a few studies are available on the genomic or genetic diversity of L. monocytogenes in Slovakia, and they focus only on selected food manufacturers, either in the dairy sector (Véghová et al., 2015) or in the meat sector (Véghová et al., 2016). To date, no data are available on a large and diverse panel of food isolates for Slovakia. The purpose of this study was thus to provide an overview of the population structure of the L. monocytogenes isolates over the past 11 years in Slovakia. This survey should lead to better management and understanding of food-related health risks.

This study had two objectives. The first was to analyse the genetic diversity of all L. monocytogenes isolates from food, FPEs, and animals available in the NRL collection. The second was to compare this diversity to that of isolates from human outbreaks during the same time period. The genetic diversity of 988 isolates was assessed using conventional agglutination serotyping. In a subset of 176 isolates, CCs were deduced either from PFGE profiles (127 isolates) or from WGS analysis (49 isolates).



MATERIALS AND METHODS


Isolate Panel

A panel of 988 isolates collected during the 2010–2020 period was selected for this study (Supplementary Table 1). The isolates were from four compartments: food, FPEs, animals, and humans.

The vast majority of the isolates (947) were from the NRL microbial collection: 603 (61%) isolates were from food, 135 (13.7%) from FPEs, and 209 (21.2%) from animals (40.7% of animal isolates were isolated from sheep; 29.2% from cattle) with clinical manifestations of listeriosis. Detailed epidemiological information (sampling stage, context, sources, food matrix, and food product) were compiled in the NRL molecular database (BioNumerics, vers. 7.6.3, Applied Maths, Sint-Martens-Latem, Belgium).

The number of food isolates per sampling period (2010–2020) was generally evenly distributed across years, with an average of 54.8 isolates per year (Figure 1). The food isolates included 328 (54.5%) isolates from milk and dairy products, 135 (22.4%) from meat and meat products, and 140 (23.1%) from other food products (ready-to-eat delicatessen products predominated, representing 85.6% of isolates in this category). Another 135 (13.7%) isolates were from FPEs, mainly from dairy facilities (Figure 1). The 603 food isolates were from official Slovak controls and from the producer’s own internal testing procedures. The 209 (21.2%) animal isolates were collected by private veterinarians.


[image: image]

FIGURE 1. (I) Distribution of Listeria monocytogenes isolates collected yearly from food, food-processing environments, animals, and human cases of listeriosis between 2010 and 2020 in Slovakia. (II) Distribution of Listeria monocytogenes isolates according to food origin during the 2010–2020 period.


These food, FPE, and animal isolates were supplemented with 41 isolates (4.1%) from human listeriosis cases (Figure 1). These human case isolates were collected between 2012 and 2020 by the Slovak Public Health Authority (PHA), and sent to the NRL.

A subset of 176 isolates was then selected from the available typing data collection. The majority of isolates were chosen from 2014 (n = 51; 29%), 2015 (n = 41; 23.3%), and 2018 (n = 29; 16.5%) years in which intensive typing had been performed in Slovakia during national surveillance programs. These 121 isolates were then supplemented with 55 isolates (31.2%) from the 2010–2020 period, with PFGE or WGS typing data available. Whereas origin of the isolates is very constant throughout time, we considered this selection to be representative extraction of the whole panel. This subset (n = 176) included isolates from four compartments in particular: 115 food sector isolates (65.3%), with 68 dairy isolates (59.2%), 28 meat isolates (24.3%), and 19 isolates (16.5%) from other foods. Of the 61 remaining isolates, 21.3% were from FPEs, 65.6% from animals, and 13.1% from human cases (Supplementary Table 1).



Listeria monocytogenes Isolates Recovery

The isolates were recovered from a long-term storage at –80°C using tryptone soya yeast extract agar (TSYEA, Biokar Diagnostics, Allonne, France).



Agglutination Serotyping (988 Isolates)

Serotypes can be identified based on the somatic (O) and flagellar (H) antigens. Antisera against eight somatic (OI/II, OI, OIV, OV/VI, OVI, OVII. OVIII, OIX) and four flagellar (HA, HAB, HC, HD) antigens were used as recommended by the manufacturer of a commercially distributed kit (Denka Seiken, Tokyo, Japan).



Determination of Clonal Complexes and Sequences Types (176 Isolates)


Molecular Typing Using Pulsed-Field Gel Electrophoresis (127 Isolates)

Pulsed-field gel electrophoresis (PFGE) was performed according to the protocol described in Roussel et al. (2014) in the years of isolate collection. Electrophoresis was performed on 1% agarose gel (SeaKem Gold Agarose, Lonza, Rockland, ME, United States) with a CHEF Mapper® XA system (Bio-Rad, Hercules, CA, United States). Salmonella serovar Braenderup H9812 DNA digested by XbaI enzyme (Thermo Scientific, Vilnius, Lithuania) was used as a reference standard.

BioNumerics software (vers. 7.6.3) was used to create a database and compare the PFGE profiles of 164 L. monocytogenes isolates. Epidemiological duplicates were excluded. They were defined as isolates sharing indistinguishable PFGE profiles, isolated the same year and provided by the same food business operator or the same diagnostic food laboratory, as described in Félix et al. (2018). A total of 164 PFGE profiles were interpreted according to the standard operating procedure (SOP) detailed in Michelon et al. (2015). One hundred thirty-four isolates were grouped to clusters according to the 85% similarity rule. Of these, five L. monocytogenes isolates were selected for WGS, through the H2020 European Joint Program (EJP) ListAdapt (Félix et al., 2020), and two human ST451 isolates (deduced from PFGE) were sequenced at the Slovak NRL, resulting in 127 PFGE profiles (Supplementary Figure 1 dendrogram) for mapping to MLST data. For these 127 isolates, the CCs were deduced from the PFGE profiles, using the mapping protocol detailed in Félix et al. (2018).



Whole-Genome Sequencing and Multi-Locus Sequence Typing (49 Isolates)

A total of 49 isolates were whole-genome sequenced: 45 isolates were sequenced by external partners as part of European research projects, such as the H2020 European Joint Program (EJP) ListAdapt (Félix et al., 2020) and the EFSA-LISEQ project (Nielsen et al., 2017; Painset et al., 2019); 1 isolate was sequenced by the Austrian NRL; and 3 isolates were sequenced by the Slovak NRL in an iSeq 100 sequencing machine (Illumina). The 49 WGS datasets were assembled using SPADES and analyzed to determine their MLST (7 loci, Salcedo et al., 2003; Ragon et al., 2008), core-genome MLST (cgMLST) (1,748 loci, Moura et al., 2016), and whole-genome MLST (wgMLST) with 4,804 loci in BioNumerics software version 7.6.3 with connection to the EURL for the Listeria monocytogenes calculation engine. Raw sequencing reads were quality-checked according to the following criteria: PHRED score of raw reads greater than 30 and average depth coverage greater than 30 × (Neuman et al., 2013). The target length of the de novo assembly was between 2.8 and 3.1 Mb, and identification of 95%–100% of cgMLST loci was necessary for assignment to a CC-ST profile (Moura et al., 2016).



Comparison of the Genomes of Seven ST451 Isolates With Publicly Available Genomes

Out of the 49 isolates for which the whole genome was sequenced, seven CC11-ST451 isolates were collected in Slovakia (four animal, one milk, and two human isolates). These seven genomes were compared with the 144 genomes of CC11-ST451 isolates available in public databases to see the possible relatedness between them as the CC11-ST451 was the most abundant in Slovak isolate collection and not typically present in Europe. One hundred six genomes were from NCBI-ENA databases, 8 genomes from the EFSA project LISEQ (Nielsen et al., 2017), 29 genomes from Lüth et al. (2021), and 1 genome from Kuch et al. (2018) (Supplementary Table 2). The genomes were quality-checked and compared using cgMLST (1748 loci, Moura et al., 2016) of all the ST451 isolates, as described in Section “Whole-Genome Sequencing and Multi-Locus Sequence Typing (49 Isolates).”



RESULTS


Serotype Distribution According to the Compartment and Food Sector

Out of the 988 isolates studied, the majority (61.1%) belonged to serogroup 1/2a, 17.8% to 1/2b, 12.7% to 4b, and 4.7% to 1/2c. The remaining isolates (3.7%) were assigned to other serotypes. Serotype 1/2a represented 72.0% of the isolates from the milk and dairy product sector, 64.4% from meat and meat product sector, 38.6% of other food sectors, 57.0% from the FPE sector, 63.6% from animal samples, and finally 41.5% from human cases. In the food sectors, serotypes 1/2b and 4b were mainly detected in food matrices other than dairy and meat (35.7% and 22.1%, respectively) (Table 1). The distribution of serotypes throughout the years 2010-2020 was mostly uniform with the average 62.5% representing 1/2a serotype per year (46.7%–75.3%), 16.9% of 1/2b serotype per year (6.2%–32.3%), 4.5% of 1/2c serotype per year (1.0%–9.2%), and 12.4% of 4b serotype per year (3.1%–32.4%).


TABLE 1. Distribution of Listeria monocytogenes serotypes according to isolate compartment and food sector.
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Clonal Complexes Distribution According to the Compartment and Food Sector

CC11-ST451 (serotype 1/2a) was the most prevalent CC in the panel of 176 isolates (15.3%, n = 27) (Figure 2 and Table 2). The origin of these CC11-ST451 isolates is summarized in Supplementary Table 1. In particular, the highest frequency of CC11-ST451 (22.1%, n = 15) was observed in dairy products (Figure 2 and Table 2).


[image: image]

FIGURE 2. Distribution of clonal complexes (CCs) in the dataset of 176 L. monocytogenes isolates.



TABLE 2. Distribution of clonal complexes (CCs) in the dataset of 176 L. monocytogenes isolates.

[image: Table 2]The CC11-ST451 isolates analyzed here were isolated from very diverse milk and dairy products collected in a geographic area of roughly 200 km in diameter (north-western central Slovakia) throughout the 2014–2020 period. Many CC11-ST451 animal isolates (from clinical sheep cases, sheep’s milk) were also from the same region and collected during this same time period. These results revealed a wide distribution of CC11-ST451 in the north-western area of central Slovakia.

The other prevalent CCs among dairy products and animals were CC7 and CC37 (Figure 2 and Table 2). Meat-related isolates of L. monocytogenes mainly grouped into CC9, followed by CC8. Human isolates belonged to CC11-ST451 (Lineage II), CC4, CC6, and CC1 (Lineage I) (Figure 2 and Table 2). The minimum spanning tree (Figure 3) shows the phylogenetic relatedness between the CCs.
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FIGURE 3. Minimum spanning tree of MLST data for the 173 L. monocytogenes isolates analyzed (3 isolates with unassigned CC were excluded). Each CC is represented by a circle whose size corresponds to the number of isolates in the clonal group. STs are known only for isolates that were whole-genome sequenced. Lines connecting the circles indicate phylogenetic relatedness and the number of allelic differences (thick solid line—1; thin solid line—2; dashed line—3; dotted line—4 and above).




Indication of Potential Persistence in One Meat Product Facility

The same PFGE profile was observed for three isolates collected between 2014 and 2018 in one meat product facility (Figure 4). This profile mapped to CC9 (serotype 1/2c).
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FIGURE 4. PFGE profiles obtained from L. monocytogenes isolates from one meat associated facility between 2014 and 2018.




Comparison of the Genomes of Seven CC11-ST451 Isolates With Publicly Available Genomes

Out of the 27 CC11-ST451 isolates, 7 isolates were selected for WGS and compared using cgMLST, which showed at least 18 allele differences (AD) between each other, with the exception of human isolates that differed by only one AD. Subsequently, the seven isolates were compared with the CC11-ST451 isolates from public databases and external collaboration (Section “Comparison of the Genomes of Seven ST451 Isolates With Publicly Available Genomes”). None of the seven Slovak isolates showed fewer than seven AD with any other isolate (Figure 5). Moreover, the results of our work undertaken in collaboration with Austrian colleagues [Dr. Adriana Cabal, Austrian Agency for Health and Food Safety (AGES)] showed that the seven Slovak isolate genomes did not match with fewer than seven AD across the approximately 600 CC11-ST451 isolates present in the Austrian national database. The sequences of human isolates did not match any other isolate genomes but clustered together with only one AD in the cgMLST network.
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FIGURE 5. Minimum spanning tree of cgMLST data for 151 L. monocytogenes CC11-ST451 isolates. Branch numbers indicate the number of allelic differences between the isolates. Colored circles represent the seven Slovak ST451 isolates.




DISCUSSION

Listeriosis is a serious public health and food safety problem in European countries, including Slovakia. Little data are available on the population genetic structure of food isolates in this country. Considering that food products are the main sources of human infections, it is very important to study the overall distribution of isolates throughout the country to improve understanding of the circulation of this disease.

The 988 L. monocytogenes isolates analyzed in this study by Denka Seiken kit which is often considered the “gold standard” for its serotyping (Burall et al., 2011) were isolated throughout the 2010–2020 period, providing a representative coverage of isolates circulating in Slovakia. Out of the 988 isolates tested using conventional serotyping, more than half (61.1%) were serotype 1/2a. This prevalence is consistent with many previous studies performed on isolates from various types of foods, mostly milk and dairy and meat products (Kramarenko et al., 2013; Martín et al., 2014; Ebner et al., 2015). The distribution of serotypes throughout the years suggested an even distribution of serotypes 1/2a, 1/2c, and 4b. The descending trend in distribution of 1/2b was observed in the 2010–2020 period.

In this study, CC1, CC2, CC4, and CC6 made up 66.7% of lineage I isolates and were isolated from food, FPEs, and animals, as well as from human cases. This result is similar to that reported in Lachtara et al. (2021) on the prevalence of CC1, CC2, and CC6 in food and FPE isolates in Poland. These CCs have previously been described as hypervirulent (Maury et al., 2016). CC1 and CC2 were concluded as being predominant in all world regions with an exception of northern Africa for CC1. Interestingly, CC6 had been observed mainly in Europe in a study of Chenal-Francisque et al. (2011).

Regarding the food isolates, serotypes 1/2b and 4b were detected mainly among the isolates from milk and dairy products and other food products, this latter category being predominated by ready-to-eat delicatessen products (mainly ready-to-eat salads). These isolates were collected mainly from production plants. Considering that the typing data in this category were only available for a limited number of isolates mainly from 2014, more extensive evaluation of the CC’s diversity should be performed in future to clarify its importance in public health protection. The decreasing trend of the 1/2b serotype in the period of 2010–2020 might be explained by the reduced popularity of rather unhealthy delicatessen products and increased healthier eating habits of Slovak population (Holotová et al., 2021). Prevalence of serotypes 1/2b and 4b has been reported in several studies on milk, meat, and ready-to eat products (Beak et al., 2000; Braga et al., 2017).

Serotype 1/2c was prevalent in isolates from meat, corroborating results from other studies conducted on the meat sector in Europe (Gianfranceschi et al., 2009; Ortiz et al., 2010; Prencipe et al., 2012; Meloni et al., 2014; Ebner et al., 2015; Morganti et al., 2015; Félix et al., 2018).

An indication of potential persistence of a CC9 L. monocytogenes isolate was observed at one meat production site between 2014 and 2018. This result substantiates previous studies demonstrating persistence of CC9 over many years in meat-processing facilities in Switzerland (Stoller et al., 2019) and in meat products and in pig slaughterhouse environments worldwide (Martín et al., 2014; Wang et al., 2015; Véghová et al., 2016; Félix et al., 2018; Maury et al., 2019; Demaître et al., 2020; Fagerlund et al., 2020).

In this study, two CCs, CC1 and CC37, were frequently observed among the isolates sourced from milk and dairy products and from sheep. This result is in accordance with a 2019 study (Papić et al., 2019) in Slovenia that showed that CC1 and CC37 were responsible for the majority of the clinical cases in animals, mainly small ruminants and cattle. CC37 is also the most prevalent isolate found on pig and ruminant farms in France (Félix et al., 2018) and frequently reported from ruminant farms in Switzerland (Dreyer et al., 2016), in the natural environment throughout Europe (Haase et al., 2014) and in the natural environment in Austria (Linke et al., 2014). Similar to our findings, CC7 and CC37 were the most abundant in the study focusing on milk and milk-related environment in the United States (Kim et al., 2018).

Interestingly, CC121 isolates, which are overrepresented in all food sectors in Europe and worldwide (Chenal-Francisque et al., 2011; Henri et al., 2016; Félix et al., 2018) and which can persist in FPEs (Holch et al., 2013; Rychli et al., 2017; Stoller et al., 2019), were of minor occurrence in our study, with only a few CC121 isolates from food sectors being observed. Also, CC121 belongs to the most prevalent clones worldwide (Chenal-Francisque et al., 2011). No CC121 isolates were isolated from animals, similar to previous reports (Linke et al., 2014; Dreyer et al., 2016; Félix et al., 2018).

In this study, CC11-ST451 was prevalent in the milk and dairy products sector. This result is concordant with an Austrian study that revealed that (i) dairy products are three times more likely to be contaminated with CC11-ST451 than the products from other food categories and (ii) a large part of CC11-ST451 food isolates could be traced back to a specific cheese-producing facility (Cabal et al., 2019). However, of the three ST451 human cases reported in Austria in 2017, none were related to the cheese-producing facility and all three were distinguishable, thus most likely arising from different contamination sources. CC11-ST451 isolates have been also reported in dairy products in the Czech Republic (Tomaštíková et al., 2019).

These findings, together with the frequent detection of CC7 in dairy products in Austria (Cabal et al., 2019) and the location of Austria and Czech Republic in Central Europe, are in accordance with our observation of CC11-ST451 and CC7 in the isolates from the dairy sector and the hypothesis of a multiple sources of introduction of these clones that likely circulate intensively.

CC11-ST451 isolates were also detected in the meat production sector, particularly in one rabbit meat-processing plant in Czech Republic. Persistence of these isolates in FPEs was first suggested by Gelbíčová et al. (2019). Interestingly, only one CC11-ST451 isolate was detected among the FPE isolates in our study.

Human cases of listeriosis caused by CC11-ST451 have been reported in Germany (Halbedel et al., 2018), France (Moura et al., 2017), Austria (Cabal et al., 2019), and Poland (Kuch et al., 2018). A nosocomial outbreak linked to ST451 was described lately in Italy (Russini et al., 2021). Furthermore, this clone is considered hypervirulent based on its prevalence in human cases and in food contamination in France (Fritsch et al., 2018).

Conversely, a very low occurrence of ST451 (fewer than 10 isolates) was reported in a wide-scale study (Painset et al., 2019) on 1,142 European isolates (isolated in 22 EU Member States and 1 Non-Member State). The frequent occurrence of CC11-ST451 in Slovakia and in neighboring countries suggests that this ST is specific to Central Europe.

The isolate distribution in Central Europe over a period of 11 years highlights a possible distribution of the CC11-ST451 clone in the milk and meat sectors in Slovakia. The seven genomes of Slovak CC11-ST451 isolates were dispersed among the available known genomes of ST451 isolates collected worldwide. The source of the CC11-ST451 isolates in Slovakia can potentially be determined with the systematic sequencing of the ST451 isolate genomes, now being collected by the Slovak NRL.

The importance of subtyping of L. monocytogenes isolates in Slovakia and in Europe in general is an important tool for food safety management. With the increasing production of food, globalization of the market, and consumers’ focus on traditional farm products with the characteristic small production and less trained staff in the field of the food safety, there is a higher risk of contamination of FPE and final food products. Isolate typing allows the identification of such threats and control measures implementation.



CONCLUSION

This study is the first comprehensive insight into L. monocytogenes isolate diversity in Slovakia, covering isolates from the different food sectors available in the NRL collection, as well as isolates from clinical animal cases and several human outbreaks. The distribution of 988 serotypes was similar to that generally observed in Europe. The CC11-ST451 type, frequently reported in Central Europe, predominated in the Slovakia dataset, being detected mainly in isolates from dairy products.
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Boletes are favored by consumers because of their delicious taste and high nutritional value. However, as the storage period increases, their fruiting bodies will grow microorganisms and produce substances harmful to the human body. Therefore, we need to identify the storage period of boletes to ensure their quality. In this article, two-dimensional correlation spectroscopy (2DCOS) images are directly used for deep learning modeling, and the complex spectral data analysis process is transformed into a simple digital image processing problem. We collected 2,018 samples of boletes. After laboratory cleaning, drying, grinding, and tablet compression, their Fourier transform mid-infrared (FT-MIR) spectroscopy data were obtained. Then, we acquired 18,162 spectral images belonging to nine datasets which are synchronous 2DCOS, asynchronous 2DCOS, and integrative 2DCOS (i2DCOS) spectra of 1,750–400, 1,450–1,000, and 1,150–1,000 cm–1 bands. For these data sets, we established nine deep residual convolutional neural network (ResNet) models to identify the storage period of boletes. The result shows that the accuracy with the train set, test set, and external validation set of the synchronous 2DCOS model on the 1,750–400-cm–1 band is 100%, and the loss value is close to zero, so this model is the best. The synchronous 2DCOS model on the 1,150–1,000-cm–1 band comes next, and these two models have high accuracy and generalization ability which can be used to identify the storage period of boletes. The results have certain practical application value and provide a scientific basis for the quality control and market management of bolete mushrooms. In conclusion, our method is novel and extends the application of deep learning in the food field. At the same time, it can be applied to other fields such as agriculture and herbal medicine.

Keywords: bolete, two-dimensional correlation spectroscopy (2DCOS), deep learning, residual convolutional neural network (ResNet), storage period


INTRODUCTION

Wild edible mushrooms are favored by consumers for their rich nutrients, unique flavor, and special food and medicinal values. They are rich in protein, vitamins, mineral elements, dietary cellulose, and other nutrients, as well as polysaccharides, nucleosides, alkaloids, and other functional ingredients (Sande et al., 2019; Dong et al., 2021a; Wang et al., 2021). Long-term consumption of wild edible mushrooms can enhance body immunity, delay aging, and regulate human metabolism (Xu, 2019). One study found that the output of edible mushrooms in the world increased by about 30 times from 1978 to 2013, of which China is the major producer of edible mushrooms, accounting for 85% of the world production (Mleczek et al., 2018). From 2009 to 2013, the export value of China’s edible mushrooms increased 142 times (Li et al., 2016). In 2018, the national output of edible mushrooms reached 38,420,000 tons, and the export volume was $4.458 billion (He, 2019; Wang, 2020). Due to the diversity of its geography and climate, Yunnan Province provides a good environment for the growth of wild edible mushrooms (Dong et al., 2021b). In Yunnan, there are more than 900 species of wild edible mushrooms, which account for about 50% of the world’s resources and over 90% of China’s domestic resources (Mary et al., 2015). Bolete is a kind of precious wild edible mushroom with thick meat, delicious taste, and unique aroma. Moreover, bolete is rich in proteins, amino acids, carbohydrates, and total sterol, with low lipid content and energy value, so it is favored by consumers (Chen et al., 2021). There are 397 species of boletes belonging to 28 genera in China, of which 199 are edible species (Yang T. W. et al., 2014). Yunnan is rich in bolete resources, and it is one of the regions with the largest species and quantities of boletes in the world (Sarikurkcu et al., 2015). In addition, there are 224 known species of boletes in Yunnan, which account for 56.4% of the resources of boletes in China (Yang T. W. et al., 2014).

The growth of wild-grown boletes is restricted by season, and their harvest season is from June to September each year. Fresh boletes are perishable and easily damaged during transportation. At the same time, in order to meet the market demand to ensure a year-round supply, boletes are mostly dried and dehydrated, and then they are made into a durable storage commodity which is easy to be transported (Chen and Xu, 2013). The processing and treatment of wild-grown boletes are often not sterilized. With the increase of storage period, the internal microorganisms will proliferate and produce amines, mercaptans, hydrogen sulfide, indoles, and other compounds, which will cause harm to human health (Zhang et al., 2018). Flavor and aromatic substances are very important for food, and volatile substances are the key factors affecting the flavor of wild-grown boletes. Due to the high moisture content of the fruity body of fresh boletes, most of them are processed into dry pieces for preservation and sale, which leads to the frequent occurrence of the phenomenon of false for true, and it is difficult to carry out quality control and market management (Yang T. W. et al., 2016). Therefore, the identification of the storage period of boletes has great significance to ensure its quality.

At present, Fourier transform infrared (FTIR) spectroscopy is widely used in the research field of Chinese herbal medicine and food identification (Bassbasi et al., 2014; Yang Y. et al., 2016). This technology can be used for rapid, simple, and nondestructive detection of samples, and it can effectively reflect the composition characteristics of complex substances. However, the ingredients of the samples are often very complex, which results in the overlap of the spectral signals, so it is difficult to extract useful information from the FTIR spectral signals (Chen et al., 2018). 2DCOS is a versatile tool which can extract useful information under some chemical or physical stimulus from a series of spectra. We can get the synchronous and asynchronous correlation spectra according to the cross-correlation analysis of spectral variations caused by perturbation. Moreover, 2DCOS has higher spectral resolution. The characteristic information of weak peak, migrating peak, and overlapping peak can be extracted effectively. Therefore, it is a beneficial alternative to standard infrared spectroscopy (Noda, 2014a,b, 2016, 2018; Yang et al., 2020). In recent years, 2DCOS has been widely used in the field of Chinese herbal medicine and food identification. Walkowiak et al. (2019) detected the adulterants in dietary supplements with Ginkgo biloba extract by 2DCOS. Qu et al. (2016) used 2DCOS for chemical profiling and adulteration screening of Aquilariae Lignum Resinatum. Chen et al. (2018) adopted i2DCOS technology to visually identify the adulteration of Chinese medicinal materials. Noda (2018) studied the D-glucose anomers undergoing a mutarotation process in water by 2DCOS.

Nowadays, computer processing methods are widely used in chemical data analysis. When traditional machine learning methods are used to identify 2DCOS spectral data, there is a large amount of data and the processing process is complex, which requires artificial design and extraction of characteristic variables. Deep learning is excellent at processing high-dimensional data with complex structures. It is currently used in image recognition, speech recognition, drug molecular activity prediction, particle accelerator data analysis, prediction of the effect of DNA mutations on gene expression, agricultural production, and natural language understanding (Guo et al., 2015; LeCun et al., 2015; Kamilaris and Prenafeta-Boldú, 2018). A convolutional neural network (CNN) is an efficient recognition method developed in recent years and has attracted widespread attention. It has been successfully applied to image recognition (Albawi et al., 2017). Generally, the processing effect is better with the depth of network increase in CNN. However, there is a gradient explosion problem in the deep network, which leads to the model accuracy degradation (He et al., 2016; Jiao et al., 2017). Gradient explosion refers to the continuous accumulation of large error gradients during neural network training, which results in significant updating of model weights. It will cause the model to be unstable and unable to use the training data to learn. The residual convolutional neural network (ResNet) can overcome the problem of gradient explosion caused by network deepening of CNN (Wu et al., 2019). At present, the application of deep learning in the identification field of boletes is rare, and the identification of food and Chinese medicinal materials using the ResNet method combined with 2DCOS is even less. In this article, ResNet combined with 2DCOS was used to identify the storage period of wild-grown boletes, which is an innovation in this field.

In this research, we collected 2,018 fruiting bodies of wild-grown boletes for four storage periods in Southwest China (mainly in Yunnan Province). Then we intercepted the 1,750– 400-, 1,450–1,000-, 1,150–1,000-cm–1 bands and used the two-trace two-dimensional (2T2D) (Yang et al., 2020) method to generate the synchronous 2DCOS, asynchronous 2DCOS, and i2DCOS spectra of all samples. In this way, nine data sets and a total of 18,162 2DCOS spectral images were obtained. Finally, we established ResNet models for these nine data sets and analyzed the models through accuracy, loss values, and external verification results to find the optimal model. Therefore, the deep learning method is extended in the field of food.



MATERIALS AND METHODS


Sample Information

The 2,018 samples in the experiment were collected from 2011 to 2014 in 12 regions of Southwest China. Details of the sample are shown in Supplementary Table 1. The geographical information is shown in Supplementary Figure 1; the red highlighted points are the 12 geographical areas of boletes listed in Supplementary Table 1, such as Kunming, Yuxi, and Chuxiong.



Instruments and Reagents

An FTIR spectrometer (equipped with a DTGS detector, with a scanning range of 4,000–400 cm–1 and a scanning signal that accumulated 16 times with 4-cm–1 resolutions, PerkinElmer, United States), SY3200-T type ultrasonic cleaning instrument (with a power of 150 W and frequency of 55 kHz, Shanghai Sound Source Ultrasonic Instrument Equipment Co., Ltd., Shanghai, China), YP-2 tablet press (Shanghai Shanyue Scientific Instrument Co., Ltd., Shanghai, China), FW-100 high-speed grinder (Tianjin Huaxin Instrument Factory, Tianjin, China), and 80-μm mesh sieve (Zhejiang Shangyu Daoxu Wusi Instrument Factory, Zhejiang, China) were used.



Mid-Infrared Spectral Acquisition

The samples were cleaned after collection, dried at a constant temperature of 50°C, crushed and passed through an 80-μm mesh sieve, and stored for later use. The 1.5 ± 0.2-mg powder of each sample and 150 ± 20-mg KBr powder were accurately weighed, then fully mixed in an agate mortar, and ground into fine powder. Finally, the fine powder was poured into the grinding tool and pressed into a sheet of uniform thickness. The FTIR spectrometer was preheated for 30 min for sample determination, and the sample was repeated two times to take the average spectrum. The interference of CO2 and H2O was deducted from the blank sample before scanning.



Two-Dimensional Correlation Spectroscopy and Integrative Two-Dimensional Correlation Spectroscopy Spectral Acquisition

According to the theory of Noda, for the spectra measured at m steps with an equal interval of perturbation t, the dynamic spectral intensities at the variable v are expressed as a column vector S (Chen et al., 2018):

[image: image]

A set of one-dimensional MIR spectra of m samples can be converted into an m × n data matrix, where n is the number of spectral data points. Then, the synchronous (Φ) and asynchronous (ψ) two-dimensional correlation intensities between the different frequencies v1 and v2 can be calculated as (Yang R. J. et al., 2014, 2015, 2020)

[image: image]
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where N is the j-th row and k-th column of the Hilbert–Noda matrix, which is defined as

[image: image]

Synchronous 2DCOS represents the total degree of similarity between the spectral intensity measured at two different wave numbers over time. The asynchronous 2DCOS represents the difference of the dynamic change behavior of spectral intensity with time. This two-dimensional correlation analysis can be applied not only to any spectral signal that depends on the change of time but also to the spectral signal that depends on the change of other physical variables.

The integrative two-dimensional correlation intensity between the different frequencies v1 and v2 is defined as (Chen et al., 2018).

[image: image]

In this article, matrix S (m × n) contains two spectral data (m = 2): the first is the average MIR spectrum and the second is the i-th MIR spectrum about each storage period of bolete mushrooms (Yang et al., 2013, 2015). The synchronous 2DCOS, asynchronous 2DCOS, and i2DCOS spectra of the i-th sample of each storage period can be obtained through Equations 2, 3, 5. We respectively intercepted 1,750– 400-, 1,450–1, 000-, and 1,150–1,000-cm–1 fingerprint regions and converted them into three types of 2DCOS spectra that we described above using Matlab 2017. Figure 1 shows this process.


[image: image]

FIGURE 1. The generation processes of 2DCOS and i2DCOS.


Before deep learning modeling, we need to preprocess the 2DCOS spectral image. Firstly, we selected 90% of the samples of each storage period (1,414 samples) from all 2,018 samples for the model establishment, and the other 10% (about 200 samples) was used for external verification. Then, we used the Kennard–Stone algorithm to select the train set and test set in these 1,414 samples. After that, all one-dimensional spectral data of the train set and test set were converted into 2DCOS spectra by Matlab. Finally, we stored the 2DCOS spectra in the form of JPEG images with the same size as 128 × 128 pixels for later deep learning modeling.

The specific implementation process is shown as follows (take synchronous 2DCOS as an example):

Step 1: Data preparation was carried out, where data of one storage period of boletes were taken out. The data matrix is m × n, where m is the number of samples and n is the number of feature points contained in each spectrum.

Step 2: The Kennard–Stone algorithm was used to segment the train set (P_train) and test set (P_tset).

Step 3:  The chemical fingerprint data set of key feature points was obtained.

Step 4:  The average spectrum was calculated and stored in mdata.

Step 5: Sample = 1.

Step 6: A = [mdata P_train′ (:, sample)],

B = [mdata P_test′ (:, sample)],

Synchronous: Φtrain = n × A × A′, Φtest = n × B × B′, where [image: image];

Synchronous 2DCOS spectra were obtained by using the contour function in Matlab;

Sample = Sample + 1, if Sample ≤ m is true, continue with Step 6.

Step 7: If Sample ≤ m is not true, the program ends.



Deep Learning Model Establishment

We selected MXNet as the deep learning framework, and we adopted a four-core 8G ECS cloud server which was installed with Anaconda and Python as the data processing hardware platform. Moreover, we installed MxBoard for training process visualization.

As an excellent deep learning network, ResNet could overcome the deficiency of network degradation by residual block, which is shown in Supplementary Figure 2. We can see that the residual block superimpose y = x layers (shortcut connections) on a regular shallow network whose output is F(x), so the learning objective becomes H(x) – x, which is the residual F(x) (He et al., 2016).

In this research, we established a 12-layer ResNet whose input data are 2DCOS and i2DCOS spectral images. In the model, we used two kinds of residual blocks. The identity residual block (identity block) is chosen to establish a model when the dimensions of input and output are consistent; the structure of the identity block is displayed in Supplementary Figure 3A. Otherwise, if the dimensions of input and output are inconsistent, we introduce the convolutional residual block (conv block) whose convolution kernel size is 1 × 1 to match the input and output dimensions (He et al., 2016). The structure of conv block is displayed in Supplementary Figure 3B.

The structure of the model is displayed in Figure 2. The input data are fed into module 1, which consists of convolution, BatchNorm normalization, and Relu nonlinear activation. Then, the processed data are input into module 2, module 3, and module 4. These modules contain the identity block and conv block we mentioned above. The Global Average Pooling in module 5 is introduced to extract the important features, and the flattened layer is used to convert the multidimensional features into one dimension. Finally, the full connection layer is used for output. In our model, the weight attenuation coefficient λ of the model is 0.0001, and the learning rate is 0.01. The abscissa is the number of epochs, and the ordinate is the accuracy rate and cost function value in all the curves. The smoothing parameter of the curve was 0.6 in MxBoard.


[image: image]

FIGURE 2. The structure of the ResNet model.




Deep Learning Discrimination Strategy

The deep learning discrimination strategy for four storage periods (9, 8, 7, and 6 years) of boletes is shown in Figure 3. We acquired nine 2DCOS image datasets, which are synchronous 2DCOS, asynchronous 2DCOS, and i2DCOS spectra of 1,750– 400-, 1,450–1, 000-, and 1,150–1,000-cm–1 bands. A total of 18,162 2DCOS images were obtained from these nine data sets, and these digital images were modeled. With synchronous 2DCOS at band 1,750–400 cm–1 taken as an example, the 2DCOS images were divided into the train set, test set, and external validation set, and the details are shown in Table 1. The train set was first fed into the model for training, and then the stochastic gradient descent (SGD) method is used to find the optimal parameters and minimize the value of the loss function. The test set is used to verify whether the performance of the final selected model is optimal or not. Finally, the generalization capability of the model is verified by the external validation set.


[image: image]

FIGURE 3. Deep learning discrimination strategy of the storage period.



TABLE 1. The details of data set partitioning.

[image: Table 1]


RESULTS AND DISCUSSION


Analysis of Original Mid-Infrared Spectra

The original MIR spectra of four storage periods of boletes are shown in Figure 4. The band of 3,600–3,200 cm–1 is caused by hydroxyl stretching absorption, and this band is mainly introduced by a strong water interference, so the region is usually not selected for chemical analysis (Qi et al., 2018). The 3,000–2,850-cm–1 band may be methylene caused by fatty acid compounds (Fischer et al., 2006). The band of 1,700–1,650 cm–1 is mainly distributed by proteins, and the 1,650–1,500-cm–1 band is composed of amide I and amide II (Zervakis et al., 2012). Many small peaks appear in the 1,450–1,200-cm–1 band, which are caused by a mixture of proteins, fatty acids, and polysaccharides (Ma et al., 2016). The band of 1,000–1,200 cm–1 is the carbohydrate region, in which 1,032 and 1,080 cm–1 are considered to be chitin structures (O’Gorman et al., 2010; Mellado-Mojica and López, 2015). Glucan and mannan are mainly concentrated in the 900–800-cm–1 band (Ma et al., 2016). Many peaks are concentrated in the band of 900–400 cm–1, and the study shows that this region can be better used for chemometric analysis. It can be seen from the figure that the absorption peaks of FTIR spectra of samples in different storage periods are significantly different in each band, which indicates that the contents of various compounds may be different among samples. However, this is still difficult to distinguish by human observation, so we need to use computer methods for analysis (such as machine learning).


[image: image]

FIGURE 4. The original MIR spectra.




The Spectral Properties of Two-Dimensional Correlation Spectroscopy

Synchronous 2DCOS are symmetric about diagonals, and the correlation peaks may appear on or outside the diagonal. The intensity peak appearing on the diagonal is called autopeak, which is the autocorrelation function value of the spectral intensity change, so the intensity of the autocorrelation peak in the 2DCOS is always positive, and its magnitude represents the total degree of dynamic change of spectral intensity in the correlation period. Therefore, in the dynamic spectrum, the regions with large intensity variations show strong autocorrelation peaks, while those regions that remain constant have minimal or no autocorrelation peaks, which indicates the influence of the microenvironment on the movement of functional groups (Noda, 1990). The cross-peaks are located outside the diagonal and represent synchronous changes in the spectral signal at different wave numbers. This synchronous variation implies that there may be paired or correlated variations in spectral intensity (Wu and Wang, 2000).

Asynchronous 2DCOS is antisymmetric about the diagonal; it has only a cross-peak but no autopeak. The different effects shown by the different ingredients of substances or chemical functional groups in the mixture can be clearly expressed in the asynchronous 2DCOS. The presence of asynchronous cross-peaks indicates that these peaks are formed from different sources or functional groups in different molecules.

It is difficult to explain the false cross-peaks with asynchronous 2DCOS due to noise interference, and the digital smoothing algorithm will reduce spectral resolution. In Equation 5, the synchronous spectrum can be considered a physical filter, while the i2DCOS can be considered as the result of the physical filtering of the asynchronous spectrum. Therefore, i2DCOS is clearer than the asynchronous spectrum (Chen et al., 2018).



Discrimination Results of the 1,750–400-cm–1 Band

The synchronous 2DCOS, asynchronous 2DCOS, and i2DCOS spectra of the 1,750–400-cm–1 band of boletes collected from 2011 to 2014 are shown in Figure 5. In Figure 5A, the synchronous 2DCOS spectra of boletes with storage periods of 9, 8, and 7 years are similar, with a strong autopeak at 1,079 cm–1, which may be caused by stretching vibrations about the C–C structure of chitin in mushrooms (O’Gorman et al., 2010). There are relatively weak autopeaks at 1,403 and 1,647 cm–1. Among them, the autopeaks at 1,403 cm–1 may be due to the C–O–H bending vibration of polysaccharides and proteins (Mohacek-Grosev et al., 2001). The autopeaks at 1,647 cm–1 may be caused by C–N stretching vibration and C = O stretching vibration in the protein ingredients (Fischer et al., 2006). At 650 cm–1, there was no autopeak in the 9-year storage period, while there was a weak autopeak in the 8- and 7-year storage periods. Moreover, the cross-peaks of the three storage periods were similar. The synchronous 2DCOS spectra of the 6-year storage period are quite different from those of the other three storage periods. There is no autocorrelation peak at 1,079 cm–1, but there is a strong autopeak at 650 cm–1 and a weak autopeak at 1,200 and 1,647 cm–1. Figure 5B shows the asynchronous 2DCOS of boletes with different storage periods. There are two cross-peaks at 1,043 and 1,647 cm–1 in the spectra of the 9-year storage period. The cross-peaks in the spectra of the 8- and 7-year storage periods are very messy that it is almost impossible to get results from human observation. Similarly, the asynchronous 2DCOS spectra of the 6-year storage period are different from those of the other three storage periods, which have a lot of cross-peaks. The i2DCOS spectra of four storage periods are shown in Figure 5C. These spectra are similar to asynchronous 2DCOS, but they are much clearer. In particular, the spectra of 8- and 7-year storage periods have fewer cross-peaks.
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FIGURE 5. (A) The synchronous 2DCOS spectra of the 1,750–400-cm–1 band. (B) The asynchronous 2DCOS of the 1,750–400-cm–1 band. (C) The i2DCOS spectra of the 1,750–400-cm–1 band.


Figure 6 shows the accuracy curves and the cross-entropy cost function value of synchronous 2DCOS, asynchronous 2DCOS, and i2DCOS spectral model in the 1,750–400-cm–1 band. We can see that the train set accuracy of the three models is all 100%, but the accuracy of the test set is different. The test set accuracy of the synchronous 2DCOS spectral model is 100% while the loss value is 0.0033 at 34 epochs, the test set accuracy of the asynchronous 2DCOS spectral model is 83.1% while the loss value is 0.0220 at 28 epochs, and the test set accuracy of the i2DCOS spectral model is 82.3% while the loss value is 0.0042 at 38 epochs. The synchronous 2DCOS spectra have the highest accuracy, the asynchronous 2DCOS and the i2DCOS spectral models have a relatively low accuracy, and the accuracy curve fluctuates greatly, so these two models are not reliable. The loss function value of the three models is all close to zero when the epoch increases; this indicates that the models have good convergence effects.
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FIGURE 6. (A) The accuracy curves of synchronous 2DCOS spectra on the 1,750–400-cm–1 band. (B) The cross-entropy cost function of synchronous 2DCOS spectra on the 1,750–400-cm–1 band. (C) The accuracy curves of asynchronous 2DCOS spectra on the 1,750–400-cm–1 band. (D) The cross-entropy cost function of asynchronous 2DCOS spectra on the 1,750–400-cm–1 band. (E) The accuracy curves of i2DCOS spectra on the 1,750–400-cm–1 band. (F) The cross-entropy cost function of i2DCOS spectra on the 1,750–400-cm–1 band.


Figure 7 is the confusion matrix of the 2DCOS and i2DCOS spectral models on the 1,750–400-cm–1 band. There are 200 spectral images belonging to the external validation set in our study. In Figure 7A, we can see that all spectral images in the external validation set are classified correctly. It shows that the synchronous 2DCOS spectral model on the 1,750–400-cm–1 band has a strong generalization ability. In Figure 7B, 68 spectral images are identified incorrectly, which account for 34% of the external validation set. Among them, all the samples with a storage period of 7 years are wrongly identified as a storage period of 9 years, and all the samples with a 9-year storage period are wrongly identified as 8 years. As shown in Figure 7C, 31 samples are identified incorrectly, which account for 15.5% of the external validation set. Therefore, in terms of generalization ability on the band 1,750–400 cm–1, the synchronous 2DCOS model is the best, the i2DCOS model is the second best, and the asynchronous 2DCOS model is the worst.
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FIGURE 7. (A) The confusion matrix of the synchronous 2DCOS spectra model on the 1,750–400-cm–1 band. (B) The confusion matrix of the asynchronous 2DCOS spectra model on the 1,750–400-cm–1 band. (C) The confusion matrix of the i2DCOS spectra model on the 1,750–400-cm–1 band.




Discrimination Results of the 1,450–1,000-cm–1 Band

Figure 8 displays the synchronous 2DCOS, asynchronous 2DCOS, and i2DCOS spectra of four storage periods on the 1,450–1,000-cm–1 band of boletes. In Figure 8A, the synchronous 2DCOS of boletes with storage periods of 9, 8, and 7 years have a strong autopeak at 1,079 cm–1. There is a relatively weak autopeak at 1,400 cm–1. The cross-peaks of the three storage periods are all located at 1,400 and 1,043 cm–1. Similar to band 1,750–400 cm–1, the synchronous 2DCOS of the 6-year storage period has no autocorrelation peak at 1,079 cm–1, but there is a strong autopeak at 1,200 cm–1. In Figure 8B, the asynchronous 2DCOS of boletes with different storage periods are diverse from each other. We can see clearly that there are two cross-peaks at 1,043 and 1,403 cm–1 in the spectra of the 9-year storage period, and there are two cross-peaks at 1,043 and 1,200 cm–1 in the spectra of the 6-year storage period. The cross-peaks in the spectra of 8- and 7-year storage periods are disorganized. Figure 8C displays the i2DCOS of the four storage periods. The spectra of the 9- and 6-year storage periods have clear cross-peaks. However, the cross-peaks of the other two storage periods are not obvious.
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FIGURE 8. (A) The synchronous 2DCOS spectra of the 1,450–1,000-cm–1 band. (B) The asynchronous 2DCOS of the 1,450–1,000-cm–1 band. (C) The i2DCOS spectra of the 1,450–1,000-cm–1 band.


Figure 9 shows the accuracy curves and the cross-entropy cost function of synchronous 2DCOS, asynchronous 2DCOS, and i2DCOS spectral models in the 1,450–1,000-cm–1 band. With the increase of epoch, the accuracy of the train set can reach 100%. However, the accuracy curves of the test set are not stable. The test set accuracy of synchronous 2DCOS, asynchronous 2DCOS, and i2DCOS models is up to 98.8, 78.5, and 79.8%, respectively, while the loss value is 0.0032, 0.0068, and 0.0071 at 33, 38, and 37 epochs, respectively, which are all close to zero. Similarly, the synchronous 2DCOS spectra have the highest accuracy.
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FIGURE 9. (A) The accuracy curves of synchronous 2DCOS spectra on 1,450–1,000-cm–1 band. (B) The cross-entropy cost function of synchronous 2DCOS spectra on the 1,450–1,000-cm–1 band. (C) The accuracy curves of asynchronous 2DCOS spectra on the 1,450–1,000-cm–1 band. (D) The cross-entropy cost function of asynchronous 2DCOS spectra on the 1,450–1,000-cm–1 band. (E) The accuracy curves of i2DCOS spectra on the 1,450–1,000-cm–1 band. (F) The cross-entropy cost function of i2DCOS spectra on the 1,450–1,000-cm–1 band.


Figure 10 is the confusion matrix of the model on the 1,750–400-cm–1 band. We can see from Figure 10A that the one spectral image belonging to the 6-year storage period is wrongly predicted as belonging to the 7-year storage period, the 103 spectral images belonging to the 8-year storage period are wrongly predicted as belonging to the 7-year storage period, the four spectral images belonging to the 9-year storage period are wrongly predicted as belonging to the 7-year storage period, and these account for 54% in the external validation set of the synchronous 2DCOS spectral model. Although the test set accuracy of this model is very high, its generalization ability is very poor, so it is not a good model. In Figure 10B, 45 spectral images are predicted incorrectly in the asynchronous 2DCOS spectral model, which account for 22.5% of the external validation set, and there are 50 spectral images predicted incorrectly in the i2DCOS spectral model in Figure 10C whose error rate is as high as 25%. Therefore, the generalization ability of the three models on the band 1,450–1,000 cm–1 is all disappointing.
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FIGURE 10. (A) The confusion matrix of synchronous 2DCOS spectra model on the 1,450–1,000-cm–1 band. (B) The confusion matrix of the asynchronous 2DCOS spectra model on the 1,450–1,000-cm–1 band. (C) The confusion matrix of the i2DCOS spectra model on the 1,450–1,000-cm–1 band.




Discrimination Results of the 1,150–1,000-cm–1 Band

The three models of the four storage periods on the 1,150–1,000-cm–1 band of boletes are displayed in Figure 11. We can see from Figure 11A that the synchronous 2DCOS spectra of boletes with storage periods of 9, 8, and 7 years are almost the same. They all have a strong autopeak at 1,079 cm–1. Because the intercepted band is short, only one crossover peak is shown, which is magnified and clearly displayed. The 6-year storage period spectra are completely different, and there is no autocorrelation peak at 1,079 cm–1, so they can be recognized intuitively. Figure 11B shows the asynchronous 2DCOS of boletes with different storage periods on the 1,150–1,000-cm–1 band. The 9-year storage period spectra are very disordered, and computer processing is required to identify them. There are two cross-peaks at 1,025 and 1,073 cm–1 in the spectra of 8- and 7-year storage periods, but the intensity of the cross-peaks is different. There is no whole cross-peak in the 6-year storage period spectra. Figure 11C displays that the cross-peaks in the i2DCOS spectra of the four storage periods are the same as that of asynchronous 2DCOS on the 1,150–1,000-cm–1 band.
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FIGURE 11. (A) The synchronous 2DCOS spectra of the 1,150–1,000-cm–1 band. (B) The asynchronous 2DCOS of the 1,150–1,000-cm–1 band. (C) The i2DCOS spectra of the 1,150–1,000-cm–1 band.


Figure 12 shows the accuracy curves and the cross-entropy cost function of synchronous 2DCOS, asynchronous 2DCOS, and i2DCOS spectral models on the 1,150–100-cm–1 band. We can see that the train set accuracy of synchronous 2DCOS and asynchronous 2DCOS is 100%, and the train set accuracy of the i2DCOS spectral model is 99.8%. The test set accuracy of the synchronous 2DCOS spectral model is up to 98.7% while the loss value is 0.0048 at 31 epochs, the test set accuracy of the asynchronous 2DCOS spectral model is up to 75% while the loss value is 0.0067 at 35 epochs, and the test set accuracy of the i2DCOS spectral model is up to 70.9% while the loss value is 0.0083 at 35 epochs. Though the loss function of the three models is all close to zero, the accuracy curve fluctuates greatly. Therefore, the stability of the model needs further verification.
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FIGURE 12. (A) The accuracy curves of synchronous 2DCOS spectra on the 1,150–1,000-cm–1 band. (B) The cross-entropy cost function of synchronous 2DCOS spectra on the 1,150–1,000-cm–1 band. (C) The accuracy curves of asynchronous 2DCOS spectra on the 1,150–1,000-cm–1 band. (D) The cross-entropy cost function of asynchronous 2DCOS spectra on the 1,150–1,000-cm–1 band. (E) The accuracy curves of i2DCOS spectra on the 1,150–1,000-cm–1 band. (F) The cross-entropy cost function of i2DCOS spectra on the 1,150–1,000-cm–1 band.


The confusion matrix of the model on the 1,150–100-cm–1 band is shown in Figure 13. In Figure 13A, there are only three spectral images which are wrongly predicted in the synchronous 2DCOS spectral model. In Figure 13B, 52 spectral images are predicted incorrectly in the asynchronous 2DCOS spectral model, which account for 26% of the external validation set, and there are 58 spectral images predicted incorrectly in the i2DCOS spectral model in Figure 13C. The error rate of the i2DCOS spectral model is as high as 29%. In three models at the 1,150–100-cm–1 band, the asynchronous 2DCOS spectral model and the i2DCOS spectral model have poor generalization ability.
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FIGURE 13. (A) The confusion matrix of synchronous 2DCOS spectra model on the 1,150–1,000-cm–1 band. (B) The confusion matrix of asynchronous 2DCOS spectra model on the 1,150–1,000-cm–1 band. (C) The confusion matrix of i2DCOS spectra model on the 1,150–1,000-cm–1 band.




Comparison of Model Recognition Results

Table 2 presents the loss value and accuracy (train set, test set, and external validation set) of nine models on bands 1,750–400, 1,450-1,000, and 1,150–1,000 cm–1. The model of synchronous 2DCOS on the 1,750–400-cm–1 band has 100% accuracy of the train set, test set and external validation set. It shows that the model has strong stability and generalization ability. The synchronous 2DCOS model on the 1,150–1,000 cm–1 band comes next. Its train set accuracy is 100%, test set accuracy is 98.7%, and external validation set accuracy is 98.5%. These two models have high accuracy and generalization ability, and they can be used to identify the storage period of boletes. The synchronous 2DCOS model on the 1,450–1,000-cm–1 band has a high accuracy rate, but its generalization ability is poor, so this model is not reliable. The asynchronous 2DCOS model and i2DCOS model on these three bands are all not good. Especially for the i2DCOS model on the 1,150–1,000-cm–1 band, the accuracy of the test set is only 70.9%, and the accuracy of the external verification set is only 71%. Therefore, the accuracy and generalization ability of the model are all poor. This result implies that the synchronous 2DCOS spectral model was more suitable for us to establish a deep learning model based on digital image processing in the storage period identification of boletes.


TABLE 2. The model comparison results.

[image: Table 2]On the basis of these results, we conclude that the models of the 1,750–400-cm–1 band are the best, the models of the 1,150–1,000-cm–1 band are second best, and the models of the 1,450–1000-cm–1 band are relatively poor, so the band is not the key factor affecting the recognition results. Moreover, the loss values of all models are close to zero, which indicates that the loss values are not affected by band and 2DCOS types. In terms of the type of 2DCOS, the synchronous 2DCOS models are superior to asynchronous 2DCOS models and i2DCOS models. Therefore, the synchronous 2DCOS model on the 1,750–400-cm–1 band is the best. It may be that the color information of synchronous spectra is richer and that the line information of its autopeaks and cross-peaks are clearer on the 1,750–400-cm–1 band. It shows that the synchronous model of this band is more suitable for deep learning modeling.

There are a lot of surface morphological differences in different growth stages of the same species of boletes, so it is difficult to identify accurately the growth stage. In addition, fresh boletes are not easy to preserve, and its perinatal period is greatly affected by the season, so it cannot be supplied all year round and most boletes need to be dried and preserved. The smell, flavor, and nutritional value of bolete mushrooms deteriorate with the increase of storage, so the price varies significantly with the length of storage. In order to obtain greater profits, the different storage periods of bolete mushrooms in the market consider fake as real and shoddy as good. The results of this study can provide a fast, reliable, and low-cost method for the identification of the storage period of boletes, which has certain practical application value and provides a scientific basis for the quality control and market management of bolete mushrooms.



CONCLUSION

In this study, 2DCOS technology combined with deep learning was used to identify the storage period of boletes in order to carry out quality control on them. We used digital image processing technology for ResNet modeling of 2DCOS spectral images, which is the innovation point of this work. By comparison, we know that the model of synchronous 2DCOS on 1,750–400- and 1,150–1,000-cm–1 bands has strong stability and generalization ability, and they can be used to identify the storage period of boletes. In particular, the accuracy of the test set and external validation set on the 1,750–400-cm–1 band can reach 100%, and its loss value is as low as 0.0033, which is close to zero. Simultaneously, the band is not the key factor affecting the recognition results, but the type of 2DCOS has a great influence on the recognition result, and the synchronous 2DCOS recognition effect is the best. In general, our method is feasible, and the identification results are reliable. In the following research, we need to continue to expand the number of samples and study new deep learning models. Of course, we need to generalize the current model to other applications.
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The extensive use of antibiotics has caused antimicrobial resistance and multidrug resistance in Escherichia coli and gradual expands it into a worldwide problem. The resistant E. coli could be transmitted to humans through animal products, thereby creating a problem for bacterial treatment in humans and resulting in a public health issue. This study aims to investigate the molecular typing and drug resistance of swine and human origin E. coli within the same prefecture-level cities of Shandong Province and the potential risk of E. coli on public health. The drug sensitivity results indicated that tetracycline (TE) (97.17%) is a major antibiotic with high drug resistance in 106 swine origin E. coli. There was a significant difference in the drug-resistant genotypes between the two sources, of which the blaTEM positive rate was the highest in the genera of β-lactams (99% in swines and 100% in humans). Among the 146 E. coli isolates, 98 (91.51% swine origin) and 31 (77.5% human origin) isolates were simultaneously resistant to three or more classes of antibiotics, respectively. The multi-locus sequence typing (MLST) results indicate that the 106 swine origin E. coli isolates are divided into 25 STs with ST1258, ST361, and ST10 being the dominant sequence analysis typing strains. There were 19 MLST genotypes in 40 strains of human E. coli from Tai'an, Shandong Province, with ST1193, ST73, ST648, ST131, ST10, and ST1668 being the dominant strains. Moreover, the cluster analysis showed that CCl0 and CC23 were the common clonal complexes (CCs) from the two sources. Our results provide a theoretical basis for guiding the rational use of antibiotics and preventing the spread of drug-resistant bacteria, and also provide epidemiological data for the risk analysis of foodborne bacteria and antimicrobial resistance in swine farms in Shandong Province.

Keywords: Escherichia coli, analysis of drug resistance, drug-resistant phenotype, drug-resistant genotype, multi-locus sequence typing


INTRODUCTION

Escherichia coli is one of the most common bacteria in human and animal intestines, which can cause a variety of infectious diseases, such as peritonitis, cholecystitis, cystitis, and diarrhea. Meanwhile, it is also an important health indicator in food (1). In recent years, the unreasonable use of antibiotics, such as aminoglycoside, sulfonamide, and fluoroquinolone, has led to increasingly serious drug resistance of E. coli, particularly the emergence of multi-drug-resistant (MDR) strains and even superbugs, due to the production of extended-spectrum β-lactamamide (ESBL), thereby bringing huge economic losses to Chinese animal husbandry and posing a serious threat to human health (2, 3). All the main subtypes are the ESBLs producing E. coli isolated from diarrhea swinelets (4) in South Central Taiwan, slaughterhouse healthy swines (5) in central Portugal, farm healthy swines (6) in Denmark, and dairy farms (7) in Israel.

There are many ways for antibiotic residues to enter the environment. Some antibiotics like fluoroquinolones and tetracyclines (TEs) could not be completely metabolized in swines, consequently their residues may be detected in dust, feces, sewage, soil, surface water, and crops (8–12). These different antibiotic residue pools are ideal breeding grounds for resistance bacteria. The drug resistance of bacteria from edible animals in the process of breeding may be transmitted through the food chain, as well as exemplified by swine breeding, which is a part of human food chain. Unlimited proliferation of super bacteria and the highly frequent occurrence of MDR strains will bring new challenges to the existing medical and healthiness conditions in China (13).

Multi-locus sequence typing (MLST) is a method to accurately record the variations in the bacterial gene level by measuring the nucleotide sequences of four to eight housekeeping genes. MLST technology can conveniently transmit nucleic acid sequences through the internet to analyze the evolution and population biological characteristics of bacteria (14), thereby reflecting their epidemiology, pathogenicity, and evolution (15). Additionally, MLST can also be used to trace the source and spread of drug-resistant strains. By using the MLST method and sequence analysis of one or two resistance genes, the E. coli-producing ESBL can be well-distinguished (16).

Previous studies mainly focused on the drug resistance of E. coli in chickens, swines, and other major food animals (17, 18) while the relationship between the resistance of E. coli from swine and human sources was less studied. To provide a guidance for the rational use of antibiotics in clinical practice, we studied the drug sensitivity of E. coli strains in swine samples from the different areas of Shandong Province, China. In this study, the drug sensitivity results indicated that TE (97.17%) is a major antibiotic with high drug resistance in swine origin E. coli. So, we focused on the genetic evolutionary relationship between human- and swine-derived TE-resistant E. coli and the potential risk of E. coli on clinical public.



METHODS AND MATERIALS


Ethics Statement

The study protocol and swine studies were approved by the Animal Care and Use Committee of Shandong Agricultural University, Tai'an, China. Human sample collection was carried out in accordance with the approved guidelines of the Ethics Committee of Tai'an City Central Hospital during routine checkups by medical professionals. All the subjects gave written informed consent in accordance with the Declaration of Helsinki.



Sample Collection of E. coli

As shown in Table 1, a total of 325 swine samples were collected from 5 fattening swine farms of 3 cities in Shandong Province from January to August 2018, with a sample and region distribution of the following: 230 from Tai'an City [100 in Daiyue District 1 (TDY1), 60 in Daiyue District 2 (TDY2), and 70 in Xin'tai District (TXT)], 50 in Laiwu District of Jinan City (JLW), and 45 from Jining City (JN). In the meantime, 40 non-repetitive TE-resistant E. coli strains were selected randomly from the 236 TE-resistant E. coli strains of clinical patient samples from 1 hospital in Tai'an from December 2017 to February 2018. The cases in this hospital came from Tai'an and surrounding prefecture-level cities, which are the same as the swine-sourced cases. In addition, these strains were identified using the Vitek-2 Compact Automatic Microbiology Analysis System (Biomérieux, Marcy-l'Étoile, France) in accordance with the standards of the American Society for Clinical and Laboratory Standardization Institute (CLSI) (19).


Table 1. The results of isolation and identification of swine origin Escherichia coli strains.
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Sensitivity Testing of Antimicrobial Drugs

For the analyses of 146 isolated strains, the antimicrobial susceptibility testing was performed using the Kirby–Bauer disk (purchased from Thermo Fisher Scientific, Shanghai, China) diffusion method to test 29 commonly used antibiotics, including amikacin (AK), gentamicin (CN), imipenem (IPM), meropenem (MEM), cefazolin (KZ), ceftazidime (CAZ), cefotaxime (CTX), cefepime (FEP), aztreonam (ATM), ampicillin (AMP), ampicillin/sulbactam (SAM), piperacillin tazobactam (TZP), ciprofloxacin (CIP), levofloxacin (LEV), tetracycline (TE), chloramphenicol (C), piperacillin (PRL), cotrimoxazole (trimethoprim/sulfamethoxazole, SXT), moxifloxacin (MXF), colistin B (PB), and amoxicillin with clavulanic acid (AMC), methicillin (MET), cefuroxime (CXM), ceftriaxone (CRO), tobramycin (TOB), cefoxitin (FOX), cefoperazone/sulbactam (SCF), ertapenem (ETP), and tigecycline (TGC). The results of the minimal inhibitory concerting (MIC) of antibacterial drugs were interpreted according to the CLSI and were classified as sensitive, drug resistance, and intermediary, with the sensitive laboratory E. coli strain DH5α as a negative control (19). The MIC90 values of antibiotics of 146 E. coli strains were shown in Supplementary Tables 1, 2. In this study, we defined the strains with resistance to three or more classes of antimicrobials (β-lactams as one class) as MDR strains and identified the synergistic effect among AMC, CTX, and FEP as the sign of ESBL (20).



Genotype Detection of Antibiotic Resistance

For genotypic analyses of 146 isolated strains in this study, the bacterial DNA templates were prepared by the boiling method as follows: adding 10 μl of single bacteria into a 1.5-ml EP tube with the pre-added 300 μl of sterile water, heating at 105°C in a metal bath for 10 min, centrifugating at a speed of 12,000 r/min for 3 min, transferring the supernate into a new centrifuge tube as the bacterial nucleic acid template, and then storing at −20°C until use. PCR was performed as described previously (21–26) (Table 2) to detect the five genes for SXT resistance (qacEΔ1-sull for quaternary ammonium compounds (QACs-) sulfonamide-related gene and dfrA 1, dfrA 5, dfrA 12, and dfrA17 for four dihydrofolate reductase coding genes), eight TE-resistant genes (tetA, tetB, tetC, tetW, tetO, tetK, tetL, and tetM), four plasmid-mediated quinolone-resistant genes (PMQR) [qnrA, qnrB, qnrS, and aac (6′)-Ib-cr], three C-resistant genes (cat1, cmlA, and flor), and β-lactamase genes (blaTEM, blaSHV, blaCTX−M, and blaDHA). Due to the overlapping of 3′ end of QAC resistance gene qacEΔ1-sul1 with the first two codons of dihydropteroate synthase- (DHPS-) encoding gene sul1, only a pair of primers were designed in this study to complete the amplification of qacEΔ1-sul1 gene (21). The sequences of primers and annealing temperature used to test the presence of genes are described in Table 2. All PCR amplificons were sequenced by Sangon Biotech Co., Ltd., Shanghai, China, and the obtained DNA sequences were sequenced by BLAST with database at the National Center for Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.gov/genbank/).


Table 2. Tested genes and their specific primer sequences.
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MLST Analysis

For the MLST analysis of the isolated E. coli strains, the internal fragments of seven housekeeping genes (adk, fumC, gyrB, icd, mdh, purA, and recA) were amplified by PCR from bacterial DNA (the primers are indicated in Supplementary Table 3), and the resultant sequences were imported into the E. coli MLST database website (http://mlst.warwick.ac.uk/mlst/dbs/Ecoli/documents/primers Coli_html) to determine sequence types (STs) and clonal complexes (CCs) (Supplementary Tables 4, 5). The clustering of the different ST types of E. coli was carried out using the eBURST v3.0 software, which could reveal the existence of the same origin strains among distinct strains of various geographical sources as described previously (27).




RESULTS


Isolation and Identification of Swine Origin E. coli Strains

As shown in Table 1, a total of 106 E. coli strains were isolated from 325 fattening swine farm samples with a contamination rate of 32.62%. Of these samples, the contamination rate by JLW and JN samples was the highest (40%) followed by TDY2 samples (35%), TXT samples (31%), and TDY1 samples (25%).



Antibiotic Susceptibility Testing of E. coli

As indicated in Figure 1A, 21 antibiotics were tested and 13 kinds displayed high resistance to E. coli strains in swines as TE was the highest one (97.17%), followed by C (93.4%), AMP (89.62%), PRL (85.85%), and SXT (80.19%). The rates of the resistance to E. coli strains in other swines were lower than KZ (38.68%), SAM (25.47%), MXF (23.58%), CIP (22.64%), LEV (21.7%), CN (3.77%), CTX (2.83%), and ATM (1.87%). Three kinds of antibiotics such as PB (40.56%), TZP (0.94%), and AMC (0.94%) were the intermediate, while five kinds of antibiotics such as FEP, AK, IPM, MEM, and CAZ were sensitive (Figure 1).


[image: Figure 1]
FIGURE 1. Antibiotic susceptibility testing of swine origin Escherichia coli. (A) 21 antibiotics were tested and 13 kinds displayed high resistance to E. coli strains in swines as tetracycline (TE) was the highest one (97.17%), followed by chloramphenicol (C, 93.4%), ampicillin (AMP, 89.62%), piperacillin (PRL, 85.85%), and trimethoprim/sulfamethoxazole (SXT, 80.19%). The rates of the resistance to E. coli strains in other swines were lower as cefazolin (KZ, 38.68%), ampicillin/sulbactam (SAM, 25.47%), moxifloxacin (MXF, 23.58%), ciprofloxacin (CIP, 22.64%), levofloxacin (LEV, 21.7%), gentamicin (CN, 3.77%), cefotaxime (CTX, 2.83%), and aztreonam (ATM, 1.87%). (B) In addition to TE (100%), the other 22 antibiotics with high resistance to human-derived E. coli strains were AMP (90%), followed by methicillin (MET, 82.5%), SAM (75%), cefuroxime (CXM, 60%), KZ (57.5%), LEV (55%), CIP (55%), CTX (52.5%), ceftriaxone (CRO, 52.5%), cefepime (FEP, 52.5%), ATM (45%), tobramycin (TOB, 40%), CN (37.5%), ceftazidime (CAZ, 20%), cefoxitin (FOX, 15%), piperacillin tazobactam (TZP, 7.5%), and cefoperazone/sulbactam (SCF, 5%). In addition, the other five species [i.e., ertapenem (ETP), amikacin (AK), meropenem (MEM), tigecycline (TGC), and imipenem (IPM)] were sensitive.


In addition to TE (100%), the other 22 antibiotics with high resistance to human-derived E. coli strains were AMP (90%), followed by MET (82.5%), SAM (75%), CXM (60%), KZ (57.5%), LEV (55%), CIP (55%), CTX (52.5%), CRO (52.5%), FEP (52.5%), ATM (45%), TOB (40%), CN (37.5%), CAZ (20%), FOX (15%), TZP (7.5%), and SCF (5%). In addition, the other five species (i.e., ETP, AK, MEM, TGC, and IPM) were sensitive (Figure 1B). The results of antibiotic susceptibility rates of the two sources of E. coli were summarized in Table 3.


Table 3. The results of antibiotic susceptibility rates of the two sources of E. coli.
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Antibiotic Resistance Spectrum of E. coli

Swine-sourced drug resistance spectrum could be divided into 35 spectral types, 15 stains with 7 drug resistance/KZ+AMP+PRL+PB+SXT+C+TE and 15 stains with 5 drug resistance/AMP+PRL+SXT+C+TE being the most popular drug-resistant ones (Supplementary Table 4). The strains of seven drug resistance antibacterial spectra involved in seven ST types, which were distributed in all the five detection regions, while five drug resistances involved six ST types, which were also distributed in all the five detection areas (Supplementary Table 4). The two kinds of drug resistance antibacterial spectra were 28.30%. The other strains had more than three drug resistance types, except of No. 3 strain (from JLW and TE), No. 45 strain (from JN and C), and No. 103/94 strain (from TDY2) (-) only with one drug resistance (Supplementary Table 4).

The drug-resistant spectrum of the human source could be divided into 34 spectral types, with KZ+CTX+FEP+AMP+CIP+MET+CM+CAZ+TOB+SAM+ATM+LEV+TE being the most popular drug-resistant one (Supplementary Table 5).



Multiple Drug Resistance of E. coli

Among the 106 E. coli strains isolated from swines, 98 strains displayed MDR (i.e., resistance to three or more classes of antibiotics at the same time) accounting for 92.45% of the total isolates. Among them, the four classes of antibiotic-resistant (4R) strains were the most common ones, accounting for 32.08% (34/106), followed by strains resistant to the five classes of antibiotics (5R) accounting for 29.25% (31/106), resistant to the six classes of antibiotics (6R) occupying 20.75% (22/106), and the seven classes of antibiotics (7R) with 0.94% (1/106), respectively (Figure 2).
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FIGURE 2. Percentage of the E. coli strains from swines with no, one, or multiple drug resistance. Among the 106 E. coli strains isolated from swines, 98 strains displayed multi-drug resistance (i.e., resistance to three or more classes of antibiotics at the same time), accounting for 92.45% of the total isolates. Among them, the four classes of antibiotics-resistant (4R) strains were the most common ones, accounting for 32.08% (34/106), followed by strains resistant to the five classes of antibiotics-resistant (5R), accounting for 29.25% (31/106), resistant to the six classes of antibiotics resistant (6R), and the seven classes of antibiotics-resistant (7R), occupying 20.75% (22/106), and 0.94% (1/106), respectively.


Among the randomly selected 40 TE-resistant human E. coli strains, 31 strains exhibited multi-drug resistance, accounting for 77.5% of the total isolates. The strains resistant to 4R and 5R were the most common ones, each accounting for 27.5% (11/40), followed by the strains resistant to 6R, occupying 7.5% (3/40) (Figure 2).



Antibiotic Resistance Genotyping Testing of E. coli

About 26 genotypes of 5R commonly used in a clinic were studied, and the results revealed that the detection rate of Cs-resistant flor gene (100%) was the highest one in E. coli of swine origin, followed by blaTEM gene (99%) of β-lactamases and cmlA gene of C (97.17%), tetW genes (96.22%) and tetC gene (95.28%) of TEs, and the qacEΔ1-sulI gene of SXT (93.4%) and quinolones aac (6′)-Ib gene (93.4%) (Figure 3). Meanwhile, the detection rate of blaTEM gene (100%) of β-lactamases was the highest in human E. coli, followed by tetC gene of TEs (97.5%), 90% of drfA 17 gene of SXT, and 90% of tetA gene of TE (Figure 3).
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FIGURE 3. The resistance genotypes of the swine and human E. coli strains. In this study, 26 genotypes of antibiotics commonly used in clinic were studied. The results revealed that the detection rate of C-resistant flor gene (100%) was the highest one in E.coli of swine origin, followed by blaTEM gene (99%) of β-lactamases and cmlA gene of Cs (97.17%), tetW genes (96.22%), and tetC gene (95.28%) of TEs, the qacEΔ1-sulI gene of SXT (93.4%) and quinolones aac (6′)-Ib gene (93.4%).




MLST-Based Genotyping

There are 25 MLST genotypes in the 106 E. coli strains, with ST1258, ST361, and ST10 being the dominant strains. ST1258 was the most popular strain type among all the tested E. coli strains, which were detected in each swine farm. A total of 10 strains of ST361 were detected in 4 regions [JLW (1), TXT (2), TDY1 (3), and TDY2 (4)] (Supplementary Table 4). There are 19 MLST genotypes in 40 strains of human E. coli from Shandong Province, with ST1193, ST73, ST648, ST131, ST10, and ST1668 being the dominant strains. ST1193 covered five strains (12.5%), followed by ST73, ST648, and ST131 each containing four strains (each accounting for 10.00%), ST10 and ST1668 each containing three strains (each occupying 7.50%), ST457, ST393, ST69, and ST617 each containing two strains (each occupying 5%), while each of the other nine genotypes contained one strain (Supplementary Table 5).



Cluster Analysis of MLST Genotyping Relationship

The cluster analysis of swine E. coli isolates showed that the 25 different ST types can be classified into 3 CCs, namely CC10 [ST10 (7) and ST48 (1)], CC155 [ST58 (3)], and CC23 [ST410 (2)], and the other 21 ST types including no CCs. CC10 contains seven strains, including ST10 [JN (1), TDY1 (5), and TDY2 (1)] and ST48 [JN (1)]. The three ST58 swine E. coli strains derived from TDY2 belonged to the group CC155, while the other two ST410 swine E. coli strains derived from TDY2 belonged to the group CC23 (Supplementary Table 4).

There were 10 CCs in 40 human E. coli strains such as CC14 (ST1193), CC73 (ST73), CC648 (ST648), CC131 (ST131), CC10 (ST10, ST617, ST6896, ST5296, and ST710), CC31 (ST393), CC69 (ST69), CC38 (ST2003), CC95 (ST2619), and CC23 (ST88). CC10 contains multiple ST types, such as sputum ST10 (2), urine ST10 (1), sputum ST617 (1), and blood ST617 (1), sputum ST6896 (1), blood ST5296 (1), and urine ST710 (1), respectively. Two ST393 from the urine and blood each belonging to CC31. One strain of ST 88 detected from the sputum belongs to CC23 (Supplementary Table 5). Moreover, the results of the cluster analysis showed that CCl0 and CC23 with different ST types were the common CCs between the two sources of E. coli. CC10 was the most important one, including six ST types [swine E. coli [ST10 (7) and ST48 (1)], while human CC10 contained more ST types, such as [ST10 (3), ST617 (2), ST6896 (1)], ST5296 (1), and ST710 (1)], accounting for 0.11% (16/146).

Finally, a strain evolution diagram was constructed using the eBURST v3.0 software in accordance with the MLST analysis and identification of the 106 strains of E. coli from swines and 40 strains from human sources, as shown in Figure 4. Figure 4A indicated that ST10 is the common ancestor of each ST type of E. coli from swines, and 11 single-locus variants (SLVs) are closely related to ST10. ST542 was identified as the SLV of ST4429 and connected. On the other hand, three derived SLVs of ST48 (ST3529, ST58, and ST5420) were identified and linked. This process continued to expand outward, and ST3529 further expanded two SLVs (ST2628 and ST5851). Similarly, ST4417 was identified as the SLV of ST5420 and linked. Three derived SLVs (ST3685, ST767, and ST906) of ST58 were identified and linked. Additionally, ST3685 further extended ST410 outward, identified ST5694 as the SLV of ST906 and linked the identified SLV, and further extended ST1258 outward. Figure 4B demonstrated that ST10 was the common ancestor of each ST type of human E. coli, and eight SLVs were closely related to it. Then, it allocated each SLV of the eight SLVs, marked ST2674 as the SLV of ST710, and linked the marked SLV. Furthermore, two derived SLVs (ST88 and ST5296) of ST2674 were identified and linked. Similarly, three derived SLVs (ST2003, ST7176, and ST69) of ST393 were identified and linked. Additionally, the two derived SLVs (ST1193 and ST73) of ST1668 were identified and linked, and the two derived SLVs (ST131 and ST2619) of ST73 were identified and linked.
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FIGURE 4. Homogeneity group analysis of swine- (A) and human-derived E. coli (B) using the eBRUSTv3 software. ST10 is a common ancestor (Founder), which is blue colored and subgroup yellow colored, and a unit point variant [single-locus variants (SLVs)], which are purple colored that are closer to their kinship. The areas of each of the circles indicate the prevalence of the sequence types (STs) in the input data. Lines between the circles indicate the relationships between various STs.





DISCUSSION

Antibiotics-based treatment of colibacillosis is frequently used in the production of swines. Due to the pressure in the long term, the irregular use and abuse of antibiotics usually lead to the resistance of E. coli to antibiotics, even multiple drug resistance. A 100% isolation rate of E. coli reported by Guan et al. (28) suggested that the prevalence of swine colibacillosis is serious. The reported isolation rates of pathogenic E. coli from swines separately were 100% in Zhoukou area (29), 88.5% in Shanxi Province (30), and 68.4% in Jiangsu Province (31). In this study, the isolation rate of E. coli from swines was 32.62% (106/325), which is relatively low and closer to the value (36.2%) in Henan Province (32). The detection and analysis of resistance of E. coli isolates from swine revealed that the resistance rate of isolates to TE, C, AMP, PRL, and SXT was higher than 80.19%, while that of the other 16 antibiotics was <38.68%.

Tetracyclines, aminoglycosides, and β-lactams are the first antibiotic choices for the clinical prevention and treatment of E. coli. Due to the abuse or unreasonable use of antibiotics for many years, E. coli drug-resistant genes appear constantly. Based on the MIC value detection of antibiotic types, we further detected the drug-resistant genes of corresponding antibiotics and combined the results of the two methods to interpretate the final result. The blaTEM gene was mostly positive for β-lactams, with 99% for swine E. coli. The tetC gene in TE genotype was the highest, with 95.28%. The positive rate of qacEΔ1-sulI gene with 93.4% was the highest in SXT. aac(6′)-Ib gene was the highest in quinolones, with 93.4%. The positive rate of cmlA gene with 97.2% was the highest in Cs. It has been found that β-lactams are the main genotypes of swine E. coli in China, while blaSHV is the main genotype in France, Germany, and Taiwan (33). Wang et al. (34) detected 64.0% of the tetA resistance genes from swines in Jilin Province. The results of Kuo et al. (35) showed that the main resistance gene was florR (82.90%). Especially, Zhang et al. (36) pointed out that ESBL E. coli causes a high recurrence rate in patients with urinary tract infection, furthermore, the recurrence is related to the genotype blaCTX−M and blaTEM of this pathogen. In 2016, it was reported that ESBL E. coli in a hospital of India had the most blaSHV types, followed by blaTEM and blaCTX−M types (37). Our study indicated that blaTEM genotype is the main genotype of E. coli from both the sources, while blaSHV genotype is almost not detected, as contrary to the abovementioned studies. The detection rate of TE resistance gene tetC with 95.28% indicated that tetC is a common resistance gene in E. coli in Shandong Province. Obviously, the existence of tetC resistance gene is closely related to the long-term widespread use of TE drugs in treatment, prevention, and other aspects (38). The presence of many complex types of drug resistance genes in Shandong should lay a foundation for the clinical prevention and treatment of the disease, which receive enough attention.

In recent years, the detection rate of drug-resistant genes has reached a new high level, and most are multi-genotype drug-resistant strains. Zhu et al. (39) conducted a test of the drug sensitivity of 50 strains of E. coli isolated and preserved in the 1970s, and the results showed the strains being antibiotic-sensitive to varying degrees and the presence of multiple drug-resistant strains, and this trend was on the rise. Sellera et al. (40) found that the rapid spread of MDR strains caused the public choice of alternative antibiotics used in the control of bacteria. The continuous emergence of drug resistance in E. coli and the cross of drug-resistant genes result in the difficulty in the disease prevention and treatment (41). Our finding was consistent with the previous reports. The results of antibiotics of 106 strains of E. coli showed that 98 strains were resistant to 3 or over 3 types of 21 kinds of antibiotics, and multiple drug resistance reached 92.45%. The strains of 7 (15 strains)/5 (15 strains) drug-resistant antibacterial spectra involved in 7/6 ST types with a distribution in all the 5 detection regions (Supplementary Table 4). The two kinds of drug-resistant antibacterial spectra were 28.30%. These results indicated the severity of the multi-drug resistance rate of E. coli in Shandong Province.

Regarding a few studies on ESBLs E. coli from animal and food sources in China, in recent years, growing reports from foreign investigators showed the potentiality of detecting the same drug-resistant genes present in animals also in people who are in close contact with animals (42–44). MLST can reflect the evolutionary biology of bacteria. There is also a certain correlation between the drug-resistant genes of E. coli and ST types. Importantly, E. coli from human and animal sources belonging to STs ST10, ST131, and ST648, has become multi-potency and MDR bacteria, and ST10 (CTX-M-1) has been previously found in livestock, poultry meat, and healthy humans (45). Wang et al. (46) pointed out that ST10, ST218, ST3037, ST744, ST6929, and ST48 all belong to CC10, and the ST10 group is considered to be the most prevalent ST group of ESBL-producing E. coli from humans now. According to the related reports, CCl0 is a common clone group of strains in livestock (47). In line with this, ST10 was also found in ST type of E. coli from both sources in this study. Among them, the two ST types (ST10 and ST48) of JN belong to CC10 group. Similarly, the detection of CCl0 in a large-scale fattening swine farm, together with a local hospital case as a supplementary example, suggests the possible occurrence of pathogen transmission from animal to human in this area. Dissanayake et al. show that ST10, ST23, ST95, ST117, and ST131 are the main popular ST types of EXPEC (48), Among them, ST10 is the most common type in human, poultry, and swine source EXPEC at home and abroad (49, 50). In this study, the presence of ST1258 was detected in JLW (6), TXT (11), JN (9), TDY1 (8), and TDY2 (8). As the most common type of ST strains from swines, ST1258 has not been found in the related literature of E. coli, while it has been detected in Bacillus cereus (51), Acinetobacter dijkshoorniae (52), and Streptococcus pneumoniae (53). There is an intimation that attention should be paid to the epidemic of the type ST1258. In conclusion, the results showed that the ST types of E. coli collected in this experiment were complex and diverse, showing a genetic diversity.

Furthermore, there is still a need for verifying which CCl0 and CC23 aggregation may pose the transmission risk to humans through the food chain or not. Zhou et al. (54) found that the ST type of swine ExPEC was classified into ST410, ST88, ST612, ST2505, and ST2371, and was closely related to ST23, belonging to CC23. ST23 is commonly found in human hemolytic uremia syndrome (Expec) (O157:H7) and avian ExPEC (55, 56). In this study, the ST type of the tested bacteria belonging to CC23 was attributed to ST410 [TDY2 (2)] from swine and ST88 (1) from Tai'an human, which was consistent with the abovementioned conclusion. Although ST648 is not recognized as the main prevalent ST type, it is also widely distributed in swine, human, and poultry sources ExPEC (57). There no ST648 was found in swines, but ST648 was found in humans [urine (2) and blood (2)]. To some extent, porcine E. coli has the same genetic background as human and avian ExPEC. There was a certain correlation between the ST types of swine E. coli, its antibiotic spectrum, and resistance genotypes.



CONCLUSION

This study shows that the antibiotic resistance of E. coli is a serious issue as represented by several fattening swine farms in Shandong Province. The detection rate of clinical multi-drug resistance is high, and the main types of Cs and β-lactamase are mainly flor and blaTEM gene. The ST1258 is a novel popular genotype in some swine herds in Shandong Province. The cluster analysis showed that CCl0 and CC23 were the common CCs from the two sources. Our results provide a theoretical basis for guiding the rational use of antibiotics and preventing the spread of drug-resistant bacteria, and also provide epidemiological data for the risk analysis of foodborne bacteria and antimicrobial resistance in swine farms in Shandong Province.
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Consumers prefer natural over synthetic chemical preservatives on a food label. Therefore, it is crucial to ensure the safety and efficacy of such natural preservatives. The emergence of heat-resistant spore-forming Alicyclobacillus spp. has been associated with spoilage problems in the fruit juice industry. Herein, a bacteriocin-producing stain YKX was isolated from the traditional pickles in Hanzhong City, China, and it was identified as Lactobacillus plantarum by morphological, biochemical, physiological, and genotypic features. A stable bacteriocin, plantaricin YKX, was isolated, purified, and tested for its efficacy against Alicyclobacillus acidoterrestris. Plantaricin YKX is a 14-amino acid peptide (Lys-Tyr-Gly-Asn-Gly-Leu-Ser-Arg-Ile-Phe-Ser-Ala-Leu-Lys). Its minimal inhibitory concentrations (MICs) against the tested bacterial and fungal strains were ranged from 16 to 64 μg/mL. It is thermostable and active at pH 3–8. The flow cytometry data and microscopic observations suggested that plantaricin YKX can augment cell membrane permeability, induce potassium ion leakage and pore formation, and disrupt cell membranes. It also affects spore germination and guaiacol production of A. acidoterrestris, probably due to upregulation of the luxS gene linked to quorum sensing.

Keywords: bacteriocin, traditional pickles, physicochemical properties, mechanism of action, Alicyclobacillus spp.


INTRODUCTION

Bacteria, such as Alicyclobacillus species, spoil foods, juices, carbonated fruit beverages and shelf-stable iced tea (Silva, 2016; Tremarin et al., 2017). Lee et al. (2002) reported that 60% of respondents among 57 companies experienced spoilage incidents, of which 35% were due to Alicyclobacillus spp. Various levels of contamination risk exist for diverse juice types, such as apple juice concentrates, 31–75%; orange juice concentrates, 82%; fresh juice, 32%; apple concentrates, 83% (Walker and Phillips, 2008); orange juice, 15%, and fruit concentrate, 8% (Osopale et al., 2017). The principal spoilage characteristic is an off-odor (Walker and Phillips, 2008; Tremarin et al., 2017), ascribed to the metabolites guaiacol and halophenol derivatives 2,6-dibromophenol and 2,6-dichlorophenol (Lee et al., 2002). Thus, spoilage of fruit products by Alicyclobacillus is the biggest challenge facing the industry. Alicyclobacillus species present a grave threat to the juice industry and other industries producing juice-based beverages, such as carbonated drinks, ice tea or functional drinks, and those containing juice concentrates (Lee et al., 2002; Silva, 2016; Tremarin et al., 2017).

Measures to prevent Alicyclobacillus spoilage are essential in the food industry. As the toxicity of chemical preservatives is a concern, there is a particular need for alternative, non-toxic preservatives (Gao et al., 2010; Pei et al., 2017). Bacteriocins from lactic acid bacteria (LAB) are bacterial peptides with low human oral toxicity, making them suitable as food bio-preservatives (Acuna et al., 2012; Pei et al., 2018). LAB bacteriocins can prevent the spoilage of dairy products, bakery goods, beverages, meat, fruits, and seafood (Gálvez et al., 2008; Pei et al., 2020). For instance, the viable counts of Staphylococcus aureus were significantly decreased by adding enterocin AS-48 to pumpkin jam stored at 10°C (Viedma et al., 2009). So far, only a few investigations have focused on bacteriocins targeting Alicyclobacillus (Viedma et al., 2009; Yue et al., 2013). Alicyclobacillus-targeted bacteriocins need to be investigated to inhibit food spoilage and develop novel preservatives.

LAB bacteriocins are typically classified into class I (lanthionine-based, molecular weight (MW) less than 5 kDa) and class II (non-lanthionine-based, MW less than 10 kDa) (Acuna et al., 2012). Class II is further divided into four subclasses: IIa (pediocin-based), IIb (two-peptide), IIc (cyclics), and IId (linear) (Gálvez et al., 2008). Class III is a heat-sensitive macromolecular protein (LHLP) whose molecular weight is generally greater than 10 kDa. Class IV is macromolecular complexes, which contain carbohydrates or lipid groups in addition to proteins. Class II, Class III, and Class IV bacteriocins are named as non-lantibiotic bacteriocins because they do not contain wool sulfur amino acids. Though some bacteriocins have been isolated and characterized (Viedma et al., 2009; Pei et al., 2018), their antibacterial activities are unclear, except for nisin, the typical class I and the most widely used bacteriocin. Nisin inhibits peptidoglycan biosynthesis and forms concrete pores (Wiedemann et al., 2001). A recent study has paid much attention to the inhibitory effects of LAB bacteriocins on biofilm formation (Chopra et al., 2015) because biofilm plays a curial role in food deterioration in the industry.

Herein, we isolated Lactobacillus plantarum YKX from traditional pickles in Hanzhong city (China) and purified a bacteriocin, plantaricin YKX, from the cell-free supernatant (CFS) of this strain. Plantaricin YKX displayed potent activity against Alicyclobacillus spp. and other spoilage and pathogenic microorganisms. Further, we investigated physicochemical and structural characterizations and mechanism of action of plantaricin YKX against Alicyclobacillus spp.



MATERIALS AND METHODS


Microbial Cultures

Lactic acid bacteria were isolated from the traditional pickles in Hanzhong City, Shaanxi Province, China, by an agar streak method. The pickles samples were cut into small pieces and placed in sterilized De Man, Rogosa, Sharpe (MRS) broth (Oxoid, Basingstoke, United Kingdom). After incubation at 37°C for 16 h and reaching the mid-exponential growth phase, one loop was streaked onto an MRS agar plate. After incubation at 37°C for 24 h to the stationary phase, Gram-positive, catalase-negative, and oxidase-negative bacterial strains were chosen as the potential lactic acid bacteria (LAB) (Winkelströter et al., 2015). Alicyclobacillus spp. (one strain DSMZ3922 purchased from Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ); 9 strains of A. acidoterrestris isolated from apple garden; and three strains of A. acidocaldarius isolated from apple juice processing lines by the previous study) (Yue et al., 2013) were cultured in Alicyclobacillus acidoterrestris medium (AAM) (Solarbio, Beijing, China) at 45°C for 48 h (Pei et al., 2020). All other bacterial species were maintained on Luria-Bertani (LB) medium (Solarbio, Beijing, China), and fungi were cultured on Potato Dextrose medium (Solarbio, Beijing, China) (Acuna et al., 2012).



Screening of Bacteriocin-Producing Lactic Acid Bacteria

Bacteriocin-producing LAB strains were isolated and identified through the agar well diffusion technique using A. acidoterrestris DSM3922 as an indicator (Yue et al., 2013). Briefly, 1 mL (approximately 108 cells) of indicator strain culture was uniformly diffused into 25 mL of AAM agar and poured into 9-cm plates. After the agar was solidified, wells with a 0.5 mm diameter were cut on the plates. Each isolated colony was cultured in 10 mL of MRS broth at 30°C for 16 h to the mid-exponential phase. The mid-exponential phase cultures were inoculated into 100 mL of fresh MRS medium with an inoculum size of 5% (v/v) and then incubated at 30°C for 24 h to the stationary phase to obtain the potential maximum bacteriocin production. As stated elsewhere, the optimum bacteriocin production temperature was lower than the optimum growth temperature. In this study, an incubation temperature of 30°C was used to achieve the maximum bacteriocin production (Viedma et al., 2009; Yue et al., 2013; Pei et al., 2020). Cell-free supernatants were obtained through centrifugation (Avanti J-E, Beckman, California, United States) at 10,000 × g for 10 min (4°C), filtered through 0.22-μm pore-size filters (Millipore, MA). Subsequently, 100 μL of the supernatant was inoculated into each well. The plates were incubated at 45°C for 72 h with Alicyclobacillus spp. as indicator strains and at 30°C with other indicator strains. The antimicrobial efficacy was determined based on the diameters of inhibition zones.



Identification of L. plantarum YKX

L. plantarum YKX was identified according to morphological, biochemical, physiological, and genotypic features. 16S rDNA gene primers, 27F (5′-AGTTTGATCMTGGCTCAG-3′) and 1492R (5′-GGTTACCTTGTTACGACTT-3′) were utilized for PCR amplification. Sangon Biotech Co., Ltd., sequenced the PCR products (Hu et al., 2013), and DNA sequences were compared with the Basic Local Alignment Search Tool (BLAST1). The phylogenetic tree was acquired with Mega 7.0 software (Center for Evolutionary Medicine and Informatics, Biodesign Institute, AZ).



Purification of Plantaricin YKX

Plantaricin YKX was purified by protein precipitation, SP-Sepharose cation-exchange chromatography (80 × 2.0 cm, Sigma, Santa Clara, CA, United States), and reversed-phase high-performance liquid chromatography (RP-HPLC) (Agilent Technologies, Palo Alto, CA, United States). First, L. plantarum cells (50 mL) were cultured in MRS (1 L) at 30°C for 24 h. Next, the cell-free supernatants were concentrated to 1/5th of the initial volume using a rotavapor (RV-8V, IKA, Staufen, Germany). After that, ammonium sulfate was added to 50% (v/v) saturation and stirred overnight at 4°C. The obtained residue was suspended in 20 mM disodium hydrogen phosphate-citric acid buffer (pH 5.0), loaded on the SP-Sepharose column, and eluted with the same buffer at 0.5 mL/min. Next, the collected fraction showing the highest activity was scanned to obtain the maximal absorption wavelength and then precipitated with 50% aqueous methanol (v/v) and vortexed for 1 min. Further, it was fractionated using a Dionex UltiMate 3000 HPLC system with a photodiode array detector coupled with an Agilent HC-C18 column (5 μm, 250 mm × 4.6 mm). A linear gradient of ACN/water (10–95%) over 40 min was used for elution at 0.5 mL/min. The antibacterial activity was determined by agar well diffusion assay using A. acidoterrestris DSM3922 as an indicator. The Bradford assay measured the protein concentration.



Primary Structure Elucidation of Plantaricin YKX

Matrix-Assisted Laser Desorption/Ionization Time of Flight Mass Spectrometry (MALDI-TOF-MS) (autoflex™ speed, Bruker, Germany) was used for determining the molecular masses of plantaricin YKX (Pei et al., 2020). The N-terminal amino acid sequence of plantaricin YKX was obtained by the automated Edman degradation on a Shimadzu PPSQ-21A Protein Sequencing apparatus (Kyoto, Japan) (Pei et al., 2020). Physicochemical properties were determined utilizing bioinformatics tools freely available on https://web.expasy.org/protparam/ (ProtParam tools in Expasy ProtParam, Swiss) and Hyperchem 8.0 software (Hypercube, Gainesville, FL) (Pei et al., 2020).



Stability of Plantaricin YKX

The effect of temperature (60, 80, or 100°C) on the activity of purified plantaricin YKX was analyzed within a certain time (10, 20, or 30 min) (An et al., 2017). The long-term stability was investigated at 37°C for 2 As and at 4°C for 3 months (Yue et al., 2013). The impact of pH on plantaricin YKX was analyzed by adjusting pH to 2–10 with 1 M HCl and 1 M NaOH solutions and determining residual activities after maintaining at 37°C for 2 h (Yue et al., 2013). The effect of enzymes on the antibacterial activity of plantaricin YKX was determined following incubation with enzymes lipase [pH 7.0, 10 mM phosphate-buffered saline (PBS)], α-amylase (pH 7.0, 10 mM PBS), trypsin (pH 7.5, 10 mM PBS), proteinase K (pH 7.5, 50 mM Tris-HCl), papain (pH 7.5, 10 mM PBS), and pepsin (pH 3.0, 0.1 M HCl) at 37°C for 30 min with their optimal pH and a final concentration of 1.0 mg/mL. The enzymes were inactivated by heating at 100°C for 5 min, and the pH was then adjusted to pH 6.0 (Yue et al., 2013). Plantaricin YKX without any treatments was employed as a control. Agar well diffusion assay was utilized to determine the antibacterial activity (Pei et al., 2020).



Measuring the Antibacterial Activity

The minimal inhibitory concentration (MIC) of plantaricin YKX toward indicator strains was measured according to the Clinical and Laboratory Standards Institute (2012). Indicator strains in the mid-logarithmic growth phase were adjusted to the OD600 of 0.5 and diluted 100-fold with appropriate media. First, the plantaricin YKX solution (1,024 IU/mL) was twofold serially diluted with distilled water. Next, 100 μL each indicator strain suspension and aliquots of plantaricin YKX solution were incubated [1:1 (v/v) ratio] in a 96-well plate for 24 h at 45°C with Alicyclobacillus spp. as indicator strain and at 30°C for other indicator strains listed in Table 1. The efficacy of nisin (> 90% pure, J & K Chemical Technology) was also determined. As a control, distilled water was added to the indicator strains suspensions. Following incubation, the MICs were determined by measuring the OD600 using a microplate reader (SpectraMax 190, Molecular Devices, CA, United States).


TABLE 1. Antimicrobial spectrum of Lactobacillus plantarum strain YKX and the activity of its bacteriocin.
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Flow Cytometry

Log phase A. acidoterrestris DSM3922 cells were incubated with plantaricin YKX at 0.5×, 1×, or 2× MIC (control: cells treated with PBS) at 45°C for 15 min. Next, they were centrifuged, rinsed, and treated with propidium iodide (10 μg/mL) for 15 min at 45°C (Gut et al., 2011). After removing the unbound stain, the fluorescence intensities were analyzed by an AccuriC6 flow cytometer (BD Biosciences, MI, United States). Forty thousand events were acquired per sample and detected at excitation (488 nm) and emission wavelengths (525 nm).



Confocal Laser-Scanning Microscopy

Membrane alterations were analyzed using the LIVE/DEAD Bac light bacterial viability kit (Invitrogen, Carlsbad, CA, United States) (Du et al., 2018). Log-phase A. acidoterrestris DSM3922 cells were subjected to plantaricin YKX at 1 × MIC at 45°C for specific periods and rinsed with PBS. After that, they were incubated in the absence of light for 15 min at 45°C with SYTO9 and propidium iodide. Fluorescence images were obtained with a PerkinElmer UltraVIEW VoX CLSM system using excitation/emission wavelengths of 490/635 and 480/500 nm for propidium iodide and SYTO9, respectively.



Endospore Germination

A. acidoterrestris DSM3922 endospores were prepared according to Yue et al. (2013). To eliminate the effect of the different living cells of A. acidoterrestris on the results which plantaricin YKX might cause over MIC concentration, plantaricin YKX at a sub-lethal concentration (0.5×, 0.7×, or 0.9×, MIC) was added to the pre-prepared spores of A. acidoterrestris. Spores with PBS solutions were used as control. Samples were activated by heat shock for 30 min at 70°C in a water bath and 0°C for 15 min in an ice bath. Endospores germination was carried out by transferring the spore suspensions to the fresh AAM medium containing 10 mmol/L alanine and cultured at 45°C. Periodic samples were taken and subjected to Schaeffer and Fulton staining (the spores were stained green, and the bacteria were stained red). The effect of plantaricin YKX on the spore germination rate of A. acidoterrestris was assessed by microscopic counting (Pei et al., 2020).



Guaiacol Production

A. acidoterrestris DSM3922 was inoculated in AAM broth containing plantaricin YKX at 0.5 ×, 0.7 × or 0.9 × MIC (control without plantaricin YKX) and cultured at 45°C. Samples were tested for OD600 after 24 h. After the samples were centrifuged at 8,000 g at 4°C and passed through 0.22 μm filter membrane, the guaiacol content was determined with an analytical HPLC dual pump Shimadzu LC-20 AB system equipped with UltimateXB-C18 column (4.6 × 250 mm, particle size 5 μm, Kyoto, Japan) (Lin et al., 2006). The mobile phase was 30% (v/v) acetonitrile in 0.1% (v/v) formic acid. The column temperature was maintained at 40°C. The mobile phase flow rate was set at 1 mL/min. The detection wavelength was 275 nm.



Real-Time Quantitative PCR

To verify the effect of plantaricin YKX on the QS system, Real-Time Quantitative PCR (RT-qPCR) was used to detect the transcription level changes of the gene (luxS) encoding a QS signal (Al-2) synthesis enzyme (LuxS) in A. acidoterrestris. The mid-logarithmic phase cells of A. acidoterrestris were treated with plantaricin YKX at 0.5 ×, 0.7 ×, or 0.9 × MIC. After overnight incubation, RNA was extracted according to the Trizol method.

The reverse transcription reaction system (10 μL) contained: Total RNA 2 μL; dNTP 0.5 μL; Random primers 0.5 μL; and distilled water without RNAase 4 μL. All samples were maintained at 70°C for 5 min and then kept immediately in an ice bath. 5X reverse transcription buffer 2 μL, RNAase inhibitor 0.5 μL, and MMLV reverse transcription enzyme 0.5 μL were added immediately. Thus, the reverse transcription conditions were: 30°C for 10 min, 42°C for 1 h, 70°C for 15 min, and 4°C forever. After the reverse transcription reaction, the DNA templates were diluted 5 times and stored at −20°C until used.

PCR reaction included: upstream primer (10 μM) 0.2 μL, downstream primer (10 μM) 0.2 μL, 2 × Ultra SYBR Mixture 5 μL, ddH2O 3.6 μL, DNA templates 1 μL. The PCR reaction parameters were: 95°C for 10 min, 95°C for 15 s, 60°C for 1 min, 40 cycles. Primers (5′-GAGATCTTATGCCATCAGTAGAAAG-3′; 5′-GGTCACCTTTATCCAAACACTTTCTC-3′) were designed according to the gene sequence of luxS by the Primer 5.0 software.



Statistical Analyses

Data were evaluated utilizing the SPSS Statistics 20.0 package, and a significant difference (P < 0.05) was obtained using one-way ANOVA. Data were represented as mean ± standard deviation of a minimum of three replicates.




RESULTS AND DISCUSSION


Isolation and Selection of Bacterial Strain

The strain YKX was chosen for subsequent studies due to its significant inhibition against Alicyclobacillus spp. and several other spoilage and pathogenic microorganisms, including Gram-positive and negative bacteria. However, the strain YKX was inactive against fungi, such as Aspergillus niger, Candida albicans, and Saccharomyces cerevisiae (Table 1).

It is noteworthy that the bacteriocin from strain YKX inhibited the growth of Gram-negative bacteria. In contrast, most bacteriocins from LAB, such as nisin, Pediocin PA-1, and plantaricin C, only inhibited Gram-positive bacteria (Gut et al., 2011; Seddik et al., 2017; Pei et al., 2020). The target sites of these bacteriocins were on the cell membrane of Gram-positive sensitive bacteria. Due to the structural differences of the cell membrane, these bacteriocins did not exhibit any antimicrobial activity against Gram-negative bacteria. The relatively narrow antibacterial spectrum is one of the bottlenecks of applying bacteriocins in the food industry. However, some bacteriocins and bacteriocin from strain YKX have displayed antibacterial activity against Gram-negative bacteria in recent years. For example, Du et al.2018 reported that a new bacteriocin, plantaricin GZ1-27, was active against E. coli (Du et al., 2018). Lohans et al. (2013) stated that enterocin 7A and 7B could inhibit the growth of Gram-negative bacteria. These bacteriocins (include plantaricin YKX in this study) are mostly proved to have multi-mode of actions against sensitive bacteria, including dissipation of intracellular ATP (Todorov et al., 2011), combination with nucleic acids (Hu et al., 2013), and interaction with cellular metabolism (Chopra et al., 2015; Pei et al., 2020). This multi-mode of action might provide these bacteriocins with a broader inhibitory activity spectrum, even against Gram-negative bacteria (Todorov et al., 2011; Hu et al., 2013).



Identification of the Strain YKX

The strain YKX is a non–spore-forming Gram-positive bacillus. It lacks catalase activity and does not produce gas, illustrating that the strain YKX belongs to homo-fermentative Lactobacillus. Additionally, the sugar fermentation test demonstrated that the strain YKX could ferment most of the sugars except rhamnose. The 16S rDNA testing indicated that the strain has been identified as Lactobacillus plantarum (Figure 1) and designated as Lactobacillus plantarum YKX.


[image: image]

FIGURE 1. Phylogenetic tree based on 16S rDNA sequences of the isolate.


The application of L. plantarum in food is well documented. Most studies address its safety profiles (Hu et al., 2013; Algburi et al., 2016; Seddik et al., 2017). Nowadays, L. plantarum, probiotic bacteria, is generally recognized as safe. Strain YKX was determined as an L. plantarum. This strain may be potentially used as a bacteriocin-producing strain and a starter culture for fermented foods.



Purification and Sequence Analysis of Plantaricin YKX

The specific activity of plantaricin YKX was augmented to 273.08 IU/mg following ammonium sulfate precipitation. Purification enhanced the activity from 250.00 to 2476.88 IU/mg (7.6-fold increase). A distinct peak exhibiting activity was noticed in the RP-HPLC at 20.8 min (Figure 2A).
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FIGURE 2. Purification and structural information of plantaricin YKX. (A) RP-HPLC analysis of plantaricin YKX; (B) MS analysis and theoretical structural information of plantaricin YKX.


The classic three-stage process used herein to purify plantaricin YKX has been successfully employed to purify several bacteriocins from cultures, including plantaricin 163 (Seddik et al., 2017), plantaricin FT259 (Winkelströter et al., 2015), garvicin A (Barragãn et al., 2013), and enterocins 7A and 7B (Lohans et al., 2013). In addition, the industrial production of the well-known bacteriocin, nisin, was also obtained by the standard three-stage process.

The molecular weight (MW) of plantaricin YKX was 1553 Da by MALDI-TOF/MS (Figure 2B). The amino acids determined by N-sequencing were Lys-Tyr-Gly-Asn-Gly-Leu-Ser-Arg-Ile-Phe-Ser-Ala-Leu-Lys (KYGNGLSRIFSALK). The predicted physicochemical properties and the 3D structure of plantaricin YKX are shown in Figure 2B. It is expected to be a random coil conformation. Plantaricin YKX sequence was not similar to that of the other bacteriocins in the NCBI BLAST search.

Most of Class I and Class IIa bacteriocins, such as nisin (3.4 kDa) (Gut et al., 2011), bacteriocin M1-UVs300 (3.3 KDa) (An et al., 2017), and plantaricin C (6.5 KDa) (Yue et al., 2013), have peptide masses greater than 2 kDa. Their primary target is the cell membrane of sensitive bacteria, with a relatively narrow range of activity. Plantaricin YKX has a molecular mass of 1,553 Da. Notably, there are also several small size bacteriocins exhibiting broad-spectrum of activity, such as plantaricin JLA-9 (950 Da) (Zhao et al., 2016) and bacteriocin SLG10 (1,422 Da) (Pei et al., 2020). Small size bacteriocins can readily penetrate the cell membrane and exert different mechanisms of action (Liu et al., 2016). Small molecular weight bacteriocins have consequently attracted research attention.



Stability of Plantaricin YKX

Plantaricin YKX was heat stable, retaining activity after heating at 60, 80, or 100°C (Table 2). Such thermostability agreed with that of bifidocin A (Liu et al., 2016), plantaricin JLA-9 (Zhao et al., 2016), plantaricin GZ1-27 (Zhao et al., 2016), plantaricin C (Yue et al., 2013), and plantaricin K25 (Wen et al., 2016). Storage of plantaricin YKX at 37°C for up to 14 days or 3 months at 4°C did not alter its antibacterial activity (Table 2). Plantaricin YKX was also stable under acidic, neutral, and slightly alkaline conditions (pH 2.0–8.0); the activity was lost at pH 9.0 (Table 2).


TABLE 2. Stability of plantaricin YKX.
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Antibacterial Activity of Plantaricin YKX

The MIC of plantaricin YKX against Alicyclobacillus spp. was 8 μg/mL (Table 1), whereas that of nisin was 16–32 μg/mL (Yamazaki et al., 2000). Analogous outcomes were observed in assessing the kill kinetics assay of A. acidoterrestris ATCC 3922 (Figure 3A). After treatment with plantaricin YKX at 2 MIC, the number of A. acidoterrestris cells was substantially decreased within 30 min. On the other hand, the MICs of plantaricin YKX and nisin inactivated all cells within 180 min.
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FIGURE 3. Antibacterial activity of plantaricin YKX against A. acidoterrestris. (A) Time-killing curves of plantaricin YKX and nisin in A. acidoterrestris. ■: control; ▼: 1 × MIC nisin; ▲: 1 × MIC plantaricin YKX; •: 2 × MIC plantaricin YKX; (B) Effects of plantaricin YKX on the membrane integrity; treated with plantaricin YKX for 0 × MIC (left up), 0.5 × MIC (right up), 1 × MIC (left down), and 2 × MIC (right down); (C) CLSM images of A. acidoterrestris cells treated with plantaricin YKX (1 × MIC) for 0 min (left), 30 min (middle) and 60 min (right).


To our knowledge, three investigations explored the activity of bacteriocins on Alicyclobacillus spp. On this occasion, Grande et al. (2005) have evaluated the extent of membrane damage of four strains of Alicyclobacillus by enterocin AS-48. In comparison, Yamazaki et al. (2000) examined the effect of nisin on the outgrowth inhibition of two strains of A. acidoterrestris spores. We previously reported the anti Alicyclobacillus spectra of bificin C6165 (20/20 strains of Alicyclobacillus spp.), bacteriocin RC20975 (18/20 strains), and plantaricin C (17/20 strains) (Yue et al., 2013; Pei et al., 2020). The estimated MIC and time-kill kinetics data suggested the potency of plantaricin YKX against A. acidoterrestris in line with these reported bacteriocins but with a broader spectrum (all of these five previously reported bacteriocins were not able to inhibit the growth of Gram-negative bacteria).

Propidium iodide is a nucleus-stain incapable of passing through intact cell membranes but can pass through disrupted membranes. Hence, the quantity of propidium iodide uptake can indicate the degree of membrane damage. Following incubation of A. acidoterrestris with plantaricin YKX at 0 ×, 1 ×, and 2 × MIC for 30 min, the proportions of stained PI were 23.5, 37.5, and 91.6%, respectively (Figure 3B). These results indicate that the membrane disruption occurred dose-dependently. Next, we assessed the viability of A. acidoterrestris cells incubated with 1 × MIC plantaricin YKX utilizing Live/Dead BacLight staining. A. acidoterrestris with intact membranes appeared green due to SYTO. In contrast, those with disrupted membranes appeared red due to propidium iodide entry. Changing from greenish to red fluorescence was detected as the treatment time increased (Figure 3C), which strongly suggested that plantaricin YKX mediated cell membranes’ destruction and eventually led to cell death. Similar results were reported for bacteriocins, such as nisin (Yamazaki et al., 2000), plantaricin K25 (Wen et al., 2016), bifidocin A (Liu et al., 2016), and enterocin 7A and 7B (Lohans et al., 2013).



Effect of Plantaricin YKX on Spore Germination, the Production of Guaiacol, and Transcription of luxS

The germination rate of A. acidoterrestris spores without plantaricin YKX treatment was 43.6%, 2 h post-germination treatment. In contrast, the treatment with plantaricin YKX at 0.5 × MIC, 0.7 × MIC, and 0.9 × MIC had a 55.4, 70.5, and 81.7% germination rate, respectively (Figure 4). A similar trend was also noticed in nisin. These results indicate that plantaricin YKX and nisin could germinate the spores of A. acidoterrestris into vegetative cells. The spores can survive pasteurization; however, vegetable cells were not. So the effect of sterilization of Alicyclobacillus by pasteurization might be improved by combining it with plantaricin YKX.
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FIGURE 4. Effect of plantaricin YKX and nisin on A. acidoterrestris. ◆ Effect of plantaricin YKX on the spore germination; ◆ the impact of nisin on the spore germination; ■ and the impact of plantaricin YKX on guaiacol production. □ the impact of nisin on the guaiacol production; ▲ effect of plantaricin YKX on the relative expression of luxs, △ the effect of nisin on the relative expression of luxs.


In apple, orange, and grapefruit juices, the vegetative cells of A. acidoterrestris are converted into endospores under highly acidic pH values of 3.4–3.9. Heat-resistant spores have D-values of approximately 8 min at 97°C and are not damaged under pasteurization, generally used in the juice industry. In this context, Yamazaki et al. (2000) stated that nisin could not inhibit the spore germination of A. acidoterrestris; however, it could significantly reduce the heat-resistant spores. Similar reports were also seen with bificin C6165, bacteriocin RC20975 (Yue et al., 2013), and plantaricin C (Pei et al., 2020). This study states that plantaricin YKX and nisin would affect the spore germination of A. acidoterrestris, explaining the phenomenon. This is because these bacteriocins could induce the germination of A. acidoterrestris spores, converting them to vegetative cells with relatively low heating tolerances.

After treatment with plantaricin YKX at 0.5 × MIC, 0.7 × MIC, and 0.9 × MIC, the production of guaiacol by A. acidoterrestris decreased from 20.6 to 16.8, 10.1, and 8.9 μg/L, respectively, compared with the control (Figure 4). Thus, unlike nisin, plantaricin YKX may inhibit the biosynthesis of guaiacol in a dose-dependent manner.

Guaiacol is one of the main spoilage compounds produced by Alicyclobacillus spp. in acidic juices. Concentrations of guaiacol at ppm levels may cause taste impairments and turbidity (Yamazaki et al., 2000; Lin et al., 2006; Du et al., 2018). Like plantaricin YKX, several bacteriocins, such as bacteriocin Ent35-MccV (Acuna et al., 2012), plantaricin GZ1-27 (Du et al., 2018), and plantaricin JLA-9 (Zhao et al., 2016) are also showed inhibitory effects on the secondary metabolic compounds of the sensitive bacteria. Compared with nisin, one of the most famous bacteriocins, plantaricin YKX (Yamazaki et al., 2000), was not only able to inhibit the growth of Alicyclobacillus spp. but also decreases the production of guaiacol.

The electrophoresis of RT-PCR products is shown in Supplementary Figure 1. The relative expression of the luxS gene was calculated based on the fluorescence intensity of the bands (Supplementary Figure 1). The expression of the luxS gene increased significantly after being co-cultured with plantaricin YKX at 0.5 × MIC, 0.7 × MIC, and 0.9 × MIC, suggesting that plantaricin YKX can affect the QS system of A. acidoterrestris (Figure 4). Nisin did not show a similar function (Supplementary Figure 1).

QS systems refer to the regulation system in which bacteria spontaneously produce and release specific signaling molecules that regulate various biological behaviors, such as toxin production, biofilm formation, antibiotic production, spore formation, and fluorescence production in the microbial community by sensing their concentration changes. At present, the research on QS systems has become a hot topic in the field of microbiology. QS systems are categorized into three types: (1) AHL lux I/Lux R system in the Gram-negative bacteria; (2) Oligopeptide mediated two-component sensing system in Gram-positive bacteria; and (3) LuxS/Al-2 dependent QS system.

A variety of QS systems have been identified in the same bacterial species. For example, the LuxS/Al-2 dependent QS system exists in Gram-positive and negative bacteria, and Al-2, a universal signaling molecule, participates in exchanging information. Because bacteria live together in communities, the LuxS/Al-2 dependent QS system and Al-2, a ubiquitous signaling molecule, are crucial for bacteria to form a relatively stable ecological environment with a proportional number of bacteria and functional divisions. In addition, researchers found that in many bacteria, some biological functions, such as antibiotic synthesis, virulence factor expression, biofilm formation, bioluminescence, and bacteriocin synthesis, are regulated by LuxS/Al-2 dependent QS system.

LuxS protein is the key enzyme of Al-2 production. The luxS-coding genes exist in a variety of Gram-positive and -negative bacteria and are highly conservative. All Al-2 is a by-product of the methyl cycle. LuxS protein is an essential enzyme for the production of Al-2 and plays a vital role in the metabolism of the methyl cycle. Because the low concentration of natural extracellular Al-2 molecule in the CFS of Alicyclobacillus spp. is not conducive for analysis and detection. So, we carried out exploratory research on LuxS protein to evaluate the effect of plantaricin YKX on the expression of the luxS gene. The results showed that plantaricin YKX could promote the expression of the luxS gene.

Concerning the mode of action of bacteriocins, most articles were focused on the inhibition mechanism of bacteriocin on sensitive bacteria. Few reports were investigating the effect of bacteriocin on the QS system of sensitive bacteria. The results in this study suggested that not all bacteriocins affect the QS system of the susceptible bacteria (plantaricin YKX can, but not nisin). For plantaricin YKX, the ability to influence the spore germination and production of guaiacol might be attributed to its ability to regulate the QS system of A. acidoterrestris. However, for nisin, the ability to affect the spore germination of A. acidoterrestris might be ascribed to other reasons. Thus, the mode of action of bacteriocins appears to be diverse despite having similar effects on sensitive bacteria. Similar trends were proposed for plantaricin K25 (Wen et al., 2016), bifidocin A (Liu et al., 2016), plantaricin 163 (Hu et al., 2013), and plantaricin JLA-9 (Zhao et al., 2016).




CONCLUSION

In summary, bacteriocin-producing strain L. plantarum YKX was isolated and identified by 16S rDNA. Its bacteriocin, plantaricin YKX, showed good antibacterial activity against Alicyclobacillus acidoterrestris. Plantaricin YKX was also active against Gram-negative bacteria (E. coli). A 14-amino acid peptide (Lys-Tyr- Gly- Asn- Gly- Leu- Ser- Arg-Ile-Phe-Ser-Ala-Leu-Lys); active against A. acidoterrestris at the “cell membrane damage” levels. The plantaricin YKX was also able to decree the secretion of guaiacol. Therefore, it is warranted to study the mechanism of action of plantaricin YKX and develop its applications in food biopreservation.
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Consumption of microbiologically contaminated food is one of the leading causes of diarrheal diseases. Understanding the source of enteric pathogens in food is important to guide effective interventions. Enterobacteriaceae bacterial assays typically used to assess food safety do not shed light on the source. Source-specific Bacteroides microbial source tracking (MST) markers have been proposed as alternative indicators for water fecal contamination assessment but have not been evaluated as an alternative fecal indicator in animal-derived foods. This study tested various milk products collected from vendors in urban Kenyan communities and infant foods made with the milk (n = 394 pairs) using conventional culture methods and TaqMan qPCR for enteric pathogens and human and bovine-sourced MST markers. Detection profiles of various enteric pathogens and Bacteroides MST markers in milk products differed from that of milk-containing infant foods. MST markers were more frequently detected in infant food prepared by caregivers, indicating recent contamination events were more likely to occur during food preparation at home. However, Bacteroides MST markers had lower sensitivity in detecting enteric pathogens in food than traditional Enterobacteriaceae indicators. Bacteroides MST markers tested in this study were not associated with the detection of culturable Salmonella enterica and Shigella sonnei in milk products or milk-containing infant food. The findings show that while Bacteroides MST markers could provide valuable information about how foods become contaminated, they may not be suitable for predicting the origin of the enteric pathogen contamination sources.

Keywords: food safety, contamination indicator, Bacteroides microbial source tracking markers, Enterobacteriaceae indicators, milk source safety, caregiver food hygiene, qPCR


INTRODUCTION

Diarrheal diseases remain the third most common cause of preventable illness and death among children under five globally. A significant portion of pediatric diarrheal disease is caused by the ingestion of food that has been contaminated by enteric pathogens transmitted through human and animal fecal matter (Mølbak et al., 1989; Penakalapati et al., 2017). In 2010, 33% of the 351,000 global deaths from foodborne enteric diseases occurred among children under the age of five (WHO, 2015). In developing countries, infant foods are more likely to be stored for prolonged periods and contaminated with bacteria than adult foods (Barrell and Rowland, 1979; Black et al., 1982). Some of this contamination may be caused by unhygienic infant food preparation behaviors that introduce human or animal fecal bacteria, which can then replicate during storage. Before entering the household environment, food products might also be contaminated with enteric pathogens from animal sources during production or from various sources during distribution and sale (Bintsis, 2018; Harris et al., 2018). Traditional water, sanitation, and hygiene (WASH) interventions that aim to reduce diarrhea incidence may have a limited impact on environmental contamination and their ability to prevent or remove enteric pathogens from food remains unclear (Ercumen et al., 2018; Pickering et al., 2019). There is an urgent need to identify where foodborne contamination comes from in the food supply chain preparation and whether WASH interventions would adequately eliminate the risk factors. More evidence on the primary sources of enteric pathogen contamination in infant food in developing countries would help determine whether hygiene interventions targeting the food supply chain versus food preparation provide greater health gains.

Total coliforms and Enterobacteriaceae, such as E. coli, have been traditionally used as food safety indicator bacteria for contamination from poor hygiene conditions or failures in sanitary food treatment processes. While they are well-validated predictors of food safety, culture-dependent bacterial assays require at least 24 h to generate results. Furthermore, several studies have found that the detection of coliforms or E. coli does not correlate with the presence of other enteric pathogens in food (D’AMICO et al., 2008; Jackson et al., 2012; Rangel-Vargas et al., 2015). The detection of total coliforms and Enterobacteriaceae does not provide knowledge on the contamination source, as they can thrive in humans and non-human hosts (Sinton et al., 1998; McLellan and Eren, 2014). In addition, many fecal coliform group members such as Enterobacter, Klebsiella, and Citrobacter bacteria and E. coli can persist outside of warm-blooded hosts and multiply in soil and water, especially in tropical climates (Carrillo et al., 1985; Solo-Gabriele et al., 2000; Doyle and Erickson, 2006; Luo et al., 2011). An alternative fecal indicator that reflects recent fecal contamination and distinguishes fecal contamination sources could help public health authorities implement necessary and timely interventions at the appropriate critical control points to mitigate fecal contamination in foods.

Bacteroides microbial source tracking (MST) markers have emerged as an alternative water safety indicator. Numerous studies have used human and animal-based Bacteroides MST markers to track sources of fecal contamination in recreational water sources and sewages (Stoeckel and Harwood, 2007; Ahmed et al., 2016). The biological properties of Bacteroides bacteria that make them valuable indicators of water quality impairment also suggest their potential as alternative indicators to total coliforms and E. coli for fecal source tracking of fecal contamination. Bacteroides MST markers differentiate between human and non-human fecal contamination by detecting genes from Bacteroides that are adapted to living in a specific animal host (McLellan and Eren, 2014). Bacteroides also have a short survival time outside of their hosts and do not replicate after they have been released into the environment. Many human and animal-based Bacteroides MST markers are able to achieve above 80% sensitivity and specificity when tested in wastewater samples (Ahmed et al., 2016). Field studies using human-sourced BacHum and HF183 MST markers to measure sewage and recreation water contamination found that they did not cross-react with cow feces and found to have sensitivity ranged from 70 to 80% in human and sewage samples (Odagiri et al., 2015; Ahmed et al., 2016; Hughes et al., 2017; Vadde et al., 2019). Validation studies have also shown bovine-sourced BacCow, and BacR markers do not cross-react with human feces, making them helpful in detecting animal-based fecal sources with 100% sensitivity to ruminant feces (Reischer et al., 2006; Odagiri et al., 2015). Bacteroides also decay rapidly in freshwater and seawater, with more than 90% of the host-specific Bacteroides DNA decaying in 5 days, making them an indicator of recent (vs. persistent) fecal contamination (Bae and Wuertz, 2009). However, there are contrary reports regarding the magnitude and the direction of the correlation between molecular Bacteroides MST markers and culture-dependent counts of E. coli and Enterococcus spp. in water (Ahmed et al., 2016).

Despite being frequently used to track wastewater and recreational water contamination, only a handful of studies have explored the relationship between the detection of enteric pathogens in food and Bacteroides MST markers (Ravaliya et al., 2014; Harris et al., 2018; Ordaz et al., 2019). Therefore, evidence on the validity of Bacteroides MST markers’ usefulness in identifying and differentiating between environmental and zoonotic sources of fecal bacteria, especially pathogenic bacteria, in food could improve future food safety surveillance programs’ design interventions to prevent foodborne outbreaks.

This study aimed to describe the detection frequency of enteric pathogens, culturable Enterobacteriaceae (general E. coli, E. coli O157: H7, Shigella sonnei, Salmonella spp., E. aerogenes, Proteus mirabilis) and human-sourced (BacHum, HF183) and bovine-sourced (BacCow, BacR) Bacteroides molecular MST markers in vendor milk products and caregiver-prepared milk-based infant foods in peri-urban neighborhoods in Kenya. We also aimed to determine if there are predictive relationships between Bacteroides molecular MST markers and enteric pathogens, as detected by bacterial culture and molecular analysis, that perform equally as well as, or better than, standard culture-based bacterial indicators. We hypothesized that the detection of human and bovine-sourced Bacteroides MST markers would perform as well or better than Enterobacteriaceae culture assays at predicting pathogens detection, thus making Bacteroides MST makers a reliable predictor of fecal contamination for raw milk samples and milk-based household infant foods. We also hypothesized that bovine-sourced MST markers would have greater accuracy for pathogens in milk products, reflecting contamination problems that were not effectively removed via treatment. In contrast, we hypothesized that human-sourced MST markers would be more valuable for identifying pathogens introduced in the household, reflecting contamination introduced by the caregiver’s hands. We focus on milk because it has a large consumer base globally and plays a critical role as a primary nutritional source for feeding infants and young children in many parts of the world, including Kenya. Milk is also often a reservoir of foodborne enteric pathogens (Bintsis, 2017). Our lab has shown that milk as an infant food had higher contamination rates than the other popular infant food types and harbored a higher number of enteric pathogen species than other types of food samples, highlighting a need for milk-based food interventions (Tsai et al., 2019). We leveraged an extensive repository of frequently contaminated milk products and infant food samples to improve our statistical power to address study objectives.



RESEARCH DESIGN


Sampling Location and Sample Collection

Sample collection was completed as part of the joint Safe-Start and Market to Mouth studies in informal settlements of Kisumu, Kenya, from 2018 to 2019, as described elsewhere (Mumma et al., 2019; Hoffmann et al., 2020). The Safe-Start study was approved by the committees from the Great Lakes University of Kisumu (Ref. No. GREC/010/248/2016), the London School of Hygiene and Tropical Medicine (Ref. No. 14695), and the University of Iowa (IRB ID 201804204). Briefly, Safe-Start enumerators performed household visits among caregivers enrolled in the Safe-Start clinical trial at an intermediate point of the trial to observe their food preparation, feeding, and storage behaviors for infant food (Mumma et al., 2019). If caregivers intended to use milk, Market to Mouth enumerators arranged to accompany caregivers to the market to purchase milk for infant food. The enumerators bought the same type and brand of milk, recorded the type of milk, and transported the milk product in a sealed container back to the laboratory in a cooler within 4 h of collection. The milk product was either collected as 250 or 500 ml of sealed packages for packaged milk products, 250 or 500 ml for unpackaged milk products in a previously sterilized metal container, or 50 grams packet for baby formula. The Safe Start enumerators observed caregivers making the food with the milk and collected a sample of the infant food at the point of feeding in a 100 ml Whirlpak bag (Catalog# WPB00679WA, Whirlpak, WI, United States). All the collected samples (n = 394 each for milk products and milk-containing infant food) were processed immediately after arriving at the lab.



Detection of Enteric Bacteria via Pre-enrichment, Selective Bacterial Culture, and Molecular Confirmation

Salmonella enterica (S. enterica), Enterohemorrhagic Eschericia coli O157: H7 (E. coli O157: H7), and Shigella sonnei were selected for bacterial culturing. All the target bacteria species are common causes of foodborne diarrheal infections and are frequently detected in dairy products (Ahmed and Shimamoto, 2014; Iwu and Okoh, 2019; Tack et al., 2019). Two-step pre-enrichment procedures were used to improve the sensitivity and accuracy of the culture method. To recover and quantify injured or hibernating but viable bacteria without over-replication of the bacteria population, we modified an existing Food and Drug Administration (FDA) protocol involving 24–72 h of warm sample pre-enrichment for 12 h at 4°C. Temperatures lower than 10°C can slow the transition between lag and log phases of replication for most bacteria such that a single live bacterium may undergo replication only a few times during an 18–24 h incubation, making quantification of contamination more accurate (Gibson et al., 1988; Mattick et al., 2003). Specifically, a total of 3 ml or 3 grams of each food sample collected was pre-enriched at 4°C overnight in 3 ml of buffered peptone water (Catalog#76502, Sigma Aldrich, MO, United States) and then incubated at 41°C for 1 h to induce a reproducible state. The pre-enriched samples were membrane-filtered in serial dilution volumes of 1, 0.1, and 0.01 ml on a 0.45 μm membrane sterile filters (Catalog# 13106, Sartorius, Germany) and cultured overnight at 37°C on the MUG E. coli O157: H7 selective agar (Catalog# 44782, Sigma Aldrich, MO, United States), which is selective and differential for general E. coli and pathogenic O157: H7, Shigella sonnei, S. enterica, Enterobacter aerogenes (or Klebsiella aerogenes), and Proteus spp. The culture was carried out in duplicate. Negative water controls were also membrane-filtered and cultured daily along with the samples.

Presumptive bacterial pathogen presence for each sample was determined by counting the colony-forming units for each phenotype of interest (E. coli O157: H7, Shigella sonnei, S. enterica), according to the manufacturer’s protocol for the agar. Up to 5 colonies of each species phenotype were selected using a sterile pipet tip and boiled at 100°C for 5 min in a 1 ml microcentrifuge tube with 100 μl of nuclease-free water to release DNA. If more than one phenotype was cultured from a sample, colony collection and DNA extraction was performed separately for each phenotype of interest observed. Lysate was centrifuged at 12,000 g for 5 min and the supernatant containing DNA was transferred to a fresh tube.

Single-plex polymerase chain reaction (PCR) and gel electrophoresis were conducted to confirm presumed E. coli O157: H7, Shigella sonnei, and S. enterica phenotype isolates. The genes used to screen for the pathogens of interest are the established and species-specific virulence genes that reflect the presence of target pathogens: rbdE for E. coli O157: H7, virG/ipaH for Shigella sonnei, and ttr for S. enterica (Supplemental Table 1; Liu et al., 2016a, b). Primers used to detect indicator genes were custom-made by Integrated DNA Technologies (IDT, IA, United States). Positive and negative controls were included in each run. Positive controls for the target genes were obtained by purifying DNA from 10^8 CFU/ml concentrations of reference bacteria strains sourced from BEI (E. coli O157: H7: NR-11, S. enterica: NR-514, Shigella sonnei: NR-519, BEI, VA, United States). For PCR, 2 μl of the DNA template was mixed with 10 μl of the TaqMan Fast Advanced master mix (Catalog# 4444556. Thermo Fisher, MA, United States), 1.6 μl of 5 μM of forward and reverse primer, and 4.8 μl of nucleic acid-free water in a 100 μl microcentrifuge tubes. The PCR cycling was conducted in an Eppendorf thermocycler (Model# 6331. Eppendorf, Germany). The cycling conditions for PCR were: 94°C for 3 min, followed by 40 cycles of 94°C for 30 s, 60°C for 1 min, and 72°C for 1 min, then finished at 72°C for 10 min. The amplified samples underwent gel electrophoresis using the method described by Lee et al. to confirm amplicon presence (Lee et al., 2012). For the gel electrophoresis, 2% agarose gel, TBE running buffer, and ethidium bromide were used as gel, buffer, and DNA dye. Negative water controls were used during PCR and gel electrophoresis to detect issues with background contamination. The PCR and gel electrophoresis run for each sample was completed in duplicates. If the duplicate results did not agree with each other, a third PCR and gel electrophoresis run was conducted to confirm amplicon presence.

For pathogen culture data, a binary variable was created for each sample based upon whether or not it was positive for E. coli O157: H7, Shigella sonnei, or S. enterica after gel-electrophoresis confirmation of the boiled DNA templates. Any Salmonella spp. that were ttr-negative were considered S. enterica negative. Additionally, an overarching Enterobacteriaceae indicator presence/absence variable was created if any Enterobacteriaceae colonies (general E. coli, E. coli O157: H7, Shigella sonnei, Salmonella spp., E. aerogenes, Proteus mirabilis) were observed, regardless of pathogenic identity, to be consistent with food safety monitoring indicators. If the sample was positive for E. coli O157: H7, Shigella sonnei, or S. enterica, the concentration in CFU/ml was calculated for the positive target bacteria via identifying the serial dilution range (1/0.1/0.01) with countable colonies and then standardizing the concentration to cfu per ml or per gram. If the result was too numerous to count for all of the serial dilutions, we assigned the sample as too numerous to count.



Detection of Enteric Pathogens and MST Markers via Real-Time PCR (qPCR)

When samples were aliquoted for pre-enrichment in the laboratory, another 200 μl/200 mg of each milk source or infant food sample was also aliquoted into a Zymo DNA/RNA Shield tube (Catalog# R1102, Zymo Research, CA, United States) and vortexed. The samples were stored in a − 20°C freezer in Kisumu for subsequent sample transfer and molecular analysis in the United States. Negative water controls were also prepared daily by placing a total of 200 μl of nucleic acid-free water into a separate Zymo DNA/RNA Shield tube. Frozen samples and negative controls were periodically transferred back to Iowa in an ice chest on dry ice. All samples were spiked before extraction with 3 μl of 10^6 unit/μl of live bacteriophage MS2 as a process control to monitor nucleic acid degradation during extraction. The samples were extracted via ZymoBIOMICS™ DNA/RNA extraction mini-kit (Catalog# R2002, Zymo Research, CA, United States) by following the manufacturer’s DNA/RNA co-extraction protocols. Purified DNA/RNA was stored at −80°C.

The enteric pathogen gene targets chosen for food qPCR (Supplemental Table 2) were identical to the previously validated enteric pathogen gene targets chosen for analysis of infant feces in the Safe Start Study and isolates verification above, with the exception of including two human-sourced (BacHum, HF183) and two bovine-sourced (BacR, BacCow) MST markers (Vila et al., 2003; Petri et al., 2008; Clements et al., 2012; Malla et al., 2018). The four selected human and bovine-sourced MST markers were validated by testing their detection frequency and cross-reactivity against the human infant stool samples our lab has collected for the Safe Start study. Human-sourced MST markers were considered as validated if they were detected frequently in human stool samples. Bovine-sourced MST markers were considered validated if they had low or no cross-reactivity in human stool samples.

The extracted samples were tested on a custom-made TaqMan array card (Thermo Fisher, MA, United States) using the Ag-Path-ID One-Step Real-time PCR kit (Catalog# 4387424, Thermo Fisher, MA, United States), and a ViiA7 instrument (Model# AB-ViiA7, Thermo Fisher, MA, United States). For each sample, 40 μl of the DNA/RNA extract was mixed with 50 μl of 2× RT-buffer, 4 μl of 25× AgPath enzyme, 6 μl of nucleic acid-free water, and 0.6 μl of 50 mg/ml bovine serum albumin to prevent amplification inhibition in PCR. The cycling conditions for the TaqMan qPCR runs were: 45°C for 20 min and 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min.

For qPCR analysis, the amplification of a pathogen-specific gene target or a MST marker target was defined as positive for the presence of that pathogen or marker if the cycle-threshold value (Ct value) was less than 35. Any amplification beyond 35 Ct value was classified as negative/extremely low amplification. If positive amplification of pathogen-specific gene or MST marker target was also observed in the negative water control processed on the same day, the sample was classified as negative for that target. For species with two gene targets (Enteroaggregative E. coli (EAEC)/ Enteropathogenic E. coli (EPEC)/Enterotoxigenic E. coli (ETEC)), amplification of either one of the target genes in a given sample would make the sample being classified positive for that particular pathogen type.



Statistical Analysis

The statistical analysis was completed using Microsoft Excel (Microsoft, WA, United States) and SAS software (Version: 9.4, SAS Institute, NC, United States). A binary indicator (Anypath) was defined as the detection of any one of the target enteric bacteria, viruses, and protozoan pathogen genes. Pathogen diversity (Sumpath) was calculated by adding the total number of the target bacterial, viral, and protozoan enteric pathogens detected by qPCR in a sample. Anypath and Sumpath were tabulated by unpacked, pasteurized, and ultra-heat treated (UHT) “Long-Life” milk source and by type of infant food collected from caregivers. The mean and standard deviation of MS2 Ct value of each MS2 spiked sample and negative control were also calculated to assess the extraction efficiency of the nucleic acid extraction kit.

The detection frequency of Anypath, Sumpath, target enteric pathogens detected by qPCR, culturable Enterobacteriaceae/S. enterica/Shigella sonnei/E. coli O157: H7, and each validated MST marker was tabulated for milk sources and milk-containing infant food. The sensitivity and specificity between the validated human/non-human MST markers and the 95% confidence interval were calculated and compared to the detection of cultured Enterobacteriacea on culture media, the detection of common types of enteric pathogens by qPCR, and the detection of any enteric pathogen by qPCR. Wilcoxon Rank Sum Test was used to determine if the concentration of E. coli O157: H7 or S. enterica or Shigella sonnei detected via culture is associated with MST marker detections.




RESULTS


Type of Milk Source and Type of Infant Food Being Prepared by the Caregivers

Of the 394 infant food samples containing purchased milk products, one was dry powdered milk while the remainder contained liquid milk, specifically packaged UHT long-life milk (n = 276), followed by packaged fresh pasteurized milk (n = 84), and then unpackaged milk (n = 33). The most common milk-containing infant food was porridge (n = 189), followed by the direct consumption of milk (107 packaged long-life milk, 33 packaged fresh milk, 17 unpackaged milk, one baby formula), and milk-tea (n = 35). The remainder of the food was prepared with milk plus cooked/uncooked grain (n = 10). Two of the samples collected did not have information on the type of milk-containing infant food that was being prepared.



Culture Detection of Target Culturable Enteric Bacteria

Enterobacteriaceae were isolated more frequently from milk-containing infant foods than milk products (value of p&lt;0.01; Table 1). Of the human pathogens in this family, culturable ttr positive S. enterica was detected more in milk-containing infant foods (6.9%) than milk products (5.1%; value of p = 0.13). Among milk products, S. enterica was most frequently cultured from unpackaged milk samples. Among milk-containing infant foods, pure milk had a slightly higher detection rate of culturable S. enterica than porridge and tea prepared with milk (value of p = 0.96). Twenty-four milk products (6.1%) and 66 milk-containing infant foods (16.8%) contained virG positive S. sonnei (value of p = 0.27). None of the samples were rdb gene-confirmed E. coli O157: H7, although 38.2% milk-containing infant food samples were phenotype positive. Porridge with milk has a higher proportion of containing culturable S. sonnei than stored milk and milk tea (value of p = 1).



TABLE 1. Detection of any Enterobacteriaceae, and of these Salmonella enterica and Shigella sonnei bacteria in 3 ml or 3 grams of milk products and milk-containing infant food.
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Evaluation of Nucleic Acid Extraction Kit Performance Using Bacteriophage MS2

The extraction performance of the ZymoBIOMICS™ DNA/RNA extraction mini-kit was evaluated by analyzing the mean and the variance of bacteriophage MS2 across milk source samples, milk-containing infant food samples, and negative control. The low variance in the extrinsic control MS2 Ct value across milk products, infant foods, and negative controls indicated that sample transportation and storage had no impact on DNA and RNA recovery (Supplemental Table 3). The nucleic acid extraction kit we used produced high-quality nucleic acid that was free of PCR inhibition across both samples and controls. Analysis of mean and variance for MS2 by milk source, infant food, and negative water control indicated that MS2 values were similar to each other, which shows that the kit’s extraction efficacy was not affected by the type of food being extracted.



qPCR Detection of Target Enteric Pathogens

Overall and individually, target enteric pathogens were more frequently found by qPCR in milk products than infant food samples (Tables 2 and 3). S. enterica was the most common pathogen detected in milk products (54.3%, mean Ct = 33.2, standard deviation = 0.88). However, S. enterica was not detected by qPCR in any of the infant foods made from these sources, including the opened containers of pure milk. Aeromonas was the most common pathogen detected in infant food (13.5%, mean Ct = 32.8, standard deviation = 1.67), and the second most common in milk products (22.8%, mean Ct = 33.3, standard deviation = 1.22). Enterotoxigenic E. coli was the most frequently detected E. coli type in both milk products (7.4%, mean Ct = 33.2, standard deviation = 1.40), and infant food (4.3%, mean Ct = 34.1, standard deviation = 0.72). S. sonnei was detected at lower frequencies than by culture, with just 0.5% of the milk products and infant foods positive by qPCR compared with 6.3% of the milk products and 16.7% of infant foods positive by culture. Other viral, bacterial, and protozoan pathogens for which we tested occurred in &lt;=3% of samples of infant food (Table 2). Infant food prepared using UHT milk had a lower qPCR enteric pathogen detection rate than the infant food prepared by pasteurized and raw milk (Table 3). Pasteurized milk products were more likely to have multiple types of enteric pathogens detected by qPCR than UHT milk and unpackaged milk. Pure milk was more likely to have multiple enteric pathogens than other milk-containing infant food types (Figure 1).



TABLE 2. Enteric Pathogens Detected by qPCR in DNA and RNA extracted from 0.2 ml or 0.2 gram of milk products and milk-containing infant food.
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TABLE 3. Comparison of pathogen and microbial source tracking marker detection frequencies in DNA and RNA extracted from 0.2 ml or 0.2 gram of milk products and milk-containing infant food.
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FIGURE 1. Number of enteric pathogen types detected by qPCR per sample in (A) milk products purchased for infant feeding and (B) milk-containing infant food prepared by caregivers with those products. *Infant food type with less than 10 samples was excluded from the graph.




qPCR Detection of Human and Bovine-Sourced Bacteroides MST Markers

For the validation of the target MST markers, among 90 human infant stool samples collected for the Safe Start project, 76.9% were BacHum positive, and 44.4% were HF183 positive. For Bovine-based MST markers, BacR was detected in 11.1% of the human stool samples and BacCow in 38.9% of the stool samples. Overall, Bacteroides MST markers were more frequently detected in infant food than milk products. Human-based BacHum (8.6%, mean Ct = 34.3, standard deviation = 1.23) were detected more often than bovine-sourced BacR (7.4%, mean Ct = 34.0, standard deviation = 1.46) in milk-containing infant food, while BacHum (3.3%, mean Ct = 34.4, standard deviation = 0.88) and BacR (3.0%, mean Ct = 34.1, standard deviation = 0.92) had a similar detection rate across all milk products. BacHum was more frequently detected in UHT milk among all of the milk products, while BacR was more frequently detected in unpackaged milk. Of the milk-based infant food types, BacHum and BacR were more frequently to be detected in porridge with milk than pure milk or milk tea, each of which had more than 10 samples available for analysis (Table 3).



Sensitivity and Specificity of MST Markers Compared to qPCR and Culture-Based Pathogen Detection

Sensitivity and specificity analysis between HF183 and BacCow MST markers and the detection of the enteric pathogen by qPCR or culture was not performed due to statistical limitations of the low detection rate of HF183 and the frequent detection of BacCow in locally collected human stool samples. The sensitivities for BacHum and BacR MST markers for predicting enteric pathogens detected by culture and qPCR were consistently low, while the specificities were moderate to high (Table 4). The Enterobacteriaceae culture indicator had better sensitivity but worse specificity for predicting enteric pathogens detected by qPCR compared to the BacHum and BacR MST markers. The concentration of culturable S. enterica or S. sonnei in a sample was not correlated with the detection of either BacHum or BacR Bacteroides MST markers. High concentrations of culturable S. enterica or S. sonnei were found in samples in which neither BacHum nor BacR Bacteroides were detected (Figure 2). Wilcoxon rank-sum tests indicated that the distribution between milk source BacR and S. enterica or S. sonnei were not equal, but the median for those distributions were zero since most of the BacR positive samples lacked culturable S. enterica or Shigella sonnei (Table 5).



TABLE 4. Sensitivity and specificity of molecular MST markers and cultured Enterobacteriaceae bacteria compared against culture and qPCR detection of S. enterica and S. sonnei in milk products and milk-containing infant foods.
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FIGURE 2. Comparison of MST marker gene detection by qPCR vs. the cell concentration of Salmonella enterica and Shigella sonnei detection by selective culture in milk products and milk-containing infant food. (A) BacHum vs. Shigella sonnei. (B) BacR vs. Shigella sonnei. (C) BacHum vs. Salmonella enterica. (D) BacR vs. Salmonella enterica.




TABLE 5. Median and interquartile concentrations range and Wilcoxon rank-sum test result of Bacteriodes MST markers and culturable Salmonella enterica and Shigella sonnei in milk source and milk-containing infant food.
[image: Table5]




DISCUSSION

This study described the detection frequency for the common food safety indicator Enterobacteriaceae, multiple enteric pathogens, and human and bovine Bacteroides MST markers in Kenyan milk products and milk-containing infant food through both culture and qPCR approaches. The study also assessed the performance of Bacteroides MST markers as an alternative fecal indicator to Enterobacteriaceae of enteric pathogen presence in milk based foods. Molecular Bacteroides MST markers have been used to assess the source of fecal commination in wastewater and recreational water (Harwood et al., 2014; Ahmed et al., 2016; Korajkic et al., 2018). Their correlation with pathogens is often poor due to the rarity of enteric pathogens in the environment. However, we expected molecular Bacteroides MST markers to be consistently detected among enteric pathogen positive foods, and to be at least as sensitive and specific as general Enterobacteriaceae indicators. We also expected that the species-specific nature of Bacteroides MST markers would result in higher accuracy for bovine-sourced markers predicting pathogens for milk products than the general Enterobacteriaceae, reflecting the role of cow upstream pathogen sources in food contamination. Similarly, human-sourced MST markers were expected to have higher accuracy for pathogens in infant food compared to the general Enterobacteriaceae, reflecting household members as the most likely contamination source in the household environment. Contrary to expectations, we found no association between the concentration of culturable S. enterica and S. sonnei and the presence of human and bovine Bacteroides MST markers. Bacteroides MST markers were frequently absent when enteric pathogens were detected, by both culture and molecular methods, with much lower sensitivity than Enterobacteriaceae.

In first examining enteric pathogen detection patterns, we noted that pathogen culture results were in agreement with common knowledge about the bactericidal effects of pasteurization, with Enterobacteriaceae, S. enterica, and Shigella sonnei more frequently detected in unpackaged milk products than packaged milk products. Additionally, the detection of viable Enterobacteriaceae, S. enterica and S. sonnei was more common in infant food made with these milk products, suggesting that caregivers’ introduced these bacteria to processed milk during food preparation. The qPCR results also provided insights into the contamination profile of milk products and infant weaning food, despite the results not always agreeing with the culture results of selected culturable bacteria and the conventional belief that packaged and treated milk products are safer than unpackaged milk products. Among all milk products, fresh pasteurized milk products had higher qPCR enteric pathogen detection rates than unpackaged and UHT packaged milk products. Inconsistencies between species-specific culture and qPCR assays could be due to PCR detection of non-culturable or non-viable microorganisms that persisted in food through pasteurization, or under detection of viable but non replicating bacteria. We did not employ any sample treatment procedures to determine the viability of pathogens detected by qPCR because some studies suggest viability PCR can lead to false-positive results (Fittipaldi et al., 2012).

Although viability of pathogens cannot be confirmed via molecular gene detection, the prevalence of enteric pathogen genes decreased between purchase of milk products and the point-of-consumption of infant food. This was driven predominantly by a decrease in the detection of S. enterica and Aeromonas across all milk types of sources from the vendor to the household. This decrease suggested either household food hygiene procedures eliminated some enteric bacteria or residual DNA of dead bacteria in the purchased milk products disintegated. In contrast, the emergence of genes for viruses and protozoans like Norovirus, Rotavirus, Cryptosporidium and Giardia in infant food that were not detected in matched milk products reinforces the conclusion of our prior study that food handling practices in the household are an important source of pathogen contamination in infant foods (Hoffmann et al., 2020).

Similar to our molecular and culture pathogen data, both the human and bovine Bacteroides MST markers used in this study and Enterobacteriaceae were detected more frequently in infant food than milk products. BacHum Bacteroides MST markers were detected as frequently as the BacR Bacteroides markers in milk products. However, BacR was detected much more frequently in unpackaged milk samples than pasteurized and UHT milk samples, suggesting it may be useful for predicting bovine-based sources of feces and S. enterica and S. sonnei. Milk could be contaminated by dirt, flies, and/or untreated water originating from unsanitary environments with animal urine and feces (Sampane-Donkor, 2002; Girma et al., 2014). The detection of BacR in a small number of packaged milk products suggested that treatment failures could also be impacting the safety of pasteurized milk. The higher BacHum detection rates in UHT milk likely reflect post-treatment contamination prior to packaging. While BacR trends were similar to bacterial culture trends, Enterobacteriaceae detection reflected the same differences across product types and co-occurred with pathogens more consistently.

The higher BacHum and BacR MST marker detection rate in milk-containing infant food than milk products agreed with viral, bacterial, and protozoan pathogen emergence in infant foods implicating caregiver food hygiene behaviors in infant food contamination. Among all milk-containing infant food collected, porridge was more likely to contain Bacteroides MST markers than other food types. In Kenya, milk is often added to porridge as part of the diet (Galiè et al., 2021). The milk may not reach a sufficient temperature to kill Bacteroides and other microbes if milk is added after boiling, which would explain BacR detection. Another explanation for the differences in MST detection in infant food is that caregivers may handle milk they purchased differently based on whether the milk the caregivers purchased was pasteurized. Therefore, having interventions that target safe infant food preparation by caregivers may reduce the likelihood of Bacteroides and/or enteric pathogens in milk-containing foods, especially porridge.

While Bacteroides MST markers could provide valuable insights into sources of feces and enteric pathogen contamination in milk and milk-containing foods, they were less sensitive than the conventional Enterobacteriaceae indicators in predicting enteric pathogen presence in this large and diverse sample of 786 bovine milk-containing foods. A reliable MST marker should have at least 80% sensitivity and specificity, so to some extent Enterobacteriaceae were also not reliable (Harwood et al., 2014). The low sensitivity and specificity between MST markers and enteric pathogens and lack of association between MST markers and the concentration of culturable S. enterica and Shigella sonnei could reflect that MST markers do not persist in milk products and milk-containing infant food. Although there is limited data on the persistence of Bacteroides MST markers in food, Bacteroides MST markers’ persistence in recreational waters decreases as water temperature increases (Kreader, 1998; Okabe and Shimazu, 2007). Bacteroides MST markers are also less persistent than fecal coliforms and Enterococcus in river water at high-temperature (Ballesté and Blanch, 2010). The fact that most milk products and milk-containing infant food are pasteurized or boiled may thus underlie the low detection of Bacteroides DNA. Also puzzling is the increased detection of bovine BacR genes in peri-urban Kisumu households where cow ownership is rare, albeit goat, poultry, and companion animal ownership is common (Barnes et al., 2018). We had to exclude BacCow, another bovine-base MST marker, from this analysis as it was frequently detected in infant stool samples collected in the Safe Start study. Cross-reactivity of Bacteroides MST markers between sources greatly diminishes the value of these markers for differentiation of fecal contamination sources.

There were several limitations to this study. As noted above, quantitative comparison of viable Bacteriodies and enteric bacteria between culture and qPCR for this study may have been influenced by culture-dependent and culture-independent methodological gaps. Our culture results may have underestimated actual contamination prevalence if some samples contained low numbers of target bacteria that were not detectable by culture methods after the pre-enrichment procedure. A lack of secondary selective enrichment procedure after the pre-enrichment procedure in the study design could also increase the number of false-negative culturable bacteria detections (Robinson, 2014). We attempted to improve the overall culture detection rate by employing overnight pre-enrichment at refrigeration temperature in peptone water to control replication rates and restricting warm pre-enrichment to 1 h. Overnight refrigeration of food prior to selective culture is not uncommon, and we simply standardized the time interval prior to a limited warm pre-enrichment step. A forthcoming manuscript by our group will describe the overall effectiveness of this protocol versus more extended warm pre-enrichment periods and qPCR-based approaches at recovering and quantifying enteric bacteria from milk. Additionally, the volumes used for molecular assays were about 10x smaller than culture volumes, and the Cq values for detected pathogens and MST markers were near the lower limit of detection. This may have led to false negatives for the qPCR assays as well. In piloting our methods, we sought to filter concentrate bacteria from larger volumes of milk, but milk fat clogged the filters. DNA from larger volumes could have resulted in higher MST and pathogen detection rates and lower Ct/higher concentration values. Future research should seek to improve quantitative protocols for enumerating viable bacterial pathogens in food. This may reduce gaps in accuracy between culture and qPCR methods and improve the assessment of predictive relationships between MST markers and pathogens in food.

Having analytical indicators that could accurately track the source of enteric contaminations could help identify interventions that reduce foodborne exposure to enteric pathogens and the associated disease burden. The preliminary evidence from this study suggests neither of the two Bacteroides MST markers investigated were reliable indicators for enteric pathogen contamination of milk products and milk-based food compared with the Enterobacteriaceae indicators, regardless of detection method. Although Bacteroides MST markers may not be usseful as a complete replacement for Enterobacteriaceae indicators, they could still explain the risk factors contributing to recent contaminations in dairy products and infant food. Future research with additional Bacteroides MST markers from other animal sources could shed more light on the overall usefulness of Bacteroides MST markers in food safety evaluation.
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Few bacteriocins with antibacterial activity against Shigella flexneri have been reported. Here, a novel bacteriocin (LFX01) produced by Lactiplantibacillus plantarum strain LF-8 from the intestine of tilapia was purified and extensively characterized. LFX01 possesses a molecular weight of 1049.56 Da and an amino acid sequence of I-T-G-G-P-A-V-V-H-Q-A. LFX01 significantly inhibited S. flexneri strain 14 (S. flexneri_14) growth. Moreover, it exhibited excellent stability under heat and acid-base stress, and presented sensitivity to a variety of proteases, such as proteinase K, pepsin, and trypsin. The minimum inhibitory concentration (MIC) of LFX01 against S. flexneri_14 was 12.65 μg/mL, which was smaller than that of most of the previously found bacteriocins. Furthermore, LFX01 significantly inhibited (p < 0.05) S. flexneri_14 cells and decreased their cell viability. In addition, LFX01 could significantly (p < 0.05) inhibit biofilm formation of S. flexneri_14. Scanning electron microscopy analysis presented that the cell membrane permeability of S. flexneri_14 was demolished by LFX01, leading to cytoplasmic contents leakage and cell rupture death. In summary, a novel bacteriocin of lactic acid bacteria (LAB) was found, which could effectively control S. flexneri in both planktonic and biofilm states.
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INTRODUCTION

Shigella flexneri is a Gram-negative, non-spore-bearing facultative anaerobic bacterium that can cause serious gastrointestinal infections (food poisoning), especially bacillary dysentery (Cui et al., 2015; Jabbar and Al-azawi, 2020). It is also widely known as the “first killer” in the foodborne pathogenic bacteria in children in developing countries (Cui et al., 2015; Nisa et al., 2020). Previous studies reported an estimated 165 million cases of shigellosis worldwide each year, with approximately 1.1 million deaths accounting for 69% of the cases in the immunocompromised 5-year-olds (Mardaneh et al., 2013; Saima et al., 2018). Additionally, S. flexneri infecting an animal body could induce microfold cell transportation in animal intestinal mucosa by entering the lymphatic tissues through endocytosis (Ranganathan et al., 2019; Rey et al., 2020). Although macrophages can swallow S. flexneri, it can escape by binding S. flexneri IpaB with caspase-1 and activate caspase pathways in the host intestinal cells through lysis (Ranganathan et al., 2019; Li L.H. et al., 2020). Thus, preventing and controlling the S. flexneri that induced foodborne pathogen infection has become the primary concern of the researchers. S. flexneri strains primarily contaminate many high nutritional foods such as fish and poultry, which affect food quality, resulting in human food safety problems (Paul et al., 2019). At present, the primary way to control S. flexneri in food is via the use of unhealthful chemical preservatives. Therefore, exploring new methods to control foodborne S. flexneri is necessary.

Biofilm is a community of bacteria attached to surfaces of biotic (foods) or abiotic (processing equipment) (Lindsay and Von, 2006; Shahin et al., 2019). Biofilm of foodborne pathogenic bacteria possesses resistance to disinfectants and antibacterial agents, with high resistance to heat and drying. Furthermore, high-density structure of the biofilm protects pathogenic bacteria from acidic and antibiotic treatments (Tsukatani et al., 2020). In particular, cells of pathogenic bacteria in biofilms are 10–1,000 times less sensitive to disinfectants than planktonic cells (Li et al., 2021; Xiang et al., 2021). Moreover, biofilm is one of the primary causes of equipment damage, thus leading to increased energy cost, as well as is involved in the occurrence of food spoilage and foodborne diseases (Nové et al., 2020; Tsukatani et al., 2020). Currently, biofilm formed by pathogenic bacteria and biofilm mediated foodborne disease prevalence has become one of the major challenges for food safety. To date, several studies have explored the biofilm formation ability and mechanism of S. flexneri in foods, and employed high-concentration antibiotics and bacteriostatic synthetic compounds to control S. flexneri biofilm (Kang et al., 2020; Kaoukab et al., 2020). However, no such effective biological control approaches to inhibit planktonic cells and biofilm of S. flexneri have been reported so far.

Bacteriocin from bacteria is a class of natural macromolecular protein or small molecule with short peptide (Li et al., 2017; Enriqueta et al., 2020; Peng et al., 2021). It is also known to be a class of natural antimicrobial agents that can effectively inhibit or inactivate many foodborne pathogenic bacteria (Guo et al., 2020; Darvishi et al., 2021). In particular, many lactic acid bacteria (LAB) bacteriocins have been demonstrated with high safety and tolerance to heat, acids, and bases (Guo et al., 2020). For instance, LAB bacteriocins derived from Lactococcus lactis 2Mt and Lactobacillus salivarius CGMCC20700 were found to effectively inhibit foodborne Staphylococcus aureus under a wide range of acid-base and temperature (Pmka et al., 2019; Li et al., 2021). Although many LAB bacteriocins have been identified so far, their effects on biofilm formation of foodborne S. flexneri are still unexplored.

Lactiplantibacillus plantarum (previously named as Lactobacillus plantarum; Zheng et al., 2020) is a potential probiotic additive (Bu et al., 2021) and is abundant in animal gastrointestinal tracts and feces (Lei et al., 2020), such as bacteriocins produced by swun5815 strain from yak intestine (Zhou et al., 2018), bacteriocin ZJ316 from healthy infant feces (Chen et al., 2018), and bacteriocin zrx03 from newborn children feces (Lei et al., 2020). L. plantarum bacteriocins and other LAB bacteriocins are mostly isolated from the mammalian intestine, but bacteriocins isolated from other animal groups, such as fish are extremely rare. Therefore, the limited bacteriocin resources have also limited the application of LAB bacteriocins.

As the second most commonly cultured freshwater fish worldwide, tilapia aquaculture has been extensively conducted in more than 100 countries, including China, Indonesia, and Egypt (Subasinghe, 2017). Previous studies have isolated and identified bacteriocin-producing LAB strains from the intestine of Oreochromis niloticus in Cameroon, Africa (Pmka et al., 2019). However, these studies only obtained crude LAB bacteriocins from tilapia by chloroform/methanol method, and its molecular weight was roughly checked by tricine-SDS-PAGE (Pmka et al., 2019). This evidence implied that intestine of tilapia is an important source of LAB bacteriocin resources, and it likely contains LAB bacteriocins with antibacterial activity against S. flexneri. In addition, further purification and characterization (e.g., molecular weight, amino acid sequence composition, antibacterial, and antibiofilm activity) of LAB bacteriocins from tilapia is highly necessitated.

The present study sought to screen the L. plantarum strains with high antibacterial activity against S. flexneri from tilapia intestines. Subsequently, the L. plantarum-producing bacteriocin was purified and its molecular weight and amino acid sequence were determined. Furthermore, the minimum inhibitory concentration (MIC), time-kill kinetics, acid-base, thermal stability, and enzyme sensitivity of bacteriocin were assessed. The inhibitory effects of LFX01 on S. flexneris biofilm were investigated.



MATERIALS AND METHODS


Isolation and Culture of Strain

Healthy juvenile tilapia (Oreochromis niloticus) samples were purchased from the food market located in Chenggong District, Kunming, Yunnan, China, and sent to the laboratory immediately within 3–5 h. Later, six individuals (mean body weight: 12 ± 1.5 g, mean body length: 7 ± 1.2 cm) were anesthetized with ethyl 3-aminobenzoate methane sulfonate (concentration: 15 mg/L, MS-222, Sigma, MO, United States). Then, the tilapia individuals were washed twice with 75% ethanol and 5 times with sterile water, and the intestines of tilapia were aseptically cut on a super-clean worktable (Optec, Chongqing, China) and placed in a 5.0-mL sterile Eppendorf tube with 2.0-mL sterile water, and thoroughly ground with a grinding rod. Afterward, 100 μL dilutions of four concentrations (i.e., 10–1, 10–3, 10–5, and 10–7) obtained by gradient dilution with sterile water were dispersed on the surface of MRS Culture Medium (Solarbio, Beijing, China) (37°C, 24 h). Furthermore, single colonies were picked out by sterile inoculation loop. Finally, these single colonies were preliminarily identified and stored at 4°C according to their phenotypic characteristics.



Screening and Identification of Bacteria With Antibacterial Activity

S. flexneri strain BDS14 (referred to as S. flexneri_14) isolated from chicken was obtained in our previous studies (He et al., 2021), and it is being stored at Faculty of Life Science and Technology, Kunming University of Science and Technology. Species of LAB strains were confirmed by morphological and microscopic observation under a light microscopy (400 × magnification) (Zeiss Primo Star, Jena, Germany) according to the “manual for systematic identification of common bacteria” (Goodfellow et al., 2012). LAB strains possess several morphological characteristics such as rod-shaped appearance, gram-positive stain, no flagella, and no capsule.

The candidate LAB strains were cultured in MRS liquid medium (37°C, 24 h) and the culture solution was centrifuged (7,104 × g, 10 min) to discard the precipitate. Subsequently, a 0.22-μm filter membrane was employed to obtain a cell-free suspension. The obtained cell-free supernatant was adjusted to neutral pH (6.5) to exclude the interference of organic acids (including lactic acid). Screening of LAB strains against S. flexneri_14 was performed by the Oxford cup (diameter 8.0 mm, sample volume 200 μL) double-layer plate method (Voulgari et al., 2010). In brief, 100 μL of a suspension of S. flexneri_14 (107 CFU/mL) cells in exponential phase was spread on the surface of LB semisolid medium (Solarbio). The Oxford cup was placed onto the surface of the LB semisolid medium and 200 μL of the cell-free supernatant was added, cultivated at 37°C for 24 h. Finally, a vernier caliper was used to determine the clearing zone around the well which was a result of the antibacterial activity of the LAB supernatant. Sterile water was used as control and three replicates were performed.

Based on the above obtained inhibitory zone, the LAB strain showing the best antibacterial effects against S. flexneri_14 was selected for the downstream experiments. The target strain was added to MRS liquid medium and then incubated at 37°C for 24 h. The taxonomic status of the target strain was verified using molecular markers. Briefly, DNA extraction of the target LAB strain was performed according to the directions of DNA Purification Kit (Tiangen, Beijing, China). PCR reaction system: 2 × Mix 12.5 μL, DNA template 1 μL, each universal primer (8F and 1492R for the bacterial 16S rRNA gene) 0.5 μL. PCR reaction conditions: 94°C for 3 min, 94°C for 32 s, 52°C for 32 s, 72°C for 50 s, final extension at 72°C for 5 min after 30 cycles. The PCR amplicons were detected by 1.5% agarose electrophoresis, and Sanger sequencing was performed by Geneseed Biotech Co., Ltd. (Guangzhou, China). The obtained 16S DNA sequences were aligned into the NCBI database using the online BLAST. MEGA6 software was used to reconstruct a phylogenetic tree (Tamura et al., 2013).



Purification and Determination of Bacteriocin

The target strain (L. plantarum) against S. flexneri_14 was added to MRS liquid medium (37°C, 24 h), and then centrifuged (7,104 × g, 10 min) to remove cell precipitate. The obtained cell-free supernatant was purified by an ÄKTA purifier automatic chromatograph in tandem coupled with a Superdex™ 30 Increase 10/300 GL Exclusion Chromatography columns (GE Healthcare, Marlborough, United States), as previously described (Li Z.R. et al., 2020; Li et al., 2021). The corresponding substances under each eluted peak were separately collected into a 25-mL centrifuge tube, and their antibacterial activity was determined by the Oxford cup double-plate method. The collection that showed the highest antibacterial activity was then loaded and purified again to obtain a purified antibacterial active substance (named as LFX01). Finally, the LFX01 fraction was preserved by freeze-drying in a FD-2A freeze dryer (Biocoll, Beijing, China), for downstream experiments.

The molecular weight and amino acid sequence of the purified LFX01 were determined by a Nano LC-MS/MS system, as previously described (Li Z.R. et al., 2020; Li et al., 2021). Briefly, LFX01 were eluted with 0.1% formic acid (Macklin, Shanghai, China), 100% water and 0.1% formic acid, and 100% acetonitrile. The LC linear gradient elution was implemented: from 6 to 9% B for 6 min; from 9 to 50% B for 30 min; and from 50 to 95% B for 3 min and 95–95% B for 5 min, with a flow rate at 0.3 μL/min. The primary mass spectrum was obtained by a single full scan (MS), and the secondary mass spectrum data is obtained by step-normalized collision energy. The obtained mass spectra signals by MS scan were further assessed for protein identification in Peaks Studio X (Bioinformatics, Waterloo, Canada). Antimicrobial peptide databases (i.e., NCBI, UniProt, and Swiss-Prot) were searched amino acid sequence of bacteriocin using the Blast online server. Finally, the antibacterial effects of LFX01 were verified by the Oxford cup double-plate method.



Determination of Bacteriocin Concentration

Bacteriocin concentration was estimated by the Pierce® BCA Protein quantification Kit (Thermo Fisher Scientific, Waltham, United States), according to user instruction. Briefly, bovine serum albumin (BSA) standards (2.0 mg/mL) were diluted in ampoules to prepare the required concentration of the standard solution. Subsequently, the standard solution (25 μL) and the equivalent amount of LFX01 were pipetted into a 96-well plate. A total of 200 μL BCA working reagent was added to each well, the content was thoroughly mixed for 1 min, incubated room temperature for 25 min. Absorbance of the solution was measured at 565 nm at room temperature using a microplate reader (MR-96A, Mindray, Shenzhen, China). Free-BSA samples were set as control. The concentration of LFX01 in the samples was measured by plotting a standard curve according to y = 1.058x+0.1164, R2 = 0.9962.



Enzyme Sensitivity Test

LFX01 (1.0 mg/mL) was added separately to catalase and different protease solutions [i.e., pepsin (20 mM in a in PBS, pH 2), trypsin, proteinase K, papain (20 mM in PBS, pH 7.5), and alkaline protease (20 mM in PBS, pH 9.0)] with a final concentration of 1.0 mg/mL (Solarbio). The mixture of LFX01 and enzyme was treated (37°C, 2 h), followed by deactivation (80°C, 5 min). Enzyme without LFX01 was set as control. The effect of each different enzyme on the antibacterial activity of LFX01 was confirmed by the Oxford cup double-plate method. Each experimental sample was independently tested in triplicate.



Acid-Base and Thermal Stability Test

The following tests were performed to detect the acid-base and thermal stability of LFX01 (1.0 mg/mL), as previously described (Yi et al., 2018; Zhang et al., 2019): (1) treatment at 37, 60, 80, 100, and 121°C for 30 min; (2) pH of LFX01 was adjusted to 2.0, 4.0, 6.0, 8.0, 10.0, and 12.0 by 1.0 moL/L HCl or NaOH solution and then treated at 37°C for 2 h. Finally, pH of LFX01 solution was adjusted back to neutral pH (6.5). The antibacterial activity of LFX01 against S. flexneri_14 under different pH values and temperature was separately assessed by the Oxford cup double-plate method. LFX01 under room temperature (25°C) and neutral pH value was set as control. Each experimental sample was independently tested in triplicate.



Minimum Inhibitory Concentration and Time-Kill Kinetics

Determination of the MIC values of LFX01 against S. flexneri_14 was conducted, as previously described (Zhang et al., 2019; Li et al., 2021). Briefly, S. flexneri_14 was precultured in LB liquid medium by incubation (37°C for 12 h). Then, LFX01 (1.0 mg/mL) was serially diluted into PBS. These dilutions (10 μL) were added separately into 90 μL of LB liquid medium with S. flexneri_14 (final concentration: 107 CFU/mL), incubated at 37°C in a 96-well plate for 24 h. Growth of S. flexneri_14 was assessed in triplicate using a microplate reader at 595 nm. MIC was the lowest concentration of antibacterial substances that completely inhibited growth of S. flexneri_14, as previously described (Yi et al., 2018; Li et al., 2021). 2 × MIC was used as the effective concentration for bacteriostatic treatment, as previously reported (Yi et al., 2018; Lanhua et al., 2020).

The time-killing kinetics test was conducted to assess the dynamic changes in killing effects of LFX01 against the indicator strain across various treatment times. Namely, LFX01 was mixed with S. flexneri_14 (107 CFU/mL) to reach a final concentration (2 × MIC) of LFX01 and then incubated for 0, 0.5, 1, 1.5, and 2 h. Subsequently, 100 μL of LFX01 at each incubation time points were spread on LB solid medium by 10 fold serial dilution method. After incubating at 37°C for 24 h, 30∼300 single colonies of S. flexneri_14 were selected for counting. LFX01-free samples were set as control groups. Each experimental sample was independently tested in triplicate.



Cell Proliferation and Viability Assay

The metabolic activity of S. flexneri_14 cells was determined by the XTT (i.e., 2,3-BIS (2-methoxy-4-nitro-5-sulfonyl)-2H-tetrazo-5-carboxyl) assay kit (Abcam, Cambridge, United Kingdom), according to use instruction strictly. Briefly, planktonic S. flexneri_14 samples and 10 μL of LFX01 (final concentrations: 2 × MIC) were added into a 96-well plate containing 80 μL of LB liquid medium, followed by the mixing and incubated (37°C, 1 h). Subsequently, 10 μL of XTT solution was added, mixed for 30 s and incubated (37°C, 2 h). Following a gentle homogenization of the microplate, absorbance of samples was measured using a microplate reader at 450 nm. Each experimental sample was independently tested in triplicate.

The survival rate of planktonic S. flexneri_14 cells after exposure to LFX01 was assessed by the Cell-Check™ viability/cytotoxicity kit (ABP Biosciences, Rockville, United States). Briefly, planktonic S. flexneri_14 cells were treated with LFX01 (2 × MIC) at 37°C for 10 min. Later, 3 μL of mixture composed of fluorescent dyes NucView Green and propidium iodide (PI) was added to the bacterial suspension, followed by incubated at 37°C for 10 min. LFX01-free planktonic S. flexneri_14 cells were set as control. The experimental samples were detected on the slides using fluorescence microscopy (Boschida, Shenzhen, China) (200 magnification). Each experimental sample was independently tested in triplicate.



SEM Analysis

Three milliliters of S. flexneri_14 (107 CFU/mL) were centrifuged (7,104 × g, 5 min) to collect the precipitated bacterial cells. The bacterial cells were washed thrice with PBS and incubated (37°C, 2 h) with 1 mL of LFX01 (2 × MIC). Subsequently, the LFX01 treated bacterial cells were then fixed with 2.5% glutaraldehyde at 4°C for 8 h and dehydrated in the concentration gradient of ethanol (20, 40, 60, 80, and 95%) for 30 min each. Afterward, all samples were transferred to polished silicon wafers (10 × 10 mm) and dried at room temperature (25°C). The samples covered by gold powder were imaged with an SEM (S-3000N, Hitachi, Tokyo, Japan). LFX01-free S. flexneri_14 was set as control, and each treatment was performed in three replicates.



Determination of Antibiofilm Activity

LFX01 was mixed with LB liquid medium and transferred to a 96-well plate to assess the effects of LFX01 exposure on S. flexneri_14 biofilm formation at final concentrations of: LFX01-free controls, 1/2 × MIC, 1 × MIC, 2 × MIC. Later, 100 μL of cell suspension of S. flexneri_14 was added to these LFX01 dilutions at different concentrations. After incubation at 37°C for 24 h (the optimal temperature and time for biofilm formation of S. flexneri_14), the liquid medium was discarded to remove planktonic S. flexneri_14 cells and expose the biofilm. The plates washing wells using PBS buffer, a MycoLight™ Live Bacteria Fluorescence Imaging Kit (AAT Bioquest, CA, United States) was employed to stain the exposed biofilm following the product manuals. Excessive dye was removed using PBS buffer. The formed biofilms were detected with fluorescence microscopy (100 magnification). PBS buffer was added to each well followed by homogenization. Absorbance (OD595) of the mixture was determined in a microplate reader. Samples not treated with LFX01 were used as control.



Data Analysis

Data analysis was conducted, as previously described (Yi et al., 2018; Li et al., 2021). In brief, results were exhibited as mean ± standard deviation (SD) of independent replicates. IBM® SPSS® Statistics version 22 was used to calculate the significance between two groups employing a non-paired two-tailed t-test. One-way ANOVA test was conducted to evaluate significance levels among groups. P-values < 0.05 indicated significant statistical difference.




RESULTS


Screening of the Target Bacteriocin-Producing Lactic Acid Bacteria

Among pure cultures of LAB strains isolated from the tilapia intestine, the inhibitory zone diameter of the LF-8 strain against S. flexneri_14 was the largest (up to 26.69 ± 0.32 mm). Thus, this strain was selected as the object for further study. Colony morphology and micro-structure of LF-8 revealed white globular, smooth surface, short chain globular (Figures 1A,B). Furthermore, 16S rRNA amplicon of LF-8 with a nucleotide sequence of 1,465 bp (Genbank accession No. MW979597.1) was obtained. BLAST alignment results elucidated a 100.0% similarity of the sequence with L. plantarum species (Genbank No. NR117813.1), and the phylogenetic tree presented a cluster of LF-8 strain with L. plantarum (Figure 1C). Based on the above-obtained phenotypic and molecular evidence, LF-8 was identified as L. plantarum.
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FIGURE 1. Identification of Lactiplantibacillus plantarum. Colony morphology (A) and microscopic characteristics; (B) following Gram staining (C); phylogenetic analysis of L. plantarum LF-8 from 16 rRNA nucleotide sequences. All sequences originated from Lactobacillaceae family and other non-Lactobacillus species were used as outgroups. Type strains were marked by solid black circles, and each species of Lactiplantibacillus/Lactobacillus included an additional strain.




Molecular Weight and Amino Acid Sequence of LFX01

Among the four peaks identified in the chromatogram of the preliminary purified extract, peak A4 showed the greatest antibacterial activity (Figure 2A). The corresponding product in B1 peak was collected after purifying A4 and the antibacterial activity of B1 substances (LFX01) against S. flexneri_14 was confirmed by the formation of an inhibitory zone (25.12 ± 0.16 mm) (Figure 2B).


[image: image]

FIGURE 2. Purification of antibacterial substances produced by L. plantarum LF-8. Base peak chromatograms of (A) initially purification and (B) further purified bacteriocin extract accompanied by the inhibition zones of the corresponding peak against S. flexneri_14 as assessed by the Oxford cup double-plate method.


Mass spectrometry analysis determined a molecular weight of 1,049.56 Da (Figure 3) and amino acid composition of I-T-G-G-P-A-V-V-H-Q-A of LFX01 (Supplementary Figure 1). BLAST alignment did not search any similar protein sequence with LFX01 in protein storage databases.
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FIGURE 3. Mass spectrometry of LFX01.




Enzyme Sensitivity, Acid-Base, and Thermal Stability

LFX01 treated with catalase retained 97.02% activity compared to the controls (no significance, p > 0.05). This result excluded hydrogen peroxide-based antibacterial activity of LFX01. After treated with different proteases, the antibacterial activity of LFX01 significantly reduced (p < 0.05), particularly proteinase K, trypsin, and pepsin (reduced by more than 80%), indicating the sensitivity of LFX01 to various proteases (Figure 4). Additionally, the antibacterial activity of LFX01 gradually decreased with increase in pH values (Figure 5A). The antibacterial activity of LFX01 reached the lowest at pH 12.0 (reduced by 73.74%). The fastest decrease of antibacterial activity of LFX01 occurred at pH 8∼12 (reduced from 79.16 to 26.26%), and this change in antibacterial activity was significant compared with the controls (p < 0.05). Furthermore, the antibacterial activity of LFX01 gradually decreased with the increase of temperature (37∼121°C) (Figure 5B). Compared with the control, LFX01 retained 56.06% antibacterial activity at 121°C. The fastest decline in antibacterial activity of LFX01 occurred at 80∼121°C (reduced from 81.83 to 56.06%).
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FIGURE 4. Analysis of enzymes on the stability of LFX01. *p < 0.05, **p < 0.01; N.S: no significant difference.
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FIGURE 5. Analysis of acid-base (A) and heat (B) on the stability of LFX01. *p < 0.05, **p < 0.01; N.S: no significant difference.




Minimum Inhibitory Concentration and Time-Kill Kinetics

MIC of LFX01 against S. flexneri_14 was 12.65 μg/mL. The colony number of S. flexneri_14 gradually decreased with the treatment time and significantly decreased after 0.5 h (p < 0.05) when treated with 2 × MIC for 0∼2 h (Figure 6). The colony number of S. flexneri_14 reaches to the lowest value (lg4.65 CFU/mL) at 2 h, confirming the effectiveness of LFX01 to terminate planktonic S. flexneri_14 survival.


[image: image]

FIGURE 6. Analysis of time-kill kinetics of S. flexneri_14 cells treated with LFX01. **p < 0.01; N.S: no significant difference.




Proliferation and Cell Viability of Planktonic S. flexneri_14 Cells

The XTT assays showed that absorbance values of planktonic S. flexneri_14 cells was decreased to 45.32% upon exposure to LFX01 (2 × MIC) for 2 h (p < 0.01) (Figure 7A). Compared with the untreated controls (live cells are stained green) (Figure 7B), S. flexneri_14 cells died after treatment with LFX01 (2 × MIC) (red-stained) (Figure 7C). These results further confirmed the effective killing of LFX01 against planktonic S. flexneri_14 cells.
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FIGURE 7. Cell viability of planktonic S. flexneri_14 cells after exposure to LFX01 compared with the untreated control (A). **p < 0.01. Images of planktonic S. flexneri_14 cells detected by fluorescence microscopy. (B) Control sample and (C) LFX01-treated S. flexneri_14 cells. Live and dead bacteria present green and fluorescence, respectively.




Antibiofilm Activity of LFX01

Biofilm density of S. flexneri_14 appeared to be significantly reduced (p < 0.05) after treating with LFX01 at concentrations of 1/2 × MIC, 1 × MIC, and 2 × MIC. Furthermore, quantitative analysis determined that the biofilm exposed to the control (0 × MIC; Figure 8A), 1/2 × MIC (Figure 8B), 1 × MIC (Figure 8C), and 2 × MIC (Figure 8D) of LFX01 yielded OD595 values of 1.35 ± 0.15, 0.96 ± 0.09, 0.56 ± 0.05, and 0.29 ± 0.03, respectively. P-values of all comparison pairs between controls and each experimental group were less than 0.05. The SEM analysis further presented LFX01-free S. flexneri_14 cells (control) with uniform rod-shaped, smooth surface, neat edge, clear outline, and complete cell structure (Figures 9A,B). However, compared with the control, S. flexneri_14 cells incubated with LFX01 presented uneven shape, wrinkled surface, disruptive cells, content leakage, and cell surface perforations (Figures 9C,D).
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FIGURE 8. Effect of different concentrations of LFX01 (A): Control; (B): 1/2 × MIC; (C): 1 × MIC; (D): 2 × MIC) on the biofilm-forming ability of S. flexneri_14, as detected by fluorescence microscopy.
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FIGURE 9. Effect of LFX01 on biofilm formation of S. flexneri_14, detected by SEM. (A,B) indicate the control, (C,D) indicate treatment.





DISCUSSION

To the best of our knowledge, LFX01 is the first bacteriocin against S. flexneri_14 found in fish intestine. Compared with the molecular weight of other LAB bacteriocins reported in previous studies, LFX01 belongs to a small molecular bacteriocin, as reported in (5592.22 Da from Lactobacillus pentosus 31-1) (Zhang et al., 2009), (5383.2 Da from Lactobacillus salivarius SMXD51) (Messaoudi et al., 2012), and (1221.074 Da from L. salivarius SPW1) (Wayah and Philip, 2018) (665.30 Da from L. salivarius CGMCC2070) (Li et al., 2021). Generally, a spatial structure of bacteriocins with smaller molecular weight is more stable under environmental stressors (e.g., temperature, pH, and humidity) (Messaoudi et al., 2012; Wayah and Philip, 2018), implying that LFX01 can be widely applied to diverse food processing conditions. Additionally, LFX01 exhibits no homology with other previously reported bacteriocins, indicating that LFX01 is a novel.

Antibacterial characteristics of bacteriocins are essential parameters of the food industry. The enzyme sensitivity tests excluded the effects of hydrogen peroxide produced by LAB on S. flexneri_14 in this study. Meanwhile, LFX01 sensitivity to proteases indicated that LFX01 was a bacteriocin possessing protein-like properties (Sung and Jo, 2019). In addition, the antibacterial activity of LFX01 remained between pH 2 and pH 6, and then significantly decreased by approximately 20, 45, and 74% at pH 8, pH 10, and pH 12, respectively. Previous studies have reported that the antibacterial activity of LAB bacteriocins (produced by L. salivarius SPW1, Lactobacillus fermentum BZ532, and Lactobacillus paracasei HD1-7) significantly reduced by at least 90% when pH exceeded 8 for 2 h (Ge et al., 2016; Baranzan and Koshy, 2018; Rasheed et al., 2020). Accumulating studies have reported that the antibacterial activity of LAB bacteriocins significantly decreased over alkaline conditions (Am et al., 2019; Rasheed et al., 2020). For instance, LAB bacteriocin produced by Lactococcus lactis could be completely inactivated by alkali treatment at pH 12 for 2 h (Pmka et al., 2019). In this study, the antibacterial activity of LFX01 retained 26.26% of the control under pH 12 for 2 h. Additionally, the antibacterial activity of Lactobacillus rhamnosus zrx01 bacteriocin and L. plantarum B21 bacteriocin significantly reduced by at least 50% when heat treatment exceeded 100°C for 30 min (Golneshin et al., 2020; Zhao et al., 2020). Lactobacillus acidophilus NX2-6 bacteriocin exerted 20.00% antibacterial activity of the control under 121°C for 1 h (Meng et al., 2020). In this study, the antibacterial activity of LFX01 retained approximately 72.32–56.06 % of the control after treatment at 100 and 121°C for 30 min, respectively. Certainly, several previously reported LAB bacteriocins exhibited excellent thermal stability similar to that of LFX01 (Ge et al., 2016; Pmka et al., 2019; Li et al., 2021). These results suggested that LFX01 possesses excellent acid-base and temperature tolerance effects. Diversity in the thermal stability and acid-base tolerance of LAB bacteriocins confirms the significant potentiality of LAB bacteriocins as an antibacterial agent in a wide range of temperature and acid-base treatments of food by their combination.

The MIC of LFX01 against S. flexneri_14 assessed in this study was close to or lower than the previously purified LAB bacteriocins (Yi et al., 2018; Wang et al., 2019). For instance, MIC of XSJ01 against S. aureus was 9.85 μg/mL (Li et al., 2021), MIC of bacteriocin BMP11 against various foodborne pathogenic bacteria (e.g., S. flexneri, L. monocytogenes, Cronobacter sakazakii, and S. aureus) was 0.3–38.4 μg/mL (Yi et al., 2018), MIC of bacteriocin BM1157 against S. aureus was 25.0 μg/mL (Yi et al., 2020). This mostly attributed to good killing effects of LFX01 on planktonic S. flexneri_14 cells. Especially, the cell viability of S. flexneri_14 significantly reduced after treatment with LFX01 in the XTT experiments. However, planktonic Enterococcus faecalis cells exhibited no reduction with Pediococcus acidilactici bacteriocin during XTT assay (Yoon and Kang, 2020). P. acidilactici bacteriocin hardly retained the cell viability of Pseudomonas aeruginosa cells (Lee et al., 2020). Notably, XTT assay revealed that the cell viability of S. aureus cells was reduced by 47% after treating with LAB bacteriocins (produced by L. salivarius) (Li et al., 2021). Therefore, LAB bacteriocins presented better reduction effects on cell viability of planktonic foodborne pathogens than non-LAB bacteriocins.

In this study, different MICs of LFX01 were used to inhibit the formation of S. flexneri_14 biofilm. The quantitative analysis showed that LFX01 could significantly inhibit S. flexneri_14 biofilm formation. Further observation revealed that with the increase of MIC concentration, cell density of S. flexneri_14 biofilm gradually decreased. Notably, the biofilm formation was effectively reduced at the concentration of 1/2 × MIC, and the biofilm was hardly observed at the concentration of 2 × MIC, indicating an effective concentration of LFX01 under different antibiofilm requirements. These results confirmed LFX01 as an effective inhibitor of S. flexneri_14 biofilm formation. Therefore, LFX01 could be further developed to LAB bacteriocin products for inhibiting S. flexneri_14 biofilm. Despite these findings, the mechanisms underlying the antibacterial effects of bacteriocins on foodborne pathogens remain indefinite. The SEM observation revealed uneven shape, wrinkled surface, disruptive cells, content leakage, and perforations on the cell surface, which was consistent with the previous study results (Sun et al., 2018; Hossain et al., 2020; Lanhua et al., 2020). Previous studies have concluded that bacteriocins exposure could interfere with DNA metabolism, resulting in cytoplasmic content leakage and decreased activity of key kinases, eventually causing cell death of pathogenic bacteria (Yi et al., 2018; Li et al., 2021; Zhu et al., 2021). Therefore, antibacterial effects of LFX01 on biofilm formation and activity of planktonic S. flexneri_14 cells are primarily attributed to the reduced metabolic activity and perforated cell membrane.



CONCLUSION

In summary, a novel bacteriocin LFX01 produced by L. plantarum was purified and characterized for antibacterial activities. LFX01 exhibited excellent thermal stability and acid-base tolerance. Moreover, the antibacterial activity of LFX01 against S. flexneri_14 showed a reduced rate after treatment with proteases. Furthermore, LFX01 significantly decreased the cell viability of S. flexneri_14 and terminated planktonic bacterial cells. LFX01 significantly inhibited the S. flexneri_14 biofilm formation at low concentrations. Therefore, the antibacterial effects of LFX01 against S. flexneri_14 were attributed to the decreased bactericidal activity and the S. flexneri_14 cell membrane injury. This study suggests that LFX01 could be a promising alternative agent to control S. flexneri_14 in foods.
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The Gram-negative, obligate intracellular bacterium Coxiella burnetii is the causative organism of the zoonosis Q fever and is known for its resistance toward various intra- and extracellular stressors. Infected ruminants such as cattle, sheep, and goats can shed the pathogen in their milk. Pasteurization of raw milk was introduced for the inactivation of C. burnetii and other milk-borne pathogens. Legal regulations for the pasteurization of milk are mostly based on recommendations of the Codex Alimentarius. As described there, C. burnetii is considered as the most heat-resistant non-spore-forming bacterial pathogen in milk and has to be reduced by at least 5 log10-steps during the pasteurization process. However, the corresponding inactivation data for C. burnetii originate from experiments performed more than 60 years ago. Recent scientific findings and the technological progress of modern pasteurization equipment indicate that C. burnetii is potentially more effectively inactivated during pasteurization than demanded in the Codex Alimentarius. In the present study, ultra-high heat-treated milk was inoculated with different C. burnetii field isolates and subsequently heat-treated in a pilot-plant pasteurizer. Kinetic inactivation data in terms of D- and z-values were determined and used for the calculation of heat-dependent log reduction. With regard to the mandatory 5 log10-step reduction of the pathogen, the efficacy of the established heat treatment regime was confirmed, and, in addition, a reduction of the pasteurization temperature seems feasible.

Keywords: Coxiella burnetii, milk, HTST pasteurization, D-/z-value, food safety


INTRODUCTION

Coxiella burnetii is an obligate intracellular, Gram-negative bacterium and the causative agent of the zoonosis Q fever (Maurin and Raoult, 1999). It has a wide host range, including ruminants such as cattle, sheep, and goats. These animals are considered as the main source of infection for humans (Baca and Paretsky, 1983; Marrie and Raoult, 1997; Roest et al., 2011). During infection, C. burnetii replicates within a parasitophorous vacuole with phagolysosomal characteristics inside the host cell. Upon uptake, the bacteria differentiate from the spore-like cell form [small cell variant (SCV)] to the metabolically active and replicative cell form [large cell variant (LCV)] (McCaul and Williams, 1981; Coleman et al., 2004). The SCV is assumed to be more resistant to mechanical and osmotic stressors than the LCV (McCaul and Williams, 1981; Sandoz et al., 2016).

Infected animals can shed C. burnetii via their birth products (Bildfell et al., 2000; Arricau Bouvery et al., 2003), vaginal mucus (Berri et al., 2001; Bauer et al., 2020), feces (Guatteo et al., 2006), and milk (Schaal, 1980). The inhalation of contaminated aerosols is regarded as the main infection route (Welsh et al., 1958; Nusinovici et al., 2017). The infection risk via the oral route by consumption of C. burnetii-contaminated milk is considered to be much lower than inhalation but may lead to seroconversion (Marmion and Stoker, 1958; Benson et al., 1963; Fishbein and Raoult, 1992). However, a correlation between oral uptake and infection is still under discussion (Cerf and Condron, 2006; Miller et al., 2020).

Due to the zoonotic nature of the microorganism and its resistance against environmental stressors, including heat resistance, C. burnetii is considered one of the most persistent non-spore-forming bacterial pathogens in milk that can harm humans (McCaul and Williams, 1981; Codex Alimentarius, 2009; Roest et al., 2013). The currently applied pasteurization regimes for milk and fluid milk products are based on heat inactivation data of C. burnetii as determined by Enright et al. (1957). In this study, two different temperature–time combinations for heat inactivation of the pathogen in milk were used: high-temperature short-time treatment (HTST) at 72°C for 15 s and low-temperature long-time treatment at 63°C for 30 min. Both treatments resulted in a minimum 5 log10-step reduction of C. burnetii during pasteurization (Enright et al., 1957). The achieved 5 log10-step reduction of the pathogen was later adopted by the Codex Alimentarius and established as a performance criterion for both HTST and low-temperature long-time treatment of milk (Codex Alimentarius, 2009).

A recent reevaluation of the experiments of Enright et al. (1957) predicted a reduction of C. burnetii between 4.7 and 8 log10-steps (Cerf and Condron, 2006). This partly exceeds the requirements of the Codex Alimentarius. Considering the current pasteurization regimes, Hammer et al. (2015) demonstrated an 18 log10-step reduction of the highly heat-resistant bacterium Mycobacterium bovis (ssp. bovis and caprae). State-of-the-art industrial-scale pasteurizers are more efficient due to optimized plate heat exchangers and accelerated turbulent flow, compared with the older models used in 1957. Therefore, similar results could be expected for C. burnetii as shown for M. bovis. Assuming that a temperature reduction during pasteurization could be feasible, while maintaining a 5-log10 reduction of C. burnetii, the impact for the dairy industry (carbon dioxide footprint) and consumers (taste) could be perceptible.

The objective of this study was to evaluate the currently applied HTST-pasteurization process. Six C. burnetii isolates originating from cattle, goats, and sheep were used. The experimental setup was tested with the avirulent C. burnetii Nine Mile phase II RSA 439 (NMII) strain. To determine the inactivation kinetics for C. burnetii, a pilot-plant pasteurizer reflecting the heating technology currently applied in the dairy industry was used for identification of specific breakpoints (defined as the temperature where significant inactivation started, but a number of survivors would allow generation of kinetic inactivation data). Based on the result of their breakpoints, isolates with the highest heat resistance from each animal origin were selected for determination of D- and z-values (D-value: decimal reduction time; time required for a 1−log10 reduction of C. burnetii at a specific temperature; z-value: temperature increase necessary for a 1−log10 reduction of the D-value) by using a log-linear regression model. The corresponding data were used for the calculation of the heat-dependent log reduction.



MATERIALS AND METHODS


Bacterial Isolates and Growth Conditions

Coxiella burnetii Nine Mile phase II RSA 439, kindly provided from L. Skultety (Slovak Academy of Science, Bratislava, Slovakia), and six German field isolates (strain collection Friedrich-Loeffler-Institut, Jena, Germany) were used in this study. Field isolates originated from cattle abortion or afterbirth material [Bru180 (18QC1770), M (18QC1771)], ovine abortion material [S1 (18QC1772), WDK1188 (18QC1773)], and caprine abortion or afterbirth material [WDK2932 (18QC1774), WDK299 (18QC1775)]. Except for isolate S1, the plasmid type and genotype of the field isolates were known. The investigated isolates carried the QpH1 plasmid and were grouped to the genotypes A1 (M, WDK2932, WDK299), A5 (WDK1188), and C2 (Bru180) (Frangoulidis et al., 2014). All field isolates and NMII were grown in buffalo green monkey cells or mouse fibroblasts (L-929) and subsequently propagated in acidified citrate cysteine medium (ACCM-2, Sunrise Science Products, San Diego, CA, United States) under biosafety level 3 conditions as described elsewhere (Coleman et al., 2004; Omsland et al., 2011). Briefly, buffalo green monkey or L-929 cells were inoculated with a multiplicity of infection of 50. Cell cultures were harvested when at least 80% of the cells showed C. burnetii-containing vacuoles and used for inoculation of ACCM-2. The axenic medium was inoculated with 6.8 × 102 to 2.7 × 105 GE/ml [genome equivalents, determined by quantitative real-time polymerase chain reaction (qPCR) as described later], and samples were taken at days 0, 3, 5, 7, and 10 for determination of growth curves. After 10 days, bacteria were harvested by centrifugation (10,000 × g, 15 min, 4°C) and stored in sucrose/glycerol buffer (270-mM sucrose, 10% glycerol) at −40°C.



Quantification of Coxiella burnetii Using Quantitative Real-Time Polymerase Chain Reaction

For quantification, bacteria were lysed in 180 μl lysis buffer [250 mM Tris-hydrochloric acid, pH 7.5; 10 mM ethylenediaminetetraacetic acid; 4 g/l lysozyme (Brennan and Samuel, 2003)] and 20 μl proteinase K (22.2 mg/ml, Roche, Mannheim, Germany) for 1 h at 56°C and 300 rpm. DNA was isolated using the High Pure PCR Template Preparation Kit (Roche, Mannheim, Germany) according to the manufacturer’s instructions. Quantification was carried out by qPCR targeting the icd (isocitrate dehydrogenase) gene as described previously (Klee et al., 2006).



Heat Treatment

Heat treatment was carried out under biosafety level 3 conditions, using a pilot-plant pasteurizer (Hammer et al., 2002). For each run, a total of 24 l commercially available ultra-high-temperature-treated (UHT) milk (3.5% milkfat, 6°C inoculation temperature) was inoculated with 1 × 1010 GE/L of C. burnetii isolates. Following the heating process, all milk samples (7–8 ml, 12°C sampling temperature) were taken separately using monovettes (Sarstedt, Nümbrecht, Germany), stored at 4°C for at least 30 min and subsequently transferred to −80°C.

Holding times and temperature profiles during the heating process differed depending on the investigation purpose and are summarized in Table 1. Breakpoint determination for the avirulent C. burnetii NMII strain, as well as for the six field isolates, was performed once (see Table 1). In contrast, determinations of the D-value of the most heat-resistant isolates (based on their breakpoints) from cattle, sheep, and goats were conducted three times, respectively (see Table 1). Non-heated, inoculated samples were used as a positive control for viability determinations.


TABLE 1. Time and temperature profiles during heat treatment.
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Viability Testing of Coxiella burnetii After Heat Treatment

Heated samples were analyzed for viable C. burnetii cells using determination of colony-forming units (CFUs) and inoculation of embryonated chicken eggs (Samuel and Hendrix, 2009; Omsland et al., 2011).

Colony-forming units were determined as described by Omsland et al. (2011). Briefly, agarose/ACCM-2 plates were poured by mixing 7,5 ml double-concentrated ACCM-2 with 7,5 ml pre-warmed 2% agarose. Aliquots of heated 1% agarose were kept at 58°C and 300 rpm. Samples and controls (positive = non-heated, inoculated sample; negative = non-inoculated UHT milk with 3.5% milk fat) were serially diluted in 2 × ACCM-2. The diluted samples were mixed with an equal amount of 1% agarose, and two 100 μl drops of each sample mixture were immediately applicated onto agarose-ACCM-2 plates. Plates were incubated at 37°C, 5% carbon dioxide, and 2.5% oxygen (oxygen was displayed by nitrogen gas) for 7 days, resulting in flat agarose drops with distinct and clearly separated colonies. For CFU/ml calculation, the double determinated colonies of at least two different dilutions were counted (IX70, Olympus, Tokyo, Japan; 40-fold magnification).

Clean eggs (VALO BioMedia GmbH, Osterholz-Scharmbeck, Germany) were used for inoculation of heated C. burnetii samples, according to Samuel and Hendrix (2009). Non-inoculated UHT milk (3.5% milkfat) was used as negative control and the non-heated sample as positive control. Briefly, the inoculation site of the egg was disinfected with 70% ethanol and pierced with a sterile lancet needle. Milk samples (100 μl) were injected into the yolk sac, and subsequently, the egg was sealed with a solvent-free instant adhesive (multipurpose glue, UHU, Bühl, Germany). Eggs were incubated at 38°C and 65% humidity while permanent slowly rotating (12 revolutions per day). The embryos were checked every 2 days with a candling lamp and harvested 11 days post-inoculation or in case of premature death (no embryo growth, dark discoloration, and fewer blood vessels). All eggs were placed overnight at 4°C before harvest. The yolk sac membranes were separated, rinsed with phosphate-buffered saline (pH 7.2, Merck, Darmstadt, Germany), and homogenized at 6,000 rpm for 2 min (DT-50-M/Ultra Turrax Tube Drive Control, IKA, Staufen, Germany). Aliquots of 100 μl were taken for DNA isolation and quantification by qPCR.



Statistics Analysis and Calculations

The normal distribution of the investigated samples was estimated using the Shapiro–Wilk test.

For significance predictions, the Mann–Whitney U test (no normal distribution) or the two-tailed, unpaired two-sample t-test (samples normally distributed) was used. For the latter, samples were first analyzed with an F-test to control the equality of variances of tested pairs.

The surviving fraction after heat treatment was (S/S0) determined as the quotient of colony counts (CFU/ml) of surviving bacteria at a specific temperature and untreated bacteria.

For calculation of the D- and z-values, the results of the CFU assay were used for the log-linear regression model, according to Hammer et al. (2015). A first-order kinetic referring to Bigelow (1921) is assumed as the basic principle for the inactivation model. The log10 of the heated samples with visible colonies (count of survived bacteria; Nt), divided by the positive control (initial count; N0), was calculated (referred to as “y” in the formula). The results were plotted against the holding time (referred to as “x”), and a log-linear regression curve was calculated. With the slope of the regression curve (referred to as “m”) as divisor and 1 as a dividend, the D-values were determined.
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In addition, the coefficient of determination (R2) for each regression curve was used to verify the fit of the model. The z-values were determined by plotting the log10-transformed D-values against heating temperature following calculations as described earlier.

Log increase during growth was calculated as the absolute value of the log10 of the starting inoculum (GE/ml; N0), divided by the bacterial amount after 10 days of growth (GE/ml; Nt).

Statistical outliers were determined using Dixon’s Q test and Grubbs’s test.

For all calculations, Excel 2016 (Microsoft Corporation, Redmond, WA, United States) and SAS EG (SAS Institute, Cary, NC, United States) were used.




RESULTS


Preliminary Studies With Coxiella burnetii Nine Mile Phase II

The experimental setup for heat treatment of C. burnetii field isolates in the pilot-plant pasteurizer was established in preliminary experiments using C. burnetii NMII (Wittwer, 2020). The optimal temperature profile for breakpoint determination of the field isolates and differences in heat sensitivity of ACCM-2 and cell culture grown NMII was determined. In addition, the occurrence of the spore-like cell form (SCV) of ACCM-2 grown NMII was investigated using transmission electron microscopy (TEM).

According to the CFU assay, the breakpoints of ACCM-2 and cell culture-grown NMII were identical with 65 and 64.5°C, respectively (Supplementary Figures I, II). The difference of 0.5°C was caused by the applied heating profiles due to experimental reasons. The data showed that growth in ACCM-2 had no negative effect on heat resistance compared with cell culture-propagated NMII.

After 10 days of growth in ACCM-2, the presence of the SCV cell form was detected, according to TEM (Supplementary Figure IIIA). The dimensions of the corresponding SCVs were compared with the spore-like cell forms of an SCV-enriched NMII culture after 8 weeks of growth in ACCM-2 (Supplementary Figure IIIB). Altogether, the length and width of SCVs after 10 days ([image: image] = 0.6/0.36 μm) and 8 weeks of growth ([image: image] = 0.64/0.31 μm) were comparable. However, the appearance of intermediate forms made it difficult to clearly identify the percentage of SCVs after 10 days of growth in the axenic medium.



Growth of Coxiella burnetii Field Isolates in Axenic Medium

To exclude any differences regarding the ability to grow in axenic medium, the growth of the six C. burnetii field isolates and NMII was monitored over 10 days in ACCM-2 (Figure 1).
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FIGURE 1. Growth curves of the six Coxiella field isolates and C. burnetii NMII in ACCM-2. All isolates were inoculated with 6.8 × 102 to 2.7 × 105 GE/ml and incubated for 10 days. Aliquots were taken regularly and bacteria quantified using qPCR. Results represent average of at least three independent experiments and respective standard deviations.


Isolates from the same animal species replicated at a similar rate as indicated by comparison of the log increase of the cattle (M = 2.66; Bru180 = 2.34), goat (WDK299 = 4.99; WDK2932 = 4.73), and sheep isolates (WDK1188 = 3.76; S1 = 4.08). The log increase of NMII was 3.42. The values of the cattle isolates were not log-normal distributed. Despite the longer lag-phase of the cattle isolates, statistical analysis revealed no significant difference between all C. burnetii isolates in their growth behavior in ACCM-2 (Supplementary Table I). The yield of the cattle isolate M was enhanced for the D-value determination by increasing the inoculation dose to 4 × 105 GE/ml (referred to as “M2”). The corresponding growth curve was log-normal distributed (Supplementary Figure IV), and no significant difference compared with the other two isolates used in the main experiments was detected (data not shown).

In addition, the growth of the field isolates in the axenic medium and cell culture was compared. Referring to this, a double to 13-fold higher daily log increase was detected for ACCM-2 (Supplementary Table II).

Taken together, these data show that the growth behavior of the tested strains was comparable. The SCV content of the virulent isolates was not determined because their similar growth behavior, compared with the NMII strain, implied a similar SCV content.



Breakpoint Determination of the Field Isolates

After heat treatment of the field isolates, no viable bacteria were detectable at temperatures between 68 and 75°C, according to the CFU assay (Figure 2). Surviving bacteria were observed at 64.5°C. The only exception was the cattle field isolate Bru180, which was still inactivated under these conditions. Below 64.5°C, all isolates showed a similar survival pattern. Compared with the untreated positive control, there was partial heat inactivation at 61°C, but no inactivation was observed at 57.5°C.
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FIGURE 2. Viability testing of Coxiella field isolates using CFU assay, after heat treatment between 54 and 75°C. Inoculated UHT milk (3.5% milkfat; 1 × 107 GE/ml) was heat-treated at a holding time of 20 s in a pilot-plant pasteurizer. Non-heated, inoculated samples served as positive control and non-inoculated UHT milk as negative control. Results represent calculated average and standard deviation originating from four values, respectively. Displayed pasteurization temperatures were summarized to their intended values, without the individual temperature variations of approximately ± 0.3°C.


The results of the viability testing of the isolates in embryonated chicken eggs are displayed for isolate M (Supplementary Figure V). Samples that depict significantly higher C. burnetii genome equivalents than their inoculation dose (approximately 1 × 106 GE/egg) or rather the heat-inactivated bacteria suspension at 75°C were counted as viable. The results of the chicken egg experiments confirmed mostly the results of the CFU assay (remaining data not shown). Nevertheless, verification in embryonated chicken eggs was less accurate. This method was time-consuming, more error-prone and less precise than the CFU assay, and not used for D-value determination and subsequent z-value calculation of the field strains.

The calculation of the surviving fraction showed a similarity between the C. burnetii cattle and goat isolates (Supplementary Figure VI). The number of survivors of both sheep isolates was higher at tested temperatures. However, statistical analysis showed no significant difference between the surviving fractions of the field isolates (data not shown).

In summary, heat inactivation of the tested field isolates was comparable, except for the cattle isolate Bru180 at 64.5°C.



Determination and Calculation of D- and z-Values

For D-value determination and z-value calculation, the most heat-resistant isolate from each animal species was selected. However, only the two cattle isolates showed a respective difference regarding their breakpoints (Figure 2). According to this, isolate M was chosen for the following experiments. Due to the similar growth capacities and the surviving fraction of the goat and sheep isolates, WDK299 and WDK1188 were selected randomly. With every isolate, three heating runs were performed, respectively (referred to as experiments A, B, and C). The corresponding results of the viability testing using CFU assay are shown in Supplementary Figures VII–IX for all three isolates.

Based on these results, three D-values were determined for each heating run and the respective z-value calculated. For a better understanding of the calculation process, relevant data for D- and z-value determination are exemplified for all tested isolates (Supplementary Figures X–XVIII and Supplementary Tables III–XI). The determination coefficients of the log-transformed survivors compared with the holding time showed a strong fit with the assumed log-linear first-order inactivation model (21 times R2 > 0.95; four times R2 > 0.9; one time R2 > 0.85). The D- and z-values for all three isolates are summarized in Table 2.


TABLE 2. D- and z-values of Coxiella isolates M, WDK299, and WDK1188.
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Calculation of the Heat-Dependent Log Reduction

The D- and z-values of the isolates M, WDK299, and WDK1188 were used for the calculation of their corresponding heat-dependent log reduction. The results of isolate M in experiment B will be used as an example. For the calculation, a holding time of 15 s was used for better comparability with the HTST demands of the Codex Alimentarius.

A temperature enhancement of 9.9°C (according to the determined z-value of isolate M in experiment B) will reduce the corresponding D62.5-value (14.3 s) to 1.43 s at a temperature of 72.4°C (62.5 + 9.9°C). Using a holding time of 15 s and dividing it by 1.43 s results in a predicted reduction of approximately 10.5 log10-steps at 72.4°C. This outperforms the 5 log10-step reduction at 72°C and 15-s holding time demanded by the Codex Alimentarius.

Based on the results of their D- and z-values, the heat-dependent log reduction of all measured isolates was calculated and is shown in Figure 3. Values above the mandatory 5 log10-step reduction indicate a successful pasteurization process.
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FIGURE 3. Heat-dependent log reduction of three Coxiella isolates M, WDK299, and WDK1188 during a holding time of 15 s. Black line represents mandatory 5 log10-step reduction of C. burnetii, as demanded in Codex Alimentarius. Orange dot illustrates HTST demands at 72°C. Statistical outliers of isolate WDK299 are depicted as hatched squares.





DISCUSSION

The objective of the present study was to reevaluate the results for heat inactivation of C. burnetii established by Enright et al. (1957) as a “worst-case” scenario with respect to improved heating technology and detection methods for survivors. Before heat treatment of the C. burnetii field isolates in the pilot-plant pasteurizer, the experimental setup was established in preliminary experiments with C. burnetii NMII grown in cell culture and axenic medium. This revealed no major difference in the determined breakpoints between both ACCM-2 and cell culture-derived bacteria according to the CFU assay (Supplementary Figures I, II).

For the heating experiments, a large amount of Coxiella cells was required (2.4 × 1011 GE per run). All of the six investigated C. burnetii isolates were able to grow in an axenic medium, although propagation of the pathogen in ACCM-2 is not always certain (Kersh et al., 2016). Growth experiments of the C. burnetii field isolates performed in parallel exhibited even a double to 13-fold higher daily log increase during growth in ACCM-2 than compared with cell culture (Supplementary Table II). Considering the absence of significant growth differences of the C. burnetii field isolates in ACCM-2 (Figure 1 and Supplementary Table I), cultivation in the axenic medium was preferred to cell culture to achieve the vast amount of necessary Coxiella cells.

However, it is known that multiple passages in the axenic medium negatively affect the virulence of the pathogen (Kersh et al., 2011; Beare et al., 2018). To avoid this, established C. burnetii cell cultures of the field isolates served as basic raw material, followed by single passages in ACCM-2. The mentioned virulence-loss of the pathogen, which is associated with lipopolysaccharide truncation, does not occur during the first two (Beare et al., 2018) or rather eight passages (Kersh et al., 2011) in the axenic medium. These indicate that possibly appearing morphological changes that may affect the heat-dependent inactivation kinetics of the pathogen should be negligible during single passaging in ACCM-2.

In the present study, the commonly used incubation period for the cultivation of C. burnetii in the axenic medium was slightly increased. After 7 days of incubation in ACCM-2, the pathogen resides in the stationary growth phase (Omsland et al., 2011). Despite this, C. burnetii can maintain its viability in ACCM-2 for at least 21 days while increasing the portion of the spore-like form (Sandoz et al., 2014). Furthermore, a higher yield of the tested C. burnetii isolates was detected after 10 days of growth in ACCM-2, compared with 7 days (Figure 1). Taking all this information together, an incubation period of 10 days was chosen for the axenic propagation of the Coxiella isolates.

It is assumed that the SCV cell form is more heat resistant than the LCV. However, data supporting a higher heat resistance of the spore-like cell form are missing because corresponding studies were performed with mixed C. burnetii cell populations (Sandoz et al., 2016). Nevertheless, the SCV is more resistant to osmotic and mechanical stressors (McCaul and Williams, 1981; Sandoz et al., 2016), and for meaningful statements regarding the heat resistance of C. burnetii during pasteurization, the presence of the spore-like cell form in the heated samples was preferred. However, SCV determinations of the field strains were complicated due to their biosafety risk classifications. To that effect, the occurrence of SCVs of ACCM-2-grown NMII was investigated using TEM. The experiment confirmed the existence of SCVs after 10 days of growth in ACCM-2 (Supplementary Figure IIIA). Due to their similar growth phases (Figure 1 and Supplementary Figure IV) and in consideration of the corresponding statistics (Supplementary Table I), a comparable SCV content of the virulent field isolates and the NMII strain was assumed.

The determination of CFUs was more accurate and less time-consuming than quantification of the pathogen using embryonated chicken eggs. In scientific efficiency and animal welfare aspects (replace, reduce and refine principle), detection of C. burnetii in embryonated chicken eggs seems to be outdated and should be replaced by contemporary methods. However, a definite recommendation must be based on the results of appropriate designed future studies.

A point of criticism regarding the study of Enright et al. (1957) is the undefined origin of the used C. burnetii material and the lack of information on whether a single strain or a mixture was used during the heating experiments (Cerf and Condron, 2006). In contrast, isolates used in this study were characterized in their origin, growth, and MLVA genotype (Frangoulidis et al., 2014). Because of the importance of the animal host for the dairy industry, two isolates from cattle, goats, and sheep were chosen (Faye and Konuspayeva, 2012). Based on the determined breakpoints, the most heat-resistant isolate from each host species was selected for the next step of experiments; however, only the two cattle isolates showed a respective difference (Figure 2; 64.5°C: isolate M and Bru180).

In contrast to Enright et al. (1957), artificially inoculated UHT milk was used for all heating experiments. This guarantees a homogeneous matrix, and a bias due to contamination with competing flora is minimized. The prevalence of C. burnetii in ruminants is high, and shedding via the milk is common (Schaal, 1980; Baca and Paretsky, 1983; Marrie and Raoult, 1997; Roest et al., 2011). The here used UHT milk was not tested via PCR in advance because the CFU assay for verification of survivors detects viable Coxiella only. Milk producers claim commercial sterility with only 1 of 10,000 UHT milk packages (1 l) may be contaminated. Testing non-inoculated UHT milk as negative controls via CFU assay and inoculation of embryonated chicken eggs resulted in negative PCR results and no growth. This implies that UHT milk does not contain viable C. burnetii, and possible contamination with C. burnetii-specific DNA is very low and negligible.

A criticism of the here presented study might be the storage of heat-treated samples in an ultra-low freezer before analyses. It cannot be excluded that heat stress in advance of freezing may negatively impact the viability of C. burnetii. To avoid this, the heat-treated samples wrapped in cellulose tissue were cooled in a refrigerator to approximately 4°C for at least 30 min and transferred into a deep-freezer to achieve a slow freezing process. Due to logistics, it was not possible to transport the samples within 24 to 48 h. Therefore, freezing was the most suitable way to stably maintain the samples till processing.

The laboratory-generated results of Enright et al. (1957) were subsequently confirmed by the use of a commercial pasteurization plant. Here described heating experiments were performed in a pilot-plant pasteurizer mimicking the state-of-the-art equipment used in industrial practice (Peng et al., 2013; Hammer et al., 2015). The principle of the plate heat exchange and the temperature–time regimes are the same as applied in 1957. However, technical advancements during the last 60 years (more powerful pumps, optimally engineered heat exchangers, and higher turbulence) enable a faster and more effective heat transfer, resulting in an enhanced pathogen inactivation.

The study of Enright et al. (1957) was the first of its kind using regression analysis to describe the inactivation of C. burnetii, but the linearity of the survival curve was not investigated, resulting in an uncertain value for log reduction (Cerf and Condron, 2006). In line with Hammer et al. (2015), a regression model was used for D- and z-value calculation, which assumed a linear correlation during heat-dependent inactivation of C. burnetii. For better evaluation of the generated data regarding the predicted log-linearity, the coefficients of determination were calculated (Supplementary Figures X–XVIII). Of the 26 corresponding datasets, which were subsequently used for D-value calculation, 21 showed a strong fit with the assumed log-linear first-order inactivation model (R2 > 0.95). The fit of the remaining five datasets was still good in statistical criteria (four times R2 > 0.9; one time R2 > 0.85). The strong fit of the determination coefficients is in agreement with a study from Wagner et al. (2018) regarding the heat inactivation of the bacteriophage Lactococcus lactis conducted in the same pilot-plant pasteurizer. Taken together, the regression model and the here obtained data seemed to be suitable for an appropriate explanation of the heat inactivation of C. burnetii. Extrapolation that exceeds the obtained data can only deliver an estimate for proposed inactivation. However, in the case of higher temperatures, a stronger inactivation is to be expected, and even if linearity is not continuing, inactivation will be underestimated. This will add a margin of safety to the proposed log reductions.

After heat treatment of the C. burnetii field isolates in the pilot-plant pasteurizer, their corresponding D-values were determined. The D-values of all isolates showed comparable results within the tested conditions, with the exception of the goat isolate WDK299 in experiment C (Table 2). Nonetheless, Dixon’s Q test and Grubbs’s test revealed with a percentage of 99% (α = 0.01) that WDK299 experiment C is a statistical outlier. To that effect, WDK299 C will be excluded as an experimental mistake, although the high D-values of this isolate were put into perspective through its corresponding low z-value (Figure 3).

The heat-dependent log reduction during a holding time of 15 s was depicted for all selected isolates (Figure 3). As seen there, the mandatory 5 log10-step reduction of the pathogen for HTST treatment (72°C, 15 s holding time) was never underrun. Fortunately, the data indicate a 5 log10-step reduction even at a temperature of 68°C for all tested isolates, which is in line with our research hypothesis.

Comparison of the generated data with those in the study of Hammer et al. (2015) indicates a higher inactivation of M. bovis and Mycobacterium caprae (>18 log10-steps) during HTST treatment of milk than for C. burnetii (>10 log10-steps). This comparatively higher heat resistance is in agreement with the demand, that inactivation of C. burnetii should be the internationally accepted performance criterion for milk pasteurization (Codex Alimentarius, 2009). With regard to the precautionary principle, the presence of the spore-like cell form in the investigated samples is assumed, as already described. It can be suspected that the heat resistance of C. burnetii is influenced by the spore-like cell form of the bacterium, but this assumption must be clarified in further pasteurization studies.



CONCLUSION

In summary, it was shown that the current HTST pasteurization regimes for the reduction of C. burnetii in milk and fluid milk products are valid. Additionally, C. burnetii is more intensively inactivated during HTST pasteurization of milk than required by the Codex Alimentarius. A temperature reduction seems to be feasible. According to the presented results, the performance criterion of 5 log10-step reductions for HTST treatment, as demanded by the Codex Alimentarius, can be achieved at temperatures above 68°C. However, the log reduction of the goat isolate WDK299 at 68°C and for the cattle isolate M at 70°C was barely above 5 log10-steps (Figure 3). In addition, we could show that the breakpoints and, accordingly, the heat resistance of C. burnetii isolates can differ (Figure 2). To that effect, the existence of more heat-resistant Coxiella isolates cannot be excluded. If reduction of temperature is considered, the practice needs to be evaluated by the respective industries. Less intense heat treatment could result in financial benefits for the dairy industry, but gains in reduced energy costs need to be calculated for each plant individually. Mainly, differences in technological equipment regarding the general capacity and performance of heat exchangers for heating and heat recovery must be included. The sensory difference in less heated milk should be detectable by a trained panel. Besides pathogenic microorganisms, temperature reduction would also be of impact on spoilage microorganisms. Studies on shelf life regarding the latter would be necessary for addition.
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Adaptation to a Commercial Quaternary Ammonium Compound Sanitizer Leads to Cross-Resistance to Select Antibiotics in Listeria monocytogenes Isolated From Fresh Produce Environments
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The effective elimination of Listeria monocytogenes through cleaning and sanitation is of great importance to the food processing industry. Specifically in fresh produce operations, the lack of a kill step requires effective cleaning and sanitation to mitigate the risk of cross-contamination from the environment. As facilities rely on sanitizers to control L. monocytogenes, reports of the development of tolerance to sanitizers and other antimicrobials through cross-resistance is of particular concern. We investigated the potential for six L. monocytogenes isolates from fresh produce handling and processing facilities and packinghouses to develop cross-resistance between a commercial sanitizer and antibiotics. Experimental adaptation of isolates belonging to hypervirulent clonal complexes (CC2, CC4, and CC6) to a commercial quaternary ammonium compound sanitizer (cQAC) resulted in elevated minimum inhibitory concentrations (2–3 ppm) and minimum bactericidal concentrations (3–4 ppm). Susceptibility to cQAC was restored for all adapted (qAD) isolates in the presence of reserpine, a known efflux pump inhibitor. Reduced sensitivity to 7/17 tested antibiotics (chloramphenicol, ciprofloxacin, clindamycin, kanamycin, novobiocin, penicillin, and streptomycin) was observed in all tested isolates. qAD isolates remained susceptible to antibiotics commonly used in the treatment of listeriosis (i.e., ampicillin and gentamicin). The whole genome sequencing of qAD strains, followed by comparative genomic analysis, revealed several mutations in fepR, the regulator for FepA fluoroquinolone efflux pump. The results suggest that mutations in fepR play a role in the reduction in antibiotic susceptibility following low level adaptation to cQAC. Further investigation into the cross-resistance mechanisms and pressures leading to the development of this phenomenon among L. monocytogenes isolates recovered from different sources is needed to better understand the likelihood of cross-resistance development in food chain isolates and the implications for the food industry.

Keywords: antibiotic resistance, cross-resistance, quaternary ammonium compound, sanitizers, whole genome sequencing


INTRODUCTION

Listeria monocytogenes is a Gram-positive bacterium that remains one of the leading causes of mortality among foodborne pathogens in the United States (Scallan et al., 2011; de Noordhout et al., 2014). Listeriosis, the disease caused by L. monocytogenes, largely effects vulnerable populations, including pregnant women, children, elderly, and people who are immunocompromised (Hamon et al., 2006; Buchanan et al., 2017). Due to the immune status of this vulnerable population and the invasive nature of the disease, antibiotics are critical to the successful treatment of listeriosis. The first choice antibiotic for the treatment is typically ampicillin (ß-lactam), alone or in combination with gentamicin (aminoglycoside) (Hof, 2004). While L. monocytogenes remains largely susceptible to a wide range of antibiotics, there have been reports of multidrug resistance in isolates recovered from food production environments (Prazak et al., 2002; Jorgensen et al., 2021).

Listeria monocytogenes is well adapted to agricultural environments, where it proliferates in decaying plant matter in the soil (Linke et al., 2014; Liao et al., 2021). It is also frequently recovered from diverse food processing environments (Gray et al., 2006; Freitag et al., 2009; Cherifi et al., 2018; Kim et al., 2018; Hurley et al., 2019; Sullivan and Wiedmann, 2020). Listeria monocytogenes prevalence in these environments presents a particular concern to processors of minimally processed ready-to-eat (RTE) products, such as fresh produce, that are prone to contamination during handling and processing (Gallagher et al., 2003; Farber et al., 2020). Often, control of L. monocytogenes in these environments relies on cleaning and sanitation programs. In the United States, sanitizers are regulated by the Environmental Protection Agency (EPA) and are required to achieve a 5-log reduction of a test organism on a food contact surface and a 3-log reduction on a non-food contact surface (Office of Chemical Safety and Pollution Prevention [OCSPP], 2012). Sanitizers are formulated at concentrations that will deliver a bactericidal effect, and in general many-fold higher than the minimum bactericidal concentration (MBC) for foodborne pathogens of concern (Cruz and Fletcher, 2012).

Quaternary ammonium compounds (QACs) are one group of sanitizers commonly used in the food industry. QACs are cationic antimicrobials with medium-to-long alkyl side chains (Gilbert and Moore, 2005; Wessels and Ingmer, 2013). The mechanism of bacterial cell inhibition is generally thought to be by the hydrophobic chain interpolating into the lipid bilayer of the cellular membrane leading to issues in osmoregularity and leaking of cell contents. The manufacturer recommended concentrations (MRCs) for commercial QAC (cQAC) application range from 200 to 800 ppm (Cruz and Fletcher, 2012; Boucher et al., 2021). The reported minimum inhibitory concentrations (MICs) for L. monocytogenes to QACs range from ≤2 ppm (Romanova et al., 2006; Martínez-Suárez et al., 2016; Møretrø et al., 2017; Yu et al., 2018; Roedel et al., 2019) to 40 ppm (Elhanafi et al., 2010; Dutta et al., 2013). Ideally, appropriate cleaning and sanitation procedures are paired with optimum hygienic design of the facility and equipment; however, this ideal combination is rare, particularly in fresh produce facilities. These less-than-ideal environments can create scenarios where L. monocytogenes could be exposed to sublethal sanitizer concentrations. Links between reduced susceptibility to QACs and antibiotic resistance have been reported for various foodborne bacteria, including L. monocytogenes (Heir et al., 1999; Braoudaki and Hilton, 2004; Langsrud et al., 2004; Rakic-Martinez et al., 2011; Gnanadhas et al., 2013; Kovacevic et al., 2013; Bansal et al., 2018; Kode et al., 2021). This phenomenon of cross-resistance can occur when microorganisms develop survival methods that are effective against different antimicrobial agents with similar mechanisms of action (SCENIHR, 2009). For example, a mutation or upregulation of a gene initiated by adaptation or exposure to one of the antimicrobials may subsequently affect the efficacy of another antimicrobial agent (Jiang et al., 2018; Amsalu et al., 2020).

We previously evaluated the prevalence and distribution of antimicrobial resistance (AMR) in L. monocytogenes from produce handling and processing facilities in the Pacific Northwest (Jorgensen et al., 2021). These isolates have diverse antibiogram profiles and represent clonal complexes associated with hypervirulent phenotypes. The present study investigated the potential for antibiotic cross-resistance to develop in these strains following adaptation to a commercial sanitizer (cQAC). Culture-based assays and whole genome sequence (WGS) comparisons were used to evaluate differences between the wild-type (WT) and cQAC-adapted (qAD) strains.



MATERIALS AND METHODS


Bacterial Strains and Sanitizer

A total of six L. monocytogenes isolates previously recovered from produce packing, processing, and handling environments in the Pacific Northwest (Jorgensen et al., 2020, 2021) were selected for adaptation to cQAC (Table 1). All isolates were previously serogrouped, multi-locus sequence typed and assessed for AMR using a standard disk diffusion assay (CLSI, 2015; Jorgensen et al., 2021). Isolates used in this study were selected based on their AMR profiles and multi-locus sequence types (MLST). Specifically, up to two isolates belonging to each available hypervirulent clonal complex (CC) 2, CC4, and CC6 (Maury et al., 2016), and with unique AMR profiles (when available) were included in this study. Isolates were stored at –80°C in trypticase soy broth (TSB; Acumedia, Neogen, Lansing, MI, United States) with 25% (v/v) glycerol. Prior to use, isolates were resuscitated on trypticase soy agar (TSA; Acumedia) with incubation at 35°C for 24 h and used for a maximum of 2 weeks.


TABLE 1. Genetic profiles and characterization of Listeria monocytogenes isolates (n = 6) selected for evaluation of cross-resistance.
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The sanitizer used in this study was a commercial quaternary ammonium compound, cQAC (1–6 ppm; Professional Lysol No Rinse Sanitizer; EPA registration 675-30; Reckitt Benckiser, Parsippany, NJ, United States). Stock solution of the cQAC sanitizer was prepared in accordance with the manufacturer recommended concentration (MRC; 200 ppm), filter sterilized, and stored for up to 1 week at 4°C.



Minimum Inhibitory and Minimum Bactericidal Concentration

Microbroth dilution assay described by Boucher et al. (2021) was used to assess minimum inhibitory (MICs) and minimum bactericidal concentration (MBCs) of cQAC, with minor modifications. Briefly, a single colony was transferred to TSB (5 ml) and incubated at 30°C for 16 h, with shaking (150 rpm; Thermo Scientific, MaxQ4000, Waltham, MA, United States). Following incubation, each culture was diluted to approximately 7 log CFU/ml in 0.1% peptone water (Fisher; Hampton, NH, United States). Inoculum was confirmed on TSA incubated at 35°C for 24 h using the track dilution method by Jett et al. (1997). Diluted cultures were added to TSB with 0.6% yeast extract (TSB-YE; Acumedia) containing 1, 2, 3, 4, 5, or 6 ppm cQAC (i.e., diluted from MRC stock solution) at approximately 5 log CFU/ml in a final volume of 10 ml. An aliquot (200 μl) of each culture/sanitizer mixture was transferred to a sterile 96-well plate (VWR; Radnor, PA, United States), in duplicate. Plates were incubated at 30°C in a SpectraMax plate reader (Molecular Devices). OD600 was measured at 30 min interval for 24 h with 5 s of shaking prior to measurement. The OD600 data were fitted to growth curves to obtain the lag-phase duration (LPD), maximum growth rate (MGR), and maximum density, using the DMFit 3.0 Excel add-in program (ComBase; Computational Microbiology Research Group, Institute of Food Research, Colney, Norwich, United Kingdom), based on the models of Baranyi and Roberts (1994). Growth curve experiments were performed at least three times. For each isolate a cut off value of 0.1 maximum OD600 was used to define inhibition. The lowest concentration with a max OD600 of <0.1 was interpreted as the MIC. In addition, MICs of WT and qAD strains were tested in the presence of reserpine (Alfa Aesar, Tewksbury, MA, United States), a known efflux inhibitor (Godreuil et al., 2003; Kovacevic et al., 2016). A working solution of reserpine (1,000 μg/ml) was prepared in dimethyl sulfoxide (DMSO; VWR) prior to MIC assay and stored at 4°C for 24 h. Uninoculated sanitizer and sterile media controls were included in each replicate and their OD600 values served as the baseline for the sanitizer treatment. Following 24 h incubation in the plate reader, each well was streaked onto TSA with 0.6% yeast extract (TSA-YE; Acumedia) and incubated at 35°C for 24 h. The lowest cQAC concentration where no growth was observed was considered the MBC.

Minimum inhibitory concentration of all WT and qAD isolates for ciprofloxacin was also measured using the VITEK system (Biomerieux, France; card: AST-GP75) according to manufacturer instructions.



Experimental Adaptations to Sublethal Concentrations of Sanitizers

Listeria monocytogenes strains were experimentally adapted to increasing concentrations of cQAC sanitizer. Strains were sub-cultured at 30°C with progressively higher concentrations of cQAC, alternating between TSB-YE (2 ml, 150 rpm shaking), and TSA-YE plates (Figure 1). Adaptations started in TSB-YE at a concentration of 1 ppm. Once the culture was visibly turbid, 10 μl was transferred into fresh TSB-YE and TSA-YE media with cQAC (2 ml total volume for TSB-YE and 15 ml for TSA-YE plates). Concentration of cQAC present in the media was increased by 1 ppm following stabilization of each incremental adaptation in TSB-YE. Once growth was observed on TSA-YE, a single colony was transferred to TSB-YE at the same concentration to stabilize the adaptation at each increment. Adaptations were stopped when no growth was visually observed after 5 days of incubation at 30°C in TSB-YE. The adaptations scheme used in the isolates reported here is depicted in Figure 1. For each cQAC concentration adaptation (1, 2, and 3 ppm), strains were stabilized by five passages in TSB-YE with appropriate cQAC concentration. Adapted strains were frozen in TSB supplemented with cQAC at half the adapted concentration with 25% (v/v) glycerol. TSA-YE supplemented with 3 ppm cQAC was used to revive cQAC-adapted cultures from frozen stock for use in the following assays.


[image: image]

FIGURE 1. Experimental scheme used to adapt L. monocytogenes to cQAC.




Whole Genome Sequencing of Commercial Quaternary Ammonium Compound Adapted Isolates

Commercial quaternary ammonium compound adapted L. monocytogenes isolates (qAD) were revived from frozen stock on TSA-YE supplemented with 3 ppm cQAC and incubated at 35°C for 24 h. A single colony was transferred to 3 ml TSB and incubated at 35°C for 18–20 h with shaking (150 rpm). DNA was extracted using Qiagen Blood and Tissue kit (Qiagen, Germantown, MD, United States) according to the manufacturer recommendations for Gram-positive bacteria. Whole genome sequencing (WGS) libraries were prepared with the Nextera XT DNA sample preparation kit (Illumina, San Diego, CA, United States), according to the manufacturer’s protocol. Paired-end sequencing (2 × 150 bp) was performed on the Illumina MiSeq by the Center for Quantitative Life Sciences (CQLS, Oregon State University, Corvallis, OR, United States). Raw sequence reads were quality checked with FastQC, followed by quality trimming with Trimmomatic (v 0.39). Reads were de novo assembled using SPAdes optimized with unicycler (v 0.4.8) and assemblies were annotated with Prokka (v 1.14.6). Mutations were identified by mapping the reads of the adapted isolates to draft assemblies of the respective wild types. Briefly, raw reads were mapped to the respective reference sequence using BWA (v 0.7.17). Alignments were annotated, sorted and duplicate reads identified with Picard tools (v 2.0.1). Graphtyper (v 2.6.2) was run on each dataset with the default parameters (Eggertsson et al., 2017). Single nucleotide polymorphisms (SNP) were filtered using vcffilter in vcflib (v 1.0.0). SNP calls annotated as “FAIL” or “heterozygous” were filtered to “no-call”. SnpEff (v 4.3t) with the parameters “-no-downstream -no-upstream -no-intron” was used to predict functional effects of each SNP (Cingolani et al., 2012). Geneious (v 2020.1.2) was used to further investigate mutations and genes with identified mutations were aligned using MUSCLE (Edgar, 2004). Sequences for adapted and WT isolates are available under SRA BioProject PRJNA771688.



Antibiotic Susceptibility Disk Diffusion Assay

Following sanitizer adaptations, disk diffusion assays were used to determine if sanitizer adaptations affected sensitivity to a panel of 17 antibiotics (BBL Sensi-Disc, BD Diagnostics, Sparks, MD, United States). The tested antibiotic disks included: amikacin (AMK; 30 μg), ampicillin (AMP; 10 μg), cefoxitin (FOX; 30 μg), chloramphenicol (CHL; 30 μg), ciprofloxacin (CIP; 5 μg), clindamycin (CLI; 2 μg), erythromycin (ERY; 15 μg), gentamicin (GEN; 10 μg), kanamycin (KAN; 30 μg), novobiocin (NOV; 30 μg), penicillin G (PEN; 10 μg) rifampicin (RIF; 5 μg), streptomycin (STR; 10 μg), cotrimoxazole (SXT; 1.25/23.75 μg), imipenem (IMP; 10 μg) tetracycline (TET; 30 μg), and vancomycin (VAN; 5 μg). Disk diffusion assays were carried out as described by Jorgensen et al. (2021). The diameter of each zone of inhibition was measured to the nearest mm. Interpretation of antibiotic susceptibility (sensitive, intermediate, and resistant) was determined in accordance with the Clinical Laboratory Standards Institute criteria (CLSI, 2015) and compared to the measurements and susceptibility classifications established by Jorgensen et al. (2021) for each tested isolate (Supplementary Table 1). Listeria monocytogenes isolates displaying resistance to specific antibiotics were confirmed with up to two disk diffusion assays. In all assays Escherichia coli ATCC 35218 and Staphylococcus aureus ATCC 25923 were used as control strains. All results were compared with previously determined zones of inhibition for the WT strains described by Jorgensen et al. (2021).



Statistical Analysis

Comparisons between WT and qAD isolates within a treatment was performed using an unpaired, two-tail t test, while a comparison between a treatment (e.g., TSB-YE + R, or 2 ppm cQAC) and control (TSB-YE) for WT or qAD isolates was performed using a paired two-tailed t test in Excel. For all analyses, differences were considered significant if the P value was <0.05.




RESULTS


Commercial Quaternary Ammonium Compound Adaptations for Listeria monocytogenes

All six L. monocytogenes isolates were successfully adapted to tolerate an additional 1 ppm of cQAC as determined by MIC (increased from 2 to 3 ppm) and MBC (increased from 3 to 4 ppm) assays (Table 2). Further attempts to adapt to higher concentrations of cQAC were not successful. In the presence of reserpine, a known efflux pump inhibitor, the MIC and MBC of all qAD strains were identical to the non-adapted WT strains. Reserpine had no effect on the MBC of WT strains; however, the WT strains were no longer able to grow in the presence of 1 ppm of cQAC (lowest concentration tested).


TABLE 2. Minimum inhibitory concentrations (MIC) and minimum bactericidal concentrations (MBC) of a commercial quaternary ammonium compound sanitizer (cQAC) for wild-type (WT) and cQAC-adapted (qAD; 3 ppm) L. monocytogenes strains in the absence or presence of reserpine (+R).

[image: Table 2]
Growth properties of WT and qAD L. monocytogenes strains in TSB-YE with or without cQAC (2 ppm) and/or reserpine (20 μg/ml) are described in Table 3. All WT and qAD strains were comparable in lag phase duration (LPD; h) and maximum cell density (OD600) when grown in standard TSB-YE (P > 0.05). One qAD strain (WRLP354) had a significantly slower (P < 0.05) maximum growth rate in TSB-YE (0.13 ± 0.01 OD600/h) when compared to its respective WT strain (0.17 OD600/h) (Table 3, indicated by *). The addition of reserpine in TSB-YE led to a slight increase in the LPD for both WT (1.62–2.32 h) and qAD (1.17–2.45 h) strains, though this was not statistically significant. Reserpine did not seem to impact the growth rate of the majority of WT and qAD isolates. The only exception were WT WRLP354 and WRLP394 strains, which grew slower in the presence of reserpine compared to their growth in TSB-YE (P < 0.05; Table 3, indicated by #). There was no statistical difference between maximum OD600 nm of WT and qAD strains (Table 3).


TABLE 3. Average lag phase duration, maximum growth rate, and maximum optical density of wild type (WT) and cQAC-adapted (qAD) L. monocytogenes strains exposed to sublethal concentration of cQAC (2 ppm) in tryptic soy broth with yeast extract (TSB-YE), with and without reserpine (R; 20 μg/ml), at 30°C for 24 h.
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The addition of 2 ppm cQAC (equivalent to MIC) to TSB-YE inhibited the growth of all WT L. monocytogenes strains. All qAD strains grew under these conditions; however, the LPD was significantly longer (1.55–2.62 h; P < 0.05) in 3/6 isolates (WRLP483, WRLP530, and WRLP533; Table 3, indicated by $) compared to their growth in TSB-YE (i.e., without cQAC). However, there were no significant differences in maximum OD600 nm for any of the tested isolates when grown in the presence of 2 ppm cQAC compared to TSB-YE. None of the qAD strains were able to grow in the presence of 2 ppm cQAC and reserpine. Two of the qAD strains, both representing CC2 (WRLP354 and WRLP380), were capable of growth in the presence of 3 ppm cQAC, with LPD > 19.5 h (data not shown). However, when both strains were exposed to 3 ppm cQAC with reserpine, their growth was inhibited.



Antibiotic Susceptibility of Commercial Quaternary Ammonium Compound-Adapted Strains

Isolates adapted to cQAC (qAD) over five serial passages resulted in changes in antibiotic susceptibility to 7/17 antibiotics tested, including CHL, CIP, CLI, KAN, NOV, PEN, and STR (Figure 2). All six qAD isolates resulted in varying degrees of antibiogram profile changes, as seen in the color changes between WT and qAD isolates in Figure 2. However, no obvious difference in cross-resistance patterns was seen among the three CCs evaluated.
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FIGURE 2. Antibiotic susceptibility of wild-type (WT) and cQAC adapted (qAD) Listeria monocytogenes strains (n = 6) to 17 antibiotics. Values reported represent zone diameters measured in mm. For adapted isolates, the median of 2–3 independent replicates is reported. Susceptibility (green), intermediate resistance (yellow), and resistance (red) classifications, as determined by the CLSI standards for L. monocytogenes and previously reported literature, are illustrated by different colors.


Following adaptation to cQAC, no isolate appeared to have more advantage in the development of cross-resistance toward tested antibiotics. Isolates WRLP530 and WRLP533 exhibited changes in susceptibility to 5/17 antibiotics; followed by WRLP354, which exhibited changes in susceptibility to 4/17 antibiotics; while shifts in AMR profiles for 3/17 antibiotics were seen in isolates WRLP380, WRLP394, and WRLP483 (Figure 2).

All WT isolates possessing intermediate resistance to PEN (4/17) resulted in reduced susceptibility and shift in resistance classification, based on the zone of inhibition, following adaptation to cQAC (Figure 2). With the exception of one isolate (WRLP380), all WT strains possessed resistance to CLI. Following adaptation to cQAC, WRLP380 profile changed from intermediate to resistant to CLI. Similarly, all WT isolates (6/6) that initially had intermediate resistance to CIP, became resistant following cQAC adaptation (Figure 2). Due to the consistency in profile changes across the isolates for CIP, the MIC was measured to confirm the changes observed with the disk diffusion. Isolate pairs (WT and qAD) had MIC differences ranging from 0.5 to 2 μl/ml and 1 to >8 μl/ml (Table 4).


TABLE 4. Minimum inhibitory concentrations (MIC) of ciprofloxacin for wild-type (WT) and cQAC-adapted (qAD; 3 ppm cQAC) L. monocytogenes strains.
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In contrast, varying degrees of susceptibility shifts were seen amongst isolates for NOV before and after cQAC adaptations. Of the antibiotics where cross-resistance was observed, NOV was the only one to have WT classifications in the susceptible, intermediate, and resistant category. Following adaptation, isolates initially susceptible (WRLP354 and WRLP530) and intermediate (WRLP380 and WRLP394, WRLP483) to NOV became resistant. None of the isolates evaluated possessed resistance to STR or CHL prior to or following cQAC adaptation. While there was a reduction in susceptibility for STR in 3/6 isolates following adaptation, only one adapted isolate resulted in a susceptibility change in CHL (WRLP380; Figure 2). In contrast to other susceptibility changes, this shift resulted in increased susceptibility to CHL for WRLP380.



Genomic Analysis to Identify Differences in Wild-Type and Commercial Quaternary Ammonium Compound-Adapted Listeria monocytogenes

Comparisons of whole genome sequences of each qAD and WT pair revealed between 0 and 4 confidently called deletions and SNPs predicted to reflect mutations. Some of these SNPs were found to be in non-coding regions within the genome (Table 5). Notably, SNPs in the fepR gene were seen in 5/6 isolates. This gene is predicted to encode a transcriptional regulator of FepA, a multidrug efflux pump. In three isolates with fepR mutations (WRLP380, WRLP483, and WRLP533), a SNP is predicted to cause a change in an amino acid. In WRLP394 and WRLP483, the SNP is predicted to result in a premature stop codon (PMSC) at position 141 and 175, respectively, truncating the protein by 55 and 21 amino acids, respectively. Deletions ranging from 1 to 33 bp were identified in the other three isolates (WRLP394, WRLP530, and WRLP533). The largest deletion (33 bp) is in WRLP530; the only genetic alteration observed in this isolate. Notably, no two isolates had a deletion at the exact same location within the fepR gene (Table 5).


TABLE 5. Mutations in L. monocytogenes isolates following the adaptation to commercial quaternary ammonium compound-based sanitizer (cQAC; 3 ppm).
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DISCUSSION

Produce processing facilities, which have frequent turnover of raw agricultural products, present a unique risk for L. monocytogenes contamination. In these environments, L. monocytogenes is largely controlled through effective cleaning and sanitation practices. Previous reports of sanitizer and antibiotic cross-resistance have proposed broader consequences for lapses in sanitation efficacy in the food industry. In the present study, we demonstrated the ability of L. monocytogenes strains, including those representing hypervirulent clonal complexes, to adapt and tolerate slightly elevated concentrations of a commercial QAC (MIC 3 ppm; MBC 4 ppm) compared to the WT strains.

The six L. monocytogenes isolates evaluated were adaptable to a commercial QAC at 1 ppm above their WT MIC (2 ppm) and MBC (3 ppm). Previous studies using benzalkonium chloride (BC) compound noted a greater increase in MIC following adaptations. Similar to WT strains in the present study, Aase et al. (2000) reported five L. monocytogenes isolates with an initial MIC of 2 ppm; however, these isolates were then adapted to MICs of 6–7 ppm. It is of interest to note that other isolates tested within their study, with an initial MIC of 6 and 7 ppm, did not exceed 7 ppm MIC following the adaptation process (Aase et al., 2000). This suggests a potential plateau at which isolates are no longer readily adaptable, as we have observed in our study. Similar to Aase et al. (2000), a study by To et al. (2002) reported BC adaptation of L. monocytogenes isolates from 1 or 4 ppm MIC to 6 or 8 ppm MIC, respectively. Others have reported adaptation to BC from 2 ppm in WT strains to 10 ppm MIC in adapted strains (Yu et al., 2018). While these adaptations achieved a higher MIC than was observed in the present study, additional components of the formulated commercial QAC product may have inhibited the adaptation from progressing to BC-adaptation levels. In fact, the majority of published studies on QAC and Listeria spp. have been performed using BC as opposed to commercial sanitizer preparations, such as the cQAC used in this study. BC contains an alkyl chain length distribution from C8 to C18. Previous research using narrower alkyl chain lengths has determined that Gram-positive bacteria, such as L. monocytogenes, are most affected at chain lengths of C12–C14 whereas longer chain lengths of C14–C16 are more effective against Gram-negative bacteria, such as Escherichia coli (Gilbert and Moore, 2005). Commercial QAC products have been formulated to contain QACs with a specific distribution of alkyl chain lengths (e.g., C14: 50%, C12: 40%, and C16: 10%) to optimize antimicrobial activity. These may also be formulated with additional ingredients, including divalent chelators like EDTA, that assist in destabilizing the bacterial cell membrane structures (Gilbert and Moore, 2005). The distribution of alkyl chain lengths and other additives in the commercial product formulation likely influence adaptation and complicate comparing MIC and MBC values from independent studies.

The primary mechanism of QAC adaptation and tolerance is largely attributed to the presence and upregulation of specific efflux pumps (Aase et al., 2000; Romanova et al., 2006; Kovacevic et al., 2013; Yu et al., 2018). Previous studies have reported the assistance of QAC specific efflux systems playing a role in resistance or adaptation, specifically the bcrABC cassette (Elhanafi et al., 2010; Dutta et al., 2013), emrE (Kovacevic et al., 2016), emrC (Kremer et al., 2017), qacC and qacH (Müller et al., 2013). cQAC tolerance of the adapted strains in the present study was lost with the addition of reserpine, indicating that efflux systems are playing a significant role in the experimentally achieved cQAC tolerance. While the previously reported genomic analyses of six WT strains examined here (Bland et al., 2021) revealed the lack of efflux pumps commonly linked to increased tolerance to QAC (e.g., bcrABC, qacC, qacH, emrE, or emrC), the restoration of the WT phenotype in the presence of reserpine, a known efflux pump inhibitor, suggests the role of other efflux pumps in the cQAC adaptation in these isolates.

Research studies have reported that two efflux pumps, mdrL and lde, ubiquitous in L. monocytogenes (Romanova et al., 2006; Yu et al., 2018), are upregulated following the exposure or adaptation to QAC, suggesting their role in tolerance toward the compound. Yu et al. (2018) found that the relative expression of mdrL was significantly higher in six L. monocytogenes strains following adaptation to a QAC. In contrast, Jiang et al. (2018) reported that MICs were not affected by the absence of lde in a deletion mutant. While it can be speculated that mdrL and lde may have played a role in adaptation, as they were both present in our studied isolates, there are additional, more broadly found multidrug resistant (MDR) efflux systems in Gram-positive bacteria that may be assisting in tolerance and cross-resistance (Tamburro et al., 2015; Schindler and Kaatz, 2016; Meier et al., 2017; Du et al., 2018). Some of these major families of MDR efflux systems have been described by Schindler and Kaatz (2016) including: (1) ATP-binding cassette, (2) major facilitator superfamily (lde), (3) multidrug and toxic extrusion systems (mdrL), (4) small multidrug resistance, and (5) resistance nodulation cell division (RND) family.

Other mechanisms of QAC tolerance have been explored in isolates without known efflux pumps associated with QACs. In a study by Meier et al. (2017) 45 L. monocytogenes isolates were found to possess high tolerance to BC (MIC > 20 ppm). When exposed to reserpine, only four isolates exhibited reduced tolerance to BC. They suggested that the majority of their BC-tolerant strains did not rely on efflux systems. Studies have suggested that the decrease in cell membrane permeability plays an important role in the reduction of tolerance to QACs (McDonnell and Russell, 1999; To et al., 2002; Wessels and Ingmer, 2013) and chlorine and selective antibiotics (Bansal et al., 2018). An increase in the size (cells were elongated and filamentous) and a shift in the fatty acid composition of the cell (shift from shorter to longer fatty acid following adaptation-resulting in decrease in fluidity of the cell), was reported following BC adaptation, suggesting changes in the cell structure/membrane as a possible tolerance mechanism (To et al., 2002). While outside the scope of the data presented here, due to the lack of major efflux systems that have previously been linked to assisting in QAC tolerance development, it would be of interest to consider changes in cellular permeability and fatty acid composition in our isolates as a possible mechanism aiding the adaptation and cross resistance process.

Following cQAC adaptation, we observed a shift in susceptibility to CIP, KAN, NOV, PEN, and to a lesser degree CLI and CHL amongst the six L. monocytogenes strains tested. In previous studies, L. monocytogenes adapted to QAC resulted in phenotypic changes comparable to those seen in the present study with some minor differences. Similar to our results, the shift in susceptibility toward CIP following QAC adaptation has been described by Rakic-Martinez et al. (2011) and Yu et al. (2018), who both reported an increase in MIC of CIP following adaptation to BC. The decreased susceptibility to KAN following BC adaptation reported by Romanova et al. (2006) for 3/4 tested isolates is similar to what we observed here, with the shift from sensitive to intermediate AMR profiles in 3/6 isolates. In contrast, Yu et al. (2018) did not see any changes in susceptibility to KAN in BC-adapted isolates. These data suggest that the adaptive mechanisms for KAN differ among isolates.

Quaternary ammonium compound and CIP tolerance/resistance has been previously reported (Rakic-Martinez et al., 2011; Kovacevic et al., 2013), and appears to be bidirectional, where isolates adapted to QAC become more resistant to CIP and isolates adapted to CIP become more tolerant to QAC. CIP is a fluoroquinolone; its mechanism of action involves preventing DNA separation prior to cell division. Resistance to quinolones in Gram-positive bacteria is typically due to mutations in the intercellular targets of the compound, gyrA and gyrB (DNA gyrase), parC and parE (topoisomerase IV) or decreased uptake into the cell via efflux pumps (Lampidis et al., 2002; Jiang et al., 2018). Jiang et al. (2018) found no mutations in the genes targeted by quinolones. However, transcription levels of lde increased across the four CIP adapted mutants, suggesting that the resistance development was largely due to decreased uptake into the cell (Jiang et al., 2018). Others have suggested that point mutations in fepR (regulator for fepA) are in part responsible for resistance to CIP (Wilson et al., 2018). FepA, a part of the multidrug and toxic compound extrusion (MATE) family of efflux pumps, is regulated by fepR (Guerin et al., 2014). When MICs of various antibiotics of WT L. monocytogenes and its fepR deletion mutant were compared, Guerin et al. (2014) reported susceptibility changes only in fluroquinolones. They also saw a change in BC susceptibility in the fepR deletion mutant, with an MIC increase from 4 to 8 ppm, suggesting that overexpression of the fepA efflux pump may play a role in BC tolerance. An Australian study by Wilson et al. (2018) found 2/100 L. monocytogenes possessing CIP resistance; in one of the isolates CIP resistance was linked to a mutation at nucleotide position 181 in fepR, resulting in PMSC. A point mutation in fepR was also seen in the other CIP resistant isolate, at nucleotide position 170, leading to an amino acid change (alanine to glycine). However, this mutation did not result in a PMSC, but rather this isolate possessed a full length fepR (Wilson et al., 2018). Similarly, our results found point mutations at different locations in fepR, some of which resulted in a PMSC and others that did not. In our isolates, both the location of the mutation as well as the resulting PMSC were downstream of what was previously seen by Guerin et al. (2014) and Wilson et al. (2018), resulting in a slightly longer gene. The multiple and independent mutations in fepR in the current study are strong evidence that loss of fepR function is important for L. monocytogenes adapting to cQAC. However, definite proof of the role of fepR and the level of its contribution to QAC adaptation would require deletion and complementation mutants.

Previous studies evaluating cross-resistance of QAC and antibiotics amongst L. monocytogenes have not, to our knowledge, evaluated NOV. NOV is less commonly used due to its decreased efficacy, but it has synergistic activity with tetracyclines, and can be used as an alternative to penicillin (May et al., 2017). Our results suggest that there is a relationship between adaptive QAC tolerance and NOV resistance, as a shift in susceptibility was seen across all six isolates. In particular, a dramatic shift from susceptible to resistant classification was observed in two strains, WRLP354 and WRLP530. Similar to quinolones, NOV inhibits gyrB subunit of the bacterial DNA gyrase enzyme involved in energy transduction (Hof et al., 1997; May et al., 2017). The phenotypic cross-resistance can be associated with mutations in the target for NOV or changes in cellular structure to reduce accumulation within the cell. In Gram-positive bacteria, such as Bacillus lincheniformis, morphological changes have been associated with NOV resistance. Specifically, in the presence of NOV the cells grow as long filaments as opposed to long chains (Robson and Baddiley, 1977). In Gram-negative bacteria, NOV resistance has been associated with a two-component regulatory system (baeSR), activating an efflux pump system (mdtABC). This is believed to lead to reduced NOV accumulation within the cell (Baranova and Nikaido, 2002; Nagakubo et al., 2002). In our isolates, we did not observe mutations in gyrAB. While morphological changes were not investigated, they cannot be ruled out as potential mechanisms aiding the resistance (Robson and Baddiley, 1977).

Our results also indicate that cQAC adaptation affects PEN resistance, with decreased zones of inhibition observed. PEN is a ß-lactam antibiotic, similar to AMP. However, unlike AMP, which is frequently used in the treatment of listeriosis, PEN is not typically used due to increasing reports of microbial resistance (Wilson et al., 2018). The isolates tested in this study were all classified as either having intermediate or resistant PEN profiles. However, while we observed a slight decrease in the zone of inhibition for AMP following cQAC adaptation, all tested isolates remained well within the susceptible classification (Figure 2). ß-lactam antibiotics, such as PEN, work to inhibit cell wall biosynthesis through interactions with penicillin-binding proteins (PBP). Listeria spp. have five PBP, and PBP3 is largely the target of ß-lactams (Vicente et al., 1990; Hof et al., 1997). Insertional mutagenesis in associated genes in L. monocytogenes EGDe (e.g., lmo0441, lmo0504, lmo1438, and lmo2229) resulted in acquired resistance toward PEN (Guinane et al., 2006). In S. pneumoniae, PEN resistance typically occurs from recombination events leading to mosaic PBP, which in turn can lead to reduced affinity for PEN and diminished effect on the cell (Blair et al., 2015).

It has been reported that exposure to QAC can increase the expression of virulence genes, such as prfA and inlA (Kastbjerg et al., 2010). Since cQAC adaptation impacted AMR profiles and led to genomic changes in some of our studied isolates, it was prudent to explore if virulence genes were affected, especially since our isolates belong to hypervirulent clonal complexes (Maury et al., 2016). While we did not look at the expression of virulence genes following cQAC adaptation, it is of note that no mutations in L. monocytogenes virulence genes were observed following cQAC adaptation.



CONCLUSION

Collectively, our data demonstrate the potential for L. monocytogenes isolates to develop cross-resistance between a cQAC and antibiotics representing different classes. While the increased MIC and MBC of cQAC-adapted isolates remained well below the manufacturer recommended concentration for the commercial product, it is not uncommon for bacterial cells to be exposed to lower or sublethal concentrations of sanitizers in the processing environment either by dilution, presence of organic matter (e.g., decreasing the efficacy of the sanitizer), or issues with the hygienic design of equipment or facility (e.g., resulting in microbial niches, biofilm formation or dilution effect of sanitizer). The isolates in the present study were adaptable to 1 ppm higher than the WT MIC. This minimal MIC increase suggests that adaptation of L. monocytogenes to a degree that would render the cQAC product ineffective is not likely in commercial settings. However, the present study was done with planktonic cells and so the additional tolerance and protection provided in biofilms, both in terms of initial susceptibility and degree of adaptation, likely differs. In a processing facility, the circumstances that may allow for exposure to minimal concentrations of cQAC are often associated with improper cleaning and inadequate sanitation practices that may not be addressing microbial niches. This can lower the effectiveness of the sanitizer or may be resulting in a dilution effect in some areas of the facility. Our data highlight that sublethal exposures to cQACs could have deleterious effects if adapted L. monocytogenes strains become implicated in human illness that requires antibiotic treatment. The potential for L. monocytogenes to develop cross-resistance to clinically relevant antibiotics following minimal adaptation to a formulated cQAC product is especially concerning. In particular, this trend amongst genotypes that are classified as hypervirulent and frequently involved in cases of listeriosis highlights the need to better understand the effect that sanitizer exposures and low-level adaptations may have on the AMR development and a potential public health risk.



DATA AVAILABILITY STATEMENT

The dataset presented in this study can be found in the NCBI Sequence Read Archive (SRA) under BioProject PRJNA771688.



AUTHOR CONTRIBUTIONS

JW-C and JK: conceptualization. RB and ER: data curation. RB, AW, JW-C, and JK: formal analysis and methodology. JK: funding acquisition and project administration. AW, JC, JW-C, and JK: supervision and writing – review and editing. AW: validation. RB: visualization and writing – original draft. All authors have read and agreed to the published version of the manuscript.



FUNDING

This research was funded by the OSU Agricultural Research Foundation grant (ARF#9148A).



ACKNOWLEDGMENTS

We also acknowledge Grant and Alice Schoenhard Faculty Excellence fund awarded to JK for partial graduate assistantship support for RB. We extend our thanks to the Center for Quantitative Life Sciences, Oregon State University for WGS services. We also thank the Department of Botany and Plant Pathology for its support of the computational infrastructure.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.782920/full#supplementary-material



REFERENCES

Aase, B., Sundheim, G., Langsrud, S., and Rørvik, L. M. (2000). Occurrence of and a possible mechanism for resistance to a quaternary ammonium compound in Listeria monocytogenes. Int. J. Food Microbiol. 62, 57–63. doi: 10.1016/s0168-1605(00)00357-3

Amsalu, A., Sapula, S. A., De Barros Lopes, M., Hart, B. J., Nguyen, A. H., Drigo, B., et al. (2020). Efflux pump-driven antibiotic and biocide cross-resistance in Pseudomonas aeruginosa isolated from different ecological niches: a case study in the development of multidrug resistance in environmental hotspots. Microorganisms 8:1647. doi: 10.3390/microorganisms8111647

Bansal, M., Nannapaneni, R., Sharma, C. S., and Kiess, A. (2018). Listeria monocytogenes response to sublethal chlorine induced oxidative stress on homologous and heterologous stress adaptation. Front Microbiol. 9:2050. doi: 10.3389/fmicb.2018.02050

Baranova, N., and Nikaido, H. (2002). The baeSR two-component regulatory system activates transcription of the yegMNOB (mdtABCD) transporter gene cluster in Escherichia coli and increases its resistance to novobiocin and deoxycholate. J. Bacteriol. 184, 4168–4176. doi: 10.1128/JB.184.15.4168-4176.2002

Baranyi, J., and Roberts, T. A. (1994). A dynamic approach to predicting bacterial growth in food. Int. J. Food Microbiol. 23, 277–294.

Blair, J. M., Webber, M. A., Baylay, A. J., Ogbolu, D. O., and Piddock, L. J. (2015). Molecular mechanisms of antibiotic resistance. Nat. Rev. Microbiol. 13, 42–51. doi: 10.1038/nrmicro3380

Bland, R., Johnson, J., Waite-Cusic, J., Weisberg, A. J., Riutta, E. R., Chang, J. H., et al. (2021). Application of whole genome sequencing to understand diversity and presence of genes associated with sanitizer tolerance in Listeria monocytogenes from produce handling sources. Foods 10:2454. doi: 10.3390/foods10102454

Boucher, C., Waite-Cusic, J., Stone, D., and Kovacevic, J. (2021). Relative performance of commercial citric acid and quaternary ammonium sanitizers against Listeria monocytogenes under conditions relevant to food industry. Food Microbiol. 97:103752. doi: 10.1016/j.fm.2021.103752

Braoudaki, M., and Hilton, A. C. (2004). Adaptive resistance to biocides in Salmonella enterica and Escherichia coli O157 and cross-resistance to antimicrobial agents. J. Clin. Microbiol. 42, 73–78. doi: 10.1128/JCM.42.1.73-78.2004

Buchanan, R. L., Gorris, L. G., Hayman, M. M., Jackson, T. C., and Whiting, R. C. (2017). A review of Listeria monocytogenes: an update on outbreaks, virulence, dose-response, ecology, and risk assessments. Food Control 75, 1–13. doi: 10.1016/j.foodcont.2016.12.016

Cherifi, T., Carrillo, C., Lambert, D., Miniai, I., Quessy, S., Lariviere-Gauthier, G., et al. (2018). Genomic characterization of Listeria monocytogenes isolates reveals that their persistence in a pig slaughterhouse is linked to the presence of benzalkonium chloride resistance genes. BMC Microbiol. 18:220. doi: 10.1186/s12866-018-1363-1369

Cingolani, P., Platts, A., Wang le, L., Coon, M., Nguyen, T., Wang, L., et al. (2012). A program for annotating and predicting the effects of single nucleotide polymorphisms, SnpEff: SNPs in the genome of Drosophila melanogaster strain w1118; iso-2; iso-3. Fly (Austin) 6, 80–92. doi: 10.4161/fly.19695

CLSI (2015). Methods for Antimicrobial Dilution and Disk Suseptibility Testing of Infrequently Isolated or Fastidious Bacteria. CLSI guidline M45. 3rd Edn Wayne, PA: Clinical and Laboratory Standards Institute.

Cruz, C. D., and Fletcher, G. C. (2012). Assessing manufacturers’ recommended concentrations of commercial sanitizers on inactivation of Listeria monocytogenes. Food Control 26, 194–199. doi: 10.1016/j.foodcont.2012.01.041

de Noordhout, C. M., Devleesschauwer, B., Angulo, F. J., Verbeke, G., Haagsma, J., Kirk, M., et al. (2014). The global burden of listeriosis: a systematic review and meta-analysis. Lancet Infect. Dis. 14, 1073–1082. doi: 10.1016/S1473-3099(14)70870-9

Du, D., Wang-Kan, X., Neuberger, A., van Veen, H. W., Pos, K. M., Piddock, L. J., et al. (2018). Multidrug efflux pumps: structure, function and regulation. Nat. Rev. Microbiol. 16, 523–539. doi: 10.1038/s41579-018-0048-46

Dutta, V., Elhanafi, D., and Kathariou, S. (2013). Conservation and distribution of the benzalkonium chloride resistance cassette bcrABC in Listeria monocytogenes. Appl. Environ. Microbiol. 79, 6067–6074. doi: 10.1128/AEM.01751-1713

Edgar, R. C. (2004). MUSCLE: a multiple sequence alignment method with reduced time and space complexity. BMC Bioinformatics 5:113. doi: 10.1186/1471-2105-5-113

Eggertsson, H. P., Jonsson, H., Kristmundsdottir, S., Hjartarson, E., Kehr, B., Masson, G., et al. (2017). Graphtyper enables population-scale genotyping using pangenome graphs. Nat. Genet. 49, 1654–1660. doi: 10.1038/ng.3964

Elhanafi, D., Dutta, V., and Kathariou, S. (2010). Genetic characterization of plasmid-associated benzalkonium chloride resistance determinants in a Listeria monocytogenes strain from the 1998-1999 outbreak. Appl. Environ. Microbiol. 76, 8231–8238. doi: 10.1128/AEM.02056-2010

Farber, J. M., Zwietering, M., Wiedmann, M., Schaffner, D., Hedberg, C. W., Harrison, M. A., et al. (2020). Alternative approaches to the risk management of Listeria monocytogenes in low risk foods. Food Control 123:107601. doi: 10.1016/j.foodcont.2020.107601

Freitag, N. E., Port, G. C., and Miner, M. D. (2009). Listeria monocytogenes - from saprophyte to intracellular pathogen. Nat. Rev. Microbiol. 7, 623–628. doi: 10.1038/nrmicro2171

Gallagher, D. L., Ebel, E. D., and Kause, J. R. (2003). FSIS Risk Assessment for Listeria monocytogenes in Deli Meats. Maryland, MD: Food Safety and Inspection Service, USDA.

Gilbert, P., and Moore, L. (2005). Cationic antiseptics: diversity of action under a common epithet. J. Appl. Microbiol. 99, 703–715. doi: 10.1111/j.1365-2672.2005.02664.x

Gnanadhas, D. P., Marathe, S. A., and Chakravortty, D. (2013). Biocides–resistance, cross-resistance mechanisms and assessment. Expert Opin. Investig. Drugs 22, 191–206. doi: 10.1517/13543784.2013.748035

Godreuil, S., Galimand, M., Gerbaud, G., Jacquet, C., and Courvalin, P. (2003). Efflux pump lde is associated with fluoroquinolone resistance in Listeria monocytogenes. Antimicrob. Agents Chemother. 47, 704–708. doi: 10.1128/AAC.47.2.704-708.2003

Gray, M. J., Freitag, N. E., and Boor, K. J. (2006). How the bacterial pathogen Listeria monocytogenes mediates the switch from environmental Dr. Jekyll to pathogenic Mr. Hyde. Infect. Immun. 74, 2505–2512. doi: 10.1128/IAI.74.5.2505-2512.2006

Guerin, F., Galimand, M., Tuambilangana, F., Courvalin, P., and Cattoir, V. (2014). Overexpression of the novel MATE fluoroquinolone efflux pump FepA in Listeria monocytogenes is driven by inactivation of its local repressor FepR. PLoS One 9:e106340. doi: 10.1371/journal.pone.0106340

Guinane, C. M., Cotter, P. D., Ross, R. P., and Hill, C. (2006). Contribution of penicillin-binding protein homologs to antibiotic resistance, cell morphology, and virulence of Listeria monocytogenes EGDe. Antimicrob. Agents Chemother. 50, 2824–2828. doi: 10.1128/AAC.00167-166

Hamon, M., Bierne, H., and Cossart, P. (2006). Listeria monocytogenes: a multifaceted model. Nat. Rev. Microbiol. 4, 423–434. doi: 10.1038/nrmicro1413

Heir, E., Sundheim, G., and Holck, A. L. (1999). The qacG gene on plasmid pST94 confers resistance to quaternary ammonium compounds in staphylococci isolated from the food industry. J. Appl. Microbiol. 86, 378–388. doi: 10.1046/j.1365-2672.1999.00672.x

Hof, H. (2004). An update on the medical management of listeriosis. Expert Opin. Pharmacother. 5, 1727–1735. doi: 10.1517/14656566.5.8.1727

Hof, H., Nichterlein, T., and Kretschmar, M. (1997). Management of listeriosis. Clin. Microbiol. Rev. 10, 345–357. doi: 10.1128/CMR.10.2.345

Hurley, D., Luque-Sastre, L., Parker, C. T., Huynh, S., Eshwar, A. K., Nguyen, S. V., et al. (2019). Whole-genome sequencing-based characterization of 100 Listeria monocytogenes isolates collected from food processing environments over a four-year period. mSphere 4:e00252-19. doi: 10.1128/mSphere.00252-219

Jett, B. D., Hatter, K. L., Huycke, M. M., and Gilmore, M. S. (1997). Simplified agar plate method for quantifying viable bacteria. BioTechniques 23, 648–650. doi: 10.2144/97234bm22

Jiang, X., Yu, T., Xu, P., Xu, X., Ji, S., Gao, W., et al. (2018). Role of efflux pumps in the in vitro development of ciprofloxacin resistance in Listeria monocytogenes. Front. Microbiol. 9:2350. doi: 10.3389/fmicb.2018.02350

Jorgensen, J., Bland, R., Waite-Cusic, J., and Kovacevic, J. (2021). Diversity and antimicrobial resistance of Listeria spp. and L. monocytogenes clones from produce handling and processing facilities in the Pacific Northwest. Food Control 123:107665. doi: 10.1016/j.foodcont.2020.107665

Jorgensen, J., Waite-Cusic, J., and Kovacevic, J. (2020). Prevalence of Listeria spp. in produce handling and processing facilities in the Pacific Northwest. Food Microbiol. 90:103468. doi: 10.1016/j.fm.2020.103468

Kastbjerg, V. G., Larsen, M. H., Gram, L., and Ingmer, H. (2010). Influence of sublethal concentrations of common disinfectants on expression of virulence genes in Listeria monocytogenes. Appl. Environ. Microbiol. 76, 303–309. doi: 10.1128/AEM.00925-929

Kim, S. W., Haendiges, J., Keller, E. N., Myers, R., Kim, A., Lombard, J. E., et al. (2018). Genetic diversity and virulence profiles of Listeria monocytogenes recovered from bulk tank milk, milk filters, and milking equipment from dairies in the United States (2002 to 2014). PLoS One 13:e0197053. doi: 10.1371/journal.pone.0197053

Kode, D., Nannapaneni, R., Bansal, M., Chang, S., Cheng, W. H., Sharma, C. S., et al. (2021). Low-level tolerance to fluoroquinolone antibiotic ciprofloxacin in QAC-adapted subpopulations of Listeria monocytogenes. Microorganisms 9. doi: 10.3390/microorganisms9051052

Kovacevic, J., Sagert, J., Wozniak, A., Gilmour, M. W., and Allen, K. J. (2013). Antimicrobial resistance and co-selection phenomenon in Listeria spp. recovered from food and food production environments. Food Microbiol. 34, 319–327. doi: 10.1016/j.fm.2013.01.002

Kovacevic, J., Ziegler, J., Walecka-Zacharska, E., Reimer, A., Kitts, D. D., and Gilmour, M. W. (2016). Tolerance of Listeria monocytogenes to quaternary ammonium sanitizers is mediated by a novel efflux pump encoded by emrE. Appl. Environ. Microbiol. 82, 939–953. doi: 10.1128/AEM.03741-3715

Kremer, P. H., Lees, J. A., Koopmans, M. M., Ferwerda, B., Arends, A. W., Feller, M. M., et al. (2017). Benzalkonium tolerance genes and outcome in Listeria monocytogenes meningitis. Clin. Microbiol. Infect. 23, 265.e1–265.e7. doi: 10.1016/j.cmi.2016.12.008

Lampidis, R., Kostrewa, D., and Hof, H. (2002). Molecular characterization of the genes encoding DNA gyrase and topoisomerase IV of Listeria monocytogenes. J. Antimicrob. Chemother. 49, 917–924. doi: 10.1093/jac/dkf065

Langsrud, S., Sundheim, G., and Holck, A. L. (2004). Cross-resistance to antibiotics of Escherichia coli adapted to benzalkonium chloride or exposed to stress-inducers. J. Appl. Microbiol. 96, 201–208. doi: 10.1046/j.1365-2672.2003.02140.x

Liao, J., Guo, X., Weller, D. L., Pollak, S., Buckley, D. H., Wiedmann, M., et al. (2021). Nationwide genomic atlas of soil-dwelling Listeria reveals effects of selection and population ecology on pangenome evolution. Nat. Microbiol. 6, 1021–1030. doi: 10.1038/s41564-021-00935-937

Linke, K., Ruckerl, I., Brugger, K., Karpiskova, R., Walland, J., Muri-Klinger, S., et al. (2014). Reservoirs of Listeria species in three environmental ecosystems. Appl. Environ. Microbiol. 80, 5583–5592. doi: 10.1128/AEM.01018-1014

Martínez-Suárez, J. V., Ortiz, S., and López-Alonso, V. (2016). Potential impact of the resistance to quaternary ammonium disinfectants on the persistence of Listeria monocytogenes in food processing environments. Front. Microbiol. 7:638. doi: 10.3389/fmicb.2016.00638

Maury, M. M., Tsai, Y.-H., Charlier, C., Touchon, M., Chenal-Francisque, V., Leclercq, A., et al. (2016). Uncovering Listeria monocytogenes hypervirulence by harnessing its biodiversity. Nat. Genet. 48:308. doi: 10.1038/ng.3501

May, J. M., Owens, T. W., Mandler, M. D., Simpson, B. W., Lazarus, M. B., Sherman, D. J., et al. (2017). The antibiotic novobiocin binds and activates the ATPase that powers lipopolysaccharide transport. J. Am. Chem. Soc. 139, 17221–17224. doi: 10.1021/jacs.7b07736

McDonnell, G., and Russell, A. D. (1999). Antiseptics and disinfectants: activity, action, and resistance. Clin. Microbiol. Rev. 12, 147–179. doi: 10.1128/CMR.12.1.147

Meier, A. B., Guldimann, C., Markkula, A., Pöntinen, A., Korkeala, H., and Tasara, T. (2017). Comparative phenotypic and genotypic analysis of Swiss and Finnish Listeria monocytogenes isolates with respect to benzalkonium chloride resistance. Front. Microbiol. 8:397. doi: 10.3389/fmicb.2017.00397

Møretrø, T., Schirmer, B. C., Heir, E., Fagerlund, A., Hjemli, P., and Langsrud, S. (2017). Tolerance to quaternary ammonium compound disinfectants may enhance growth of Listeria monocytogenes in the food industry. Int. J. Food Microbiol. 241, 215–224. doi: 10.1016/j.ijfoodmicro.2016.10.025

Müller, A., Rychli, K., Muhterem-Uyar, M., Zaiser, A., Stessl, B., Guinane, C. M., et al. (2013). Tn6188-a novel transposon in Listeria monocytogenes responsible for tolerance to benzalkonium chloride. PLoS One 8:e76835. doi: 10.1371/journal.pone.0076835

Nagakubo, S., Nishino, K., Hirata, T., and Yamaguchi, A. (2002). The putative response regulator BaeR stimulates multidrug resistance of Escherichia coli via a novel multidrug exporter system. MdtABC. J. Bacteriol. 184, 4161–4167. doi: 10.1128/JB.184.15.4161-4167.2002

Office of Chemical Safety and Pollution Prevention [OCSPP] (2012). Product Performance Test Guidelines: OCSPP 810.2300 Sanitizers for Use on Hard Surfaces— Efficacy Data Recommendations [EPA 712-C-07-091]. Washington, D.C: Office of Chemical Safety and Pollution Prevention.

Prazak, A. M., Murano, E. A., Mercado, I., and Acuff, G. R. (2002). Antimicrobial resistance of Listeria monocytogenes isolated from various cabbage farms and packing sheds in Texas. J. Food Prot. 65, 1796–1799. doi: 10.4315/0362-028X-65.11.1796

Rakic-Martinez, M., Drevets, D. A., Dutta, V., Katic, V., and Kathariou, S. (2011). Listeria monocytogenes strains selected on ciprofloxacin or the disinfectant benzalkonium chloride exhibit reduced susceptibility to ciprofloxacin, gentamicin, benzalkonium chloride, and other toxic compounds. Appl. Environ. Microbiol. 77, 8714–8721. doi: 10.1128/AEM.05941-5911

Robson, R. L., and Baddiley, J. (1977). Morphological changes associated with novobiocin resistance in Bacillus licheniformis. J. Bacteriol. 129, 1045–1050. doi: 10.1128/jb.129.2.1045-1050.1977

Roedel, A., Dieckmann, R., Brendebach, H., Hammerl, J., Kleta, S., Noll, M., et al. (2019). Biocide-tolerant Listeria monocytogenes isolates from German food production plants do not show cross-resistance to clinically relevant antibiotics. Appl. Environ. Microbiol. 85:e01253-19. doi: 10.1128/AEM.01253-1219

Romanova, N., Wolffs, P., Brovko, L., and Griffiths, M. (2006). Role of efflux pumps in adaptation and resistance of Listeria monocytogenes to benzalkonium chloride. Appl. Environ. Microbiol. 72, 3498–3503. doi: 10.1128/AEM.72.5.3498-3503.2006

Scallan, E., Hoekstra, R. M., Angulo, F. J., Tauxe, R. V., Widdowson, M. A., Roy, S. L., et al. (2011). Foodborne illness acquired in the United States–major pathogens. Emerg. Infect. Dis. 17, 7–15. doi: 10.3201/eid1701.P11101

SCENIHR (2009). Assessment of the Antibiotic Resistance Effects on Biocides. Brussels: Scientific Committees. European Commission.

Schindler, B. D., and Kaatz, G. W. (2016). Multidrug efflux pumps of Gram-positive bacteria. Drug Resist. Updates 27, 1–13. doi: 10.1016/j.drup.2016.04.003

Sullivan, G., and Wiedmann, M. (2020). Detection and prevalence of Listeria in US produce packinghouses and fresh-cut facilities. J. Food Prot. 83, 1656–1666. doi: 10.4315/JFP-20-094

Tamburro, M., Ripabelli, G., Vitullo, M., Dallman, T. J., Pontello, M., Amar, C. F., et al. (2015). Gene expression in Listeria monocytogenes exposed to sublethal concentration of benzalkonium chloride. Comp. Immunol. Microbiol. Infect. Dis. 40, 31–39. doi: 10.1016/j.cimid.2015.03.004

To, M. S., Favrin, S., Romanova, N., and Griffiths, M. W. (2002). Postadaptational resistance to benzalkonium chloride and subsequent physicochemical modifications of Listeria monocytogenes. Appl. Environ. Microbiol. 68, 5258–5264. doi: 10.1128/AEM.68.11.5258-5264.2002

Vicente, M. F., Perez-Daz, J. C., Baquero, F., Angel de Pedro, M., and Berenguer, J. (1990). Penicillin-binding protein 3 of Listeria monocytogenes as the primary lethal target for beta-lactams. Antimicrob. Agents Chemother. 34, 539–542. doi: 10.1128/AAC.34.4.539

Wessels, S., and Ingmer, H. (2013). Modes of action of three disinfectant active substances: a review. Regul. Toxicol. Pharmacol. 67, 456–467. doi: 10.1016/j.yrtph.2013.09.006

Wilson, A., Gray, J., Chandry, P. S., and Fox, E. M. (2018). Phenotypic and genotypic analysis of antimicrobial resistance among Listeria monocytogenes isolated from Australian food production chains. Genes (Basel) 9:80. doi: 10.3390/genes9020080

Yu, T., Jiang, X., Zhang, Y., Ji, S., Gao, W., and Shi, L. (2018). Effect of benzalkonium chloride adaptation on sensitivity to antimicrobial agents and tolerance to environmental stresses in Listeria monocytogenes. Front. Microbiol. 9:2906. doi: 10.3389/fmicb.2018.02906


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Bland, Waite-Cusic, Weisberg, Riutta, Chang and Kovacevic. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.










	 
	ORIGINAL RESEARCH
published: 11 January 2022
doi: 10.3389/fmicb.2021.743980





[image: image]

Development of Immunochromatographic Assay for the Rapid Detection of Mycoplasma capricolum subsp. capripneumoniae Antibodies

Zhen Zhu1†, Guanggang Qu2*†, Changjiang Wang2, Lei Wang1, Jige Du1, Qianlin Li1, Zhiqiang Shen2 and Xiaoyun Chen1*

1China Institute of Veterinary Drug Control, Beijing, China

2Shandong Binzhou Animal Science and Veterinary Medicine Academy, Binzhou, China

Edited by:
Yosra A. Helmy, The Ohio State University, United States

Reviewed by:
Balamurugan Vinayagamurthy, National Institute of Veterinary Epidemiology and Disease Informatics (ICAR), India
Parin Chaivisuthangkura, Srinakharinwirot University, Thailand

*Correspondence: Guanggang Qu, guanggangqu@163.com; Xiaoyun Chen, caucxy@163.com

†These authors have contributed equally to this work

Specialty section: This article was submitted to Infectious Agents and Disease, a section of the journal Frontiers in Microbiology

Received: 19 July 2021
Accepted: 29 November 2021
Published: 11 January 2022

Citation: Zhu Z, Qu G, Wang C, Wang L, Du J, Li Q, Shen Z and Chen X (2022) Development of Immunochromatographic Assay for the Rapid Detection of Mycoplasma capricolum subsp. capripneumoniae Antibodies. Front. Microbiol. 12:743980. doi: 10.3389/fmicb.2021.743980

Mycoplasma capricolum subsp. capripneumoniae (Mccp) is the cause of contagious caprine pleuropneumonia (CCPP), which is a highly significant respiratory disease in goats leading to significant economic losses in Africa and Asia. Currently available procedures for the diagnosis of CCPP have some limitations in sensitivity, specificity, operation time, requirement of sophisticated equipment or skilled personnel, and cost. In this study, we developed a rapid, sensitive, and specific colloidal gold-based immunochromatographic assay (GICA) strip for the efficient on-site detection of antibodies against Mccp in the serum within 10 min. For the preparation of this colloidal GICA strip, recombinant P20 protein, the membrane protein of Mccp, was expressed by Escherichia coli prokaryotic expression system after purification was used as the binding antigen in the test. The rabbit anti-goat immunoglobulin G labeled with the colloidal gold was used as the detection probe, whereas the goat anti-rabbit immunoglobulin G was coated on the nitrocellulose membrane as the control line. The concentration of the coating antibody was optimized, and the effectiveness of this colloidal GICA strip was evaluated. Our results proved that the detection limit of the test strip was up to 1:64 dilutions for the Mccp antibody-positive serum samples with no cross-reactivity with other pathogens commonly infecting small ruminants,including goat pox virus, peste des petits ruminants virus, foot-and-mouth disease virus type A, or other mycoplasmas. Moreover, the colloidal GICA strip was more sensitive and specific than the indirect hemagglutination assay for the detection of Mccp antibodies. The 106 clinical serum samples were detected by the colloidal GICA strip compared with the complement fixation test, demonstrating an 87.74% concordance with the complement fixation test. This novel colloidal GICA strip would be an effective tool for the cost-effective and rapid diagnosis of CCPP in the field.

Keywords: Mycoplasma capricolum subsp. capripneumoniae, recombinant P20 protein, colloidal gold-based immunochromatographic strip, serum antibody, rapid on-site diagnosis


INTRODUCTION

Contagious caprine pleuropneumonia (CCPP) is a severe respiratory disease with high morbidity and mortality in goats (Ahaduzzaman, 2021). Its prevalence is considerably high and has a serious impact on goat farming throughout the globe, especially in Africa, the Middle East, and some parts of Asia. The economic losses caused by CCPP are estimated to be approximately US$507 million per annum (Yatoo et al., 2019). The disease is highly infectious and characterized by coughing, nasal discharge, and acute respiratory distress with extensive lesions in the lung (pneumonia) and pleura (Lorenzon et al., 2008; Yatoo et al., 2019). CCPP has been included in the list B of communicable diseases in animals by the World Organization for animal health1 because of its high contagiousness and serious impact on the socio-economy.

Mycoplasma capricolum subsp. capripneumoniae (Mccp), formerly referred to as Mycoplasma strain F38-type (Manso-Silván and Thiaucourt, 2019), is the causative pathogen of CCPP (Li et al., 2020) and was first isolated in Kenya. It belongs to the Mycoplasma mycoides cluster, including five closely related species, subspecies, or biotypes (Woubit et al., 2004). Mccp and the other pathogens in the M. mycoides cluster or peste des petits ruminants virus (PPRV) or pasteurellosis may induce similar respiratory symptoms in goats (Jean de Dieu et al., 2019), so that Mccp infection cannot usually be diagnosed by physical examination alone (Chota et al., 2019). In addition, challenges also exist in the culture isolation of the etiologic agent because of its specific medium requirements (Teshome and Sori, 2021). As a consequence, the diagnosis of the disease may be difficult in clinical practice. This may be the reason why CCPP was described as early as 1,873 in Algeria (Yatoo et al., 2019), but the description of its causative agent was delayed nearly 100 years (McMartin et al., 1980).

Although several methods have been conducted to the determination of CCPP (Woubit et al., 2004; Lorenzon et al., 2008; Tharwat and Al-Sobayil, 2017; Lin et al., 2018; Jean de Dieu et al., 2019), they have certain drawbacks in either ease-of-use, sensitivity, specificity, cost, or dependence on specialized equipment or expertise. Immunochromatographic assay (ICA) is a powerful technique based on immunochromatographic procedure, which has been frequently used for the rapid detection of various biological specimens, especially specific antigens and antibodies of many diseases (Liu et al., 2021). Compared with other laboratory-based diagnostics, ICA is more user-friendly, relatively inexpensive, and device-independent, which makes it feasible for field diagnosis of many diseases in a short time (Shyu et al., 2002). Prompt diagnosis is crucial for the effective control and monitoring of CCPP. This study aims to develop a cost-effective, specific, and sensitive colloidal gold-based immunochromatographic assay (GICA) strip, which can be used as an alternative assay for the rapid sero-surveillance and the on-site detection of antibodies against CCPP in goats.



MATERIALS AND METHODS


Materials and Reagents

Recombinant Escherichia coli strain BL21 (DE3) expressing Mccp-P20 protein (E. coli-Mccp-P20) was constructed and provided by the China Institute of Veterinary Drug Control. The Mccp standard-positive serum [indirect hemagglutination assay (IHA) titer 1:8], Mccp standard-negative serum, serum samples for specificity test including Mycoplasma ovipneumoniae (Mo)-positive serum, goat pox virus (GTPV)-positive serum, PPRV-positive serum, foot-and-mouth disease virus type A (FMDV-A)-positive serum, Mycoplasma mycoides subsp. capri (Mmc)-positive serum, Mycoplasma capricolum subsp. capricolum (Mcc)-positive serum, and E. coli BL21 (DE3)-positive serum were prepared by the China Institute of Veterinary Drug Control. Kanamycin and isopropyl-β-D-thiogalactoside were obtained from Solarbio (Beijing, China). Hydrogen tetra-chloroaurate hydrate, trisodium citrate, potassium carbonate, and albumin from bovine serum were purchased from Sinopharm (Shanghai, China). The HisTrap FF column was obtained from Bestchrom (Shanghai) Bioscience Co., Ltd. (Shanghai, China). The rabbit anti-goat immunoglobulin G (IgG) and goat anti-rabbit IgG were obtained from Luoyang Bai Aotong Experimental Materials Center. Nitrocellulose (NC) membrane and glass cellulose membrane were products of Bioadvantage Co., Ltd. IHA antigen of CCPP was prepared by Lanzhou Veterinary Research Institute, Chinese Academy of Agricultural Science (Lanzhou, China).



Expression, Purification, and Identification of the Recombinant P20 Protein

To express the recombinant P20 (rP20) protein, the MCCP P20 gene (sequence shown in the Supplementary Data) was subcloned from the pUC57-P20 vector into the pET28a(+) vector (EMD Millipore, San Diego, CA, United States), transformed into E. coli BL21 (DE3) (Novagen, Madison, WI, United States) under kanamycin (100 μg/mL) selection, and recombinant E. coli BL21 (DE3) expressing rP20 protein was constructed and named E. coli-Mccp-P20. The bacteria E. coli-Mccp-P20 was cultured overnight in Luria-Bertani media supplemented with 100 μg/mL kanamycin at 37°C with shaking at 180 rpm and transferred into a fresh medium until the optical density at a wavelength of 600 nm reached 0.6–0.8 and induced in the presence of 1 mmol/L isopropyl-β-D-thiogalactoside. To optimize the expression condition, the bacteria were induced at 15°C for 16 h and 37°C for 4 h. Bacterial cells in each group were collected and lysed, and the sediment of cell lysates was collected by centrifugation and dissolved in phosphate-buffered saline (PBS) (pH 7.2) with 8 mol/L urea, which was then loaded onto a HisTrap FF column. The purification was performed according to the manufacturer’s instructions. Finally, the purified and denatured recombinant protein was refolded by dialysis with a gradient of decreasing concentration of urea, and the refolded protein was stored at −80°C for further use.

Protein samples were separated by 12% sodium dodecyl sulfate–polyacrylamide gel electrophoresis and analyzed by Western blotting. Briefly, proteins were transferred by electroblotting onto a polyvinylidene fluoride membrane that was then blocked with 5% skimmed milk, followed by incubating with anti-His rabbit monoclonal antibody (1:2,000) for 1 h at room temperature. After washing in PBST (0.05% Tween 20 with 0.01 mol/L, PBS, pH 7.2), the membrane was incubated with horseradish peroxidase-conjugated goat anti-rabbit antibody (1:10,000) for 1 h at room temperature with gentle shaking. Finally, the blots were visualized using Chemistar ECL Western blotting detection system according to the manufacturer’s instructions.



Preparation of Colloidal Gold Suspension

Colloidal gold with a diameter range of 20–40 nm was prepared according to the method reported previously (Yu et al., 2018). In brief, to get the most suitable size of colloidal gold particles, different volume ratios (1:0.5, 1:1, 1:1.6, and 1:2.5) of 10% trisodium citrate solution were dropped into the boiled solution under continuous stirring, and then the reaction mixture was boiled for another 10 min. The colloidal gold solution was cooled down to room temperature and then characterized on an ultraviolet spectrophotometer. The diameter of colloidal gold was calculated according to the following linear regression equation, λ = 0.4271X + 514.56 (λ, maximum absorption wavelength; X, particle diameter). It was finally stored at 4°C in the dark.



Preparation of the Colloidal Gold-Labeled Rabbit Anti-goat Immunoglobulin G

To determine the optimal amount of the rabbit anti-goat IgG for conjugation with the colloidal gold solution, the rabbit anti-goat IgG was diluted to different concentrations (0, 1.2, 1.6, 2, 2.4, 2.8, and 3 μg/ml), and 5 μl of each was added into 1 ml of colloidal gold solution (pH 8.0) with slowly shaking for 5 min, followed by adding 0.1 ml of 10% sodium chloride solution into each tube with stirring for 5 min. With the increase of the IgG amount, the color of the mixtures changed from blue to red after incubation for 30 min at room temperature. The minimum concentration of antibody that made the red color of the mixture unchanged was regarded as the optimum concentration of rabbit anti-goat IgG for colloidal gold labeling. The rabbit anti-goat IgG-coated colloidal gold probe was prepared as previously described (Han et al., 2020) and stored at 4°C in the dark for further use.



Preparation of the Colloidal Gold-Based Immunochromatographic Assay Strip

The colloidal GICA strip is composed of five parts (Yu et al., 2018), and its schematic diagram is shown in the Supplementary Data. Rabbit anti-goat IgG-coated colloidal gold probe was deposited onto a glass fiber pad at 3 μL/cm and dried at 37°C for 2 h to prepare the conjugate pad. The goat anti-rabbit IgG and purified rP20 were diluted with 50 mmol/L lead (pH 8.0) to the final concentration of 0.4 and 0.45 mg/mL, respectively. The goat anti-rabbit IgG was then dispensed onto the NC membrane with a volume of 1 μL/cm to form the control (C) line, and the test (T) line was formed using rP20 protein with the same procedure. Next, the NC membrane was blocked with 1% albumin from bovine serum and dried at 37°C for 2 h. The 100% pure cellulose fiber was used as the sample pad and absorbent pad. The sample pad, conjugate pad, NC membrane, and absorbent pad were overlapped and adhered to the polyvinyl chloride sheet to complete the fabrication of the strip. The assembled plate was then cut into 3-mm wide strip and sealed in a plastic bag.

When samples were added dropwise onto the sample pad and allowed to pass through the conjugate pad and NC membrane, the result could be visualized by the naked eyes in less than 10 min. If the samples contained the target analyte, the positive result showed two red lines, one next to C and one next to T. If the T region was colorless with a colored line appearing in the C region, it indicated that the result was negative. The absence of a red line in the C region was considered an invalid test.



Specificity, Sensitivity, Repeatability, and Concordance Rate of the Test Strip

For the sensitivity test of the strip, Mccp standard-positive serum was diluted to 1:2, 1:4, 1:8, 1:16, 1:32, 1:64, and 1:128 with 0.01 mol/L PBS (pH 7.2). The same volume of standard-negative serum and standard-positive serum with different dilutions were added onto the sample pad to determine the sensitivity in detecting the serum samples with Mccp antibody. IHA was carried out with different dilutions to compare and evaluate the sensitivity of the test strip.

To evaluate the specificity of the GICA strip, Mo-positive serum, GTPV-positive serum, PPRV-positive serum, FMDV-A-positive serum, Mmc-positive serum, Mcc-positive serum, and E. coli BL21 (DE3)-positive serum were tested with the strip. One hundred microliters of each serum sample were added dropwise onto the sample pad and incubated for approximately 10 min at room temperature. Meanwhile, the samples were tested by IHA, and the results of the two methods were compared and analyzed.

For the repeatability analysis, 1:64 diluted standard-positive serum was detected with three batches of the GICA strips, and each batch was repeated 10 times.

For the concordance rate of the GICA strip test with the complement fixation test (CFT) and IHA test, a total of 106 clinical goat serum samples collected in the field from different goat farms were detected by the GICA strip, CFT, and IHA test. The procedure of the CFT and IHA test referred to the method described previously (Rahman et al., 2003; OIE, 2018). The results were analyzed to evaluate the accuracy of the test strip.




RESULTS AND DISCUSSION

DNA-based detection with high specificity and sensitivity has made the detection of Mccp much more reliable (Saeed and Osman, 2018), and the polymerase chain reaction (PCR) method has been proved to be a promising tool in diagnosing Mccp (Abraham et al., 2015). However, the traditional PCR method needs electrophoresis for post-analysis, during which there is a risk of contamination. The same drawback also exists in the loop-mediated isolated isothermal amplification method. Real-time PCR assay for the detection of Mccp overcomes aerosol contamination (Lorenzon et al., 2008), but it is not suitable for detecting Mccp in the field because of the dependence on specialized laboratory equipment and well-trained personnel. More recently, a recombinant polymerase amplification assay for rapid detection of Mccp was reported (Liljandera et al., 2015), which was highly specific and sensitive, and did not require prior DNA preparation, sophisticated equipment, or technical personnel. Hence, this method is feasible for the rapid diagnosis of CCPP in the field. In addition to the molecular methods, a number of studies on the serological detection methods of Mccp have been reported. The IHA test, with approval of the new veterinary drug registration certificate of the People’s Republic of China, is one of the earliest serological methods used to detect Mccp antibodies. However, the performance of this method was barely satisfactory because of the cross-reactivity among the organisms in the M. mycoides cluster (Samiullah, 2013). The CFT initially used in the diagnosis of CCPP by MacOwan and Minette (1976) was more specific but less sensitive than the IHA test (Samiullah, 2013). To improve the specificity and sensitivity, several enzyme-linked immunosorbent assay (ELISA) methods were developed to confirm the prevalence of CCPP (Peyraud et al., 2014; Jean de Dieu et al., 2019). Although with high specificity, sensitivity, and suitability for large-scale testing, such as the PCR method, the ELISA test relied on specialized laboratory equipment resulting in the unfeasibility for field diagnosis. However, the reliable sensitivity, specificity, field-level availability, and low cost are crucial for the diagnosis of CCPP, especially in undeveloped or developing countries (Yatoo et al., 2019).

Herein, we developed a GICA strip for the rapid detection of Mccp antibodies present in the serum, which was independent of professional personnel and equipment and can be used for the diagnosis of CCPP onsite and in serological surveillance. The effectiveness of serum antibody detection methods depends largely on the quality of antigen used in the assay. Thus, preparations of antigen protein with good antigenic activity are essential for establishing reliable serological methods. The rP20 protein located on the outer membrane is the main specific antigen of Mccp and is different from the membrane protein of other organisms in the M. mycoides cluster. In this study, the rP20 protein was produced by E. coli expression system and expressed in soluble and inclusion body forms with a molecular weight of ∼20 kDa, which was confirmed by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (Figure 1A), and the purified rP20 was verified by Western blot (Figure 1B). Moreover, a large scale of rP20 protein was expressed mainly in the soluble form at 15°C and existed as inclusion body form at 37°C with a shorter inducing time (Figure 1A). The Ni-NTA resins were used for the purification of His-tagged rP20 protein. However, the soluble rP20 was barely bound to the Ni-NTA resins and could not be purified by the HisTrap FF column successfully. In contrast, the denatured rP20 protein from inclusion bodies could be captured the Ni-NTA resins easily under the denaturing conditions, and the renatured recombinant protein also showed a high immunological reactivity.


[image: image]

FIGURE 1. Expression, purification, and identification of rP20. (A) Sodium dodecyl sulfate–polyacrylamide gel electrophoresis analysis of expression of rP20. M Standard protein marker; lane 1 albumin from bovine serum (1 μg); lane 2 albumin from bovine serum (2 μg); lane 3 lysates of non-induced recombinant bacteria cells; lane 4 lysates of recombinant bacteria induced at 15°C for 16 h; lane 5 lysates of recombinant bacteria induced at 37°C for 4 h; lane 6 Supernatant of non-induced E. coli-Mccp-P20 lysate; lane 7 Precipitation of non-induced E. coli-Mccp-P20 lysate; lane 8 Supernatant of E. coli-Mccp-P20 lysate induced at 15°C for 16 h; lane 9 Precipitation of E. coli-Mccp-P20 lysate induced at 15°C for 16 h; lane 10 Supernatant of E. coli-Mccp-P20 lysate induced at 37°C for 4 h; lane 11 Precipitation of E. coli-Mccp-P20 lysate induced at 37°C for 4 h. lane 12 Purified rP20. (B) Western blot analysis of purified rP20 protein.


The reliability of the GICA results is affected by many factors, among which the quality of the colloidal gold particles, including uniformity and particle size, is one of the important parameters when preparing the GICA strip. The diameter of most colloidal gold particles varies from 5 to 150 nm, but for the application of gold conjugates in diagnostic assays, the diameter of gold particles usually ranges between 20 and 40 nm (Chaudhuri and Raychaudhuri, 2001). Smaller-sized colloidal gold particles are conducive to better mixing on the adsorption line, improving the detection sensitivity (Li et al., 2019). In this study, we prepared dispersed colloidal gold particles with a uniform diameter of 34 nm by using the ratio of 1:1.6 of hydrogen tetra-chloroaurate hydrate to trisodium citrate solution, which makes colloidal gold particles more stable and easier to flow on the membrane (Table 1). We also optimized the concentration of rabbit anti-goat antibody for colloidal gold labeling, to be 14 μg/ml, which is one of the important parameters affecting the color intensity of the T line and C line when the strip was used to detect serum samples (Figure 2).


TABLE 1. Diameter of colloidal gold particles produced under different reactants ratio.
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FIGURE 2. Optimal concentration of coating antibody. One to seven final concentrations of rabbit anti-goat IgG were 0, 6, 8, 10, 12, 14, and 15 μg/mL, respectively.


The quality of the GICA strip was evaluated in this study, and sensitivity results demonstrated that this strip was still effective when the Mccp-positive serum samples were diluted 64 times (Figure 3A). Compared with the detection limit of up to 1:8 dilutions of the IHA test, the immunochromatographic strip had higher sensitivity (Table 2).
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FIGURE 3. Sensitivity and specificity of the colloidal GICA strip. (A) The detection limit of the test strip was up to 1:64 dilutions of for the Mccp antibody positive serum samples. (B) The colloidal GICA strip did not cross-react with other pathogens positive serum.



TABLE 2. Comparison of the sensitivity between the GICA strip and IHA test.
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The specificity of the test strip was analyzed by testing several common goat pathogens, including Mo-, GTPV-, PPRV-, FMDV- A-, Mmc-, Mcc-, and E. coli antibody-positive serum. The result revealed that the GICA strip had no cross-reaction with any positive serum of those pathogens (Figure 3B). In contrast, the CCPP-IHA test showed positive results in detecting the Mmc- and Mcc-positive serum samples (data not shown), which indicated that the GICA strip was more specific than the IHA method.

To determine the repeatability of the GICA strip, 1:64 diluted Mccp standard-positive serum samples were used to test three batches of the test strip, and results showed that there were no significant differences among the three batches, and the C line or T line all displayed satisfactory color uniformity (Figure 4).
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FIGURE 4. Repeatability of colloidal GICA strip.


Although the CFT is the designated method for the diagnosis of CCPP in international trade and one of the diagnostic tests in endemic regions, its sensitivity and/or specificity for CCPP diagnosis is still disputed (Asmare et al., 2016; Yatoo et al., 2019). It is reported that the CFT failed in detecting 80–100% of animals experimentally infected with Mccp (March et al., 2000; Yatoo et al., 2019). In this study, both of the co-verification test results between the GICA strip and CFT or IHA by detecting 106 suspected clinical serum samples of Mccp showed a relatively low concordance rate. The positive rate was 53.77% by the GICA strip, 60.38% by the CFT, and 56.60% by the IHA test. The total concordance rate was 87.74% between the GICA strip and the CFT and 76.42% between the GICA strip and the IHA test (Table 3). Two reasons may be responsible for this result. First, the background of clinical serum samples is complex, including the inhomogeneous antibody level of Mccp in the samples and the existence of other pathogens of the M. mycoides cluster. Second, limitations of low sensitivity or specificity of the CFT and IHA test may lead to the possibility of cross-reaction with non-pathogenic M. mycoides cluster antibody or fail to detect Mccp antibody, which may be the main cause of low concordance rate among these methods. For further determination of the accuracy of this strip, it should be evaluated by the more sensitive and specific standard method such as ELISA.


TABLE 3. Detection of CCPP in clinical serum samples by GICA strip, CFT, and IHA test.

[image: Table 3]
The GICA strip developed in this study was proved to be more sensitive and specific than the CCPP-IHA test, and it is convenient to use for the diagnosis of CCPP, although the sensitivity and specificity may be lower than the DNA-based detection methods and ELISA methods. Recently, the focus of CCPP diagnosis has been mainly on specificity, field applicability, and cost-effectiveness (Yatoo et al., 2019). The results indicated that the sensitivity, specificity, simplicity, and low cost of the GICA strip are sufficient for the rapid diagnosis of CCPP on site.



CONCLUSION

In this study, a novel colloidal GICA strip was developed to rapidly detect Mccp antibodies in the field without relying on special equipment or skilled personnel, and it will be an economical and practical tool for the rapid and on-site diagnosis of CCPP in clinical samples.
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Whole Genome Sequencing Reveals Biopesticidal Origin of Bacillus thuringiensis in Foods
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Bacillus thuringiensis is a microbial insecticide widely used to control agricultural pests. Although generally regarded as safe, B. thuringiensis is phylogenetically intermingled with the foodborne pathogen B. cereus sensu stricto and has been linked to foodborne outbreaks. Limited data on the pathogenicity potential of B. thuringiensis and the occurrence of biopesticide residues in food compromise a robust consumer risk assessment. In this study, we analyzed whole-genome sequences of 33 B. thuringiensis isolates from biopesticides, food, and human fecal samples linked to outbreaks. All food and outbreak-associated isolates genomically matched (≤ 6 wgSNPs; ≤ 2 cgSNPs) with one of six biopesticide strains, suggesting biopesticide products as their source. Long-read sequencing revealed a more diverse virulence gene profile than previously assumed, including a transposase-mediated disruption of the promoter region of the non-hemolytic enterotoxin gene nhe and a bacteriophage-mediated disruption of the sphingomyelinase gene sph in some biopesticide strains. Furthermore, we provide high-quality genome assemblies of seven widely used B. thuringiensis biopesticide strains, which will facilitate improved microbial source tracking and risk assessment of B. thuringiensis-based biopesticides in the future.

Keywords: Bacillus thuringiensis, B. cereus group, foodborne outbreaks, biopesticide, enterotoxin


INTRODUCTION

Bacillus thuringiensis is one of the most popular plant protection agents worldwide, accounting for 90% of the bioinsecticide market (Chattopadhyay et al., 2004). The organism synthesizes parasporal crystals as well as other entomopathogenic factors with insecticidal activity, leading to its widespread application in agriculture and vector control (Chattopadhyay et al., 2004; Jouzani et al., 2017). B. thuringiensis-based biopesticides represent an important alternative to broad-spectrum chemical pesticides, as they exhibit a high degree of host specificity, with only limited harmful effects to non-target species (Lacey et al., 2015). In the coming decade, the use of these already highly popular biopesticides will likely increase further. The agrosystems transformation and major political agendas are committed to promoting healthy foods and preserving biodiversity. Major drivers are the United Nations’ Sustainable Development Goals and the Farm to Fork Strategy, which is a vital part of the European Green Deal: By the year 2030, a decrease of chemical pesticides by 50% is envisaged, while at the same time increasing organic farming to 25% of total farmland. These ambitious agendas will inevitably generate additional demand for biopesticides and may substantially boost the use of B. thuringiensis-based formulations.

However, B. thuringiensis lacks Qualified Presumption of Safety (QPS) status and the role of B. thuringiensis as a causative agent of diarrheal disease is controversially discussed (McIntyre et al., 2008; EFSA BIOHAZ Panel, 2016; Raymond and Federici, 2017; Bonis et al., 2021). B. thuringiensis belongs to the B. cereus sensu lato group and is genetically intermingled with the widely recognized foodborne pathogen B. cereus sensu stricto (Ehling-Schulz et al., 2019; Carroll et al., 2020b). In addition, B. thuringiensis strains from biopesticides can express medium to high levels of enterotoxins and were linked to outbreaks of diarrheal disease (Johler et al., 2018; Schwenk et al., 2020; Bonis et al., 2021).

B. thuringiensis is ubiquitous in the environment, which may result in the contamination of agricultural products (Ankolekar et al., 2009; Kim et al., 2017; Bağcıoğlu et al., 2019). Thus, it has been suggested that B. cereus-like spores detected on foods largely stem from contamination with naturally occurring wild-type strains (Raymond and Federici, 2017). While there are indications that residues from biopesticides could also be detected (Frederiksen et al., 2006; Hendriksen and Hansen, 2006; Zhou et al., 2008; Johler et al., 2018; Frentzel et al., 2020; Bonis et al., 2021), the extent to which these are present in foods is unclear. In this study, we aimed to utilize genomic analysis to assess a potential link of biopesticides to B. thuringiensis strains detected on foods.



MATERIALS AND METHODS


Isolation of B. cereus sensu lato From Food Samples

A total of 100 samples of tomatoes, bell peppers, and salads from a central retail distribution facility in Switzerland were screened for B. cereus sensu lato (Table 1 and Supplementary Table 1). 10 g of each sample was added to 90 g peptone salt solution (0.1% enzymatic casein digest) and homogenized in a stomacher@ 400 circulator (Seward) for 60 s. Subsequently, B. cereus s.l. counts were determined by plating in serial dilutions on selective media (Mannitol-Egg Yolk-Polymyxin [MYP] agar) and incubated at 30°C overnight. Up to five presumptive B. cereus s.l. colonies (mannitol negative, phospholipase C positive phenotype) per sample were selected and whenever different colony morphologies were observed, these were included in the selection. Isolates were purified and preserved in glycerol stocks at −80°C until further characterization.


TABLE 1. Prevalence of B. thuringiensis and other B. cereus group members in 100 food samples collected at the retail level in Switzerland.
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Screening for Parasporal Crystals Characteristic for Bacillus thuringiensis

Pure cultures of all isolates were grown on T3 agar (Travers et al., 1987) for 3 days at 30°C. A tiny amount of colony material was resuspended in 10 μL sterile water and screened for crystals of diamond, spherical or bipyramidal shape using phase-contrast microscopy (EFSA BIOHAZ Panel, 2016). Isolates exhibiting characteristic parasporal crystals were defined as B. thuringiensis.



Metabolomic Fingerprinting by Fourier-Transform Infrared Spectroscopic Analysis

All B. thuringiensis were screened by FT-IR spectroscopy to detect clusters of related isolates and select a subset of strains for whole-genome sequencing. To this end, metabolic fingerprints of all isolates were generated as previously described (Ehling-Schulz et al., 2005). Briefly, isolates were cultivated as lawns on tryptone soy agar (TSA) (Oxoid) at 25°C for 24 h. Subsequently, one loop of cell material was suspended in 300 μL sterile deionized water, subjected to ultrasonication for 5 × 1 s at 100% power with a Bandelin Sonopuls HD2200 (Bandelin electronic), and the bacterial suspension was spotted on a zinc selenite (ZnSe) optical plate. After drying the plates, infrared absorption spectra were recorded using an HTS-XT microplate adapter coupled to a Tensor 27 FT-IR spectrometer (Bruker Optics). Spectra in the range of 4,000–500 cm–1 were acquired in transmission mode with the following parameters: 6 cm–1 spectral resolution, zero-filling factor 4, Blackmann-Harris 3-term apodization, and 32 interferograms were averaged with background subtraction for each spectrum. The quality of FTIR spectral data was evaluated using the OPUS software (version 7.5; Bruker Optics). Second derivatives were calculated using the Savitzky-Golay algorithm with 11 smoothing points and the derivative spectra were unit vector normalized for further data processing. The so-called fingerprint region (spectral region of 1,500–800 cm–1) was chosen for chemometric analyses. Hierarchical cluster analysis (HCA) was carried out using Ward’s algorithm.



Whole-Genome Sequencing and Genome Analyses

For short-read sequencing, genomic DNA was extracted using the DNeasy Blood & Tissue Kit (Qiagen). Libraries were prepared using the Nextera DNA Flex Library Preparation Kit (Illumina), and sequencing was performed on the Illumina MiniSeq platform with 2 × 150 bp paired-end chemistries. Illumina read adapters and low-quality bases were trimmed with TrimGalore v0.6.61 and quality metrics computed using FastQC v0.11.92. Draft genomes were assembled using SPAdes v3.14.1 (Bankevich et al., 2012) implemented in shovill v1.1.03. Additionally, all seven biopesticide isolates obtained during this study were long-read sequenced. For nanopore sequencing, genomic DNA was extracted using the MasterPure Complete DNA and RNA Purification Kit (Lucigen). Multiplex libraries were prepared using the SQK-LSK109 ligation sequencing kit with the EXP-NBD114 native barcoding expansion kit (Oxford Nanopore Technologies). Libraries were sequenced on a MinION Mk1B device using the FLO-MIN106 (R9) flow cell (Oxford Nanopore Technologies). Adapters were trimmed using Porechop v0.2.44 and quality assessed with LongQC v1.2.0 (Fukasawa et al., 2020). Hybrid assemblies were produced with Unicycler 0.4.8 (Wick et al., 2017). Assembly quality metrics were assessed using QUAST v5.0.3 (Gurevich et al., 2013).

Multi-locus sequence types (MLST), panC types, and the presence of virulence genes were determined using BTyper3 and srst2 0.2.0 (Inouye et al., 2014; Carroll et al., 2020a). The completeness of virulence genes and their promoter regions was additionally investigated using BLAST (Altschul et al., 1990) implemented in abricate 1.0.15 and putative disruptions manually inspected in assemblies annotated with prokka v1.14.6 (Seemann, 2014). Prophages were detected using PHASTER (Arndt et al., 2016). sph genes disrupted by the insertion of a BceA1-like bacteriophage were identified by screening genomes for the sequence of open reading frame BG08_RS31255 (strain HD-1, GCF_000835235.1;>99% alignment coverage,>99% sequence identity in BLAST), which contains elements of sph and of a site-specific integrase from the bacteriophage.



SNP Analysis and Phylogenies

Core genome SNPs (cgSNPs) among CC8 and CC23 isolates were detected from Illumina read data using the CFSAN SNP pipeline v2.2.1 (Davis et al., 2015) with chromosomes of strains HD-1 (CC8, GCF_000835235.1), and BGSC 4Q7rifR (CC23, GCF_013113775.1) as references, respectively. Phages, IS elements, and repeat regions in reference chromosomes were identified using phastaf v0.1.06, ISEScan v1.7.2.3 (Xie and Tang, 2017), and NUCmer v3.1 (Marçais et al., 2018) and masked prior to read-mapping. cgSNP, i.e., SNP sites present in all genomes, were extracted from the SNP alignment by removing missing sites using SNP-sites v2.5.1 (Page et al., 2016), and core-genome SNP (cgSNP) distances were determined with snp-dists v0.7.07. Maximum-likelihood phylogenetic trees were constructed from the SNP alignment using IQ-TREE v2.0.3 (Nguyen et al., 2015) with the generalized time-reversible (GTR) model and gamma distribution with 100 bootstraps. The number of invariant sites was estimated from core genome alignments generated with parsnp v1.5.3 (Treangen et al., 2014) and passed to IQ-TREE. A phylogenetic tree of all 33 isolates was created using IQ-TREE directly from a core genome alignment generated with parsnp.

Whole-genome SNPs (wgSNPs) were detected by mapping reads of food/human isolates to the assembly of the phylogenetically closest biopesticide isolate (without any masking) using the CFSAN SNP pipeline. Read data of the respective reference biopesticide isolate were included in the pipeline as a reference to calculate wgSNP distances. The percentage of reference assembly bases covered by sequencing reads was determined with BBMap8.




RESULTS


Occurrence of Bacillus thuringiensis in Foods at the Retail Level in Switzerland

A total of 100 food samples (tomatoes, bell pepper, endives, rocket salad, baby spinach, and baby leaf salad) were collected at the retail level. Presumptive B. cereus s. l. isolates were identified in 27 samples. From these 27 samples, a total of 78 isolates (up to 5 isolates per sample) were screened by phase-contrast microscopy. A crystal-producing phenotype, characteristic for B. thuringiensis, was identified for 49 isolates (63%) from 14 food samples (14%). Positive samples included tomatoes (7/39, 18%), bell pepper (4/21, 19%), rocket salad (2/11, 18%), and endives (1/18, 6%) (Table 1). No B. thuringiensis was detected in samples from baby spinach (n = 7) and baby leaf salad (n = 4). Remarkably, all investigated B. cereus s. l. isolates from tomatoes (n = 26), bell pepper (n = 12), and rocket salad (n = 8) were identified as B. thuringiensis. In the 14 samples positive for B. thuringiensis, presumptive B. cereus counts ranged from 100 to 40,000 CFU/g and were thus below the alert threshold of 105 CFU/g (Table 1 and Supplementary Table 1). In 13 food samples, only non-crystal-producing B. cereus s. l. isolates were detected. These were particularly common in endives (9/18, 50%) and baby leaf salad (2/4, 50%) and reached bacterial loads of up to 1,800 CFU/g.



Genetic Similarity of Bacillus thuringiensis Isolates From Biopesticide Products, Food, and Outbreaks

B. cereus s. l. isolates from all food samples were subjected to FT-IR spectroscopy for dereplication and selection of representative isolates to be included in the WGS analysis. B. thuringiensis isolates from the biopesticide products Agree, B401, Delfin, DiPel, Novodor, Solbac, and XenTari were included as references. Closely related isolates were grouped into clusters using Ward’s hierarchical clustering method. Out of each cluster containing B. thuringiensis, either all (for small clusters and singletons) or a minimum of three isolates from distinct samples were subjected to WGS analysis for further characterization. Two samples were represented by two isolates each which fell into different FT-IR clusters (Supplementary Table 2).

Overall, whole-genome sequences of 13 biopesticide product isolates, 15 food isolates, and 5 isolates linked to two foodborne outbreaks were investigated to identify potential matches of food/outbreak isolates with biopesticide strains. Of these 33 B. thuringiensis isolates, 27 were sequenced as part of this study (Table 2). These included 9 food isolates obtained from 7 samples as part of this study. To obtain a more comprehensive picture of possible links between biopesticide strains, food isolates, and outbreaks, the collection was supplemented with 18 previously described isolates originating from biopesticide products (n = 7), food (n = 9), or human fecal samples (n = 2) (Johler et al., 2018). Three of these food isolates and the two fecal isolates were linked to foodborne outbreaks of diarrheal disease (Johler et al., 2018); three food isolates were recovered during controls by a cantonal laboratory (CH_69, CH_72, CH_81) from lasagna, vegetable juice, and sauce; two isolates were obtained from honey during the production process; and one isolate was obtained from tarragon at the retail level. Furthermore, publicly available WGS data of 6 previously sequenced isolates from additional biopesticide products (Bonis et al., 2021) were included for genomic analyses.


TABLE 2. Bacterial isolates selected for whole-genome sequencing (WGS) and genome assembly metrics.
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All 33 genomes contained the B. thuringiensis-defining cry genes and were assigned to panC group IV. The 5 outbreak-associated isolates and 15 food isolates belonged to one of two closely related lineages ST8 (subspecies kurstaki) or ST15 (subspecies aizawai), which together form CC8. Most (11 out of 15) biopesticide isolates investigated in our study also fell into these two lineages. SNP analyses suggested that all food/fecal isolates originated from one of six distinct biopesticide strains: 19 of the 20 isolates differed by ≤ 4 wgSNPs (≤ 2 cgSNPs) from their phylogenetically closest biopesticide isolate (Figure 1) and food isolate CH_65 differed by 6 wgSNPs (2 cgSNPs) from its closest biopesticide isolate. The food isolates matched with biopesticide strains ABTS-351, ABTS-1857, ABTS-1857/B401, GC-91, SA-11, or SA-12. The five outbreak-associated isolates clustered in a sublineage of ST15 and differed by 0–3 wgSNPs (0–2 cgSNPs) from the biopesticide strain ABTS-1857, suggesting this biopesticide as a highly likely origin. Whereas most biopesticides are applied on a wide spectrum of crops, the biopesticide B401 is specifically recommended for the control of wax moths on honeycombs. Accordingly, the two isolates recovered from honey products corresponded to the B401 isolate (0 and 2 wgSNP/cgSNP difference, respectively).
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FIGURE 1. Genetic similarity of B. thuringiensis isolates from food, biopesticide products, and outbreaks. Maximum-likelihood phylogenetic trees for CC8 (ST8 and ST15) and CC23 (ST16 and ST23) were constructed from two separate core genome SNP (cgSNP) matrices. Branch lengths between CC8 and CC23 are shown in the full tree (bottom left box). Scale bars indicate the number of variant sites in core genomes of 3.8 Mbp (full tree), 4.6 Mbp (CC8), and 4.1 Mbp (CC23) lengths. The isolates’ sequence type (ST), clonal complex (CC), subspecies, and source of each isolate are labeled according to the legend. Dashed boxes group food/fecal isolates with their putative biopesticide source strain. Whole-genome SNPs (wgSNPs) were identified by mapping sequencing reads from each food/clinical isolate to the genome of the closest biopesticide isolate. The genome coverage refers to the number of bases in the reference biopesticide genome covered by reads of the food/clinical isolate, excluding repeat regions. The phylogeny was visualized in iTOL (Letunic and Bork, 2019). CFU: colony-forming units; AT, Austria; DE, Germany; ES, Spain; IT, Italy. * CH_692 and CH_694 originate from the same food sample ** CH_746 and CH_748 originate from the same food sample.




Toxin Gene Profiles of Biopesticide Isolates

The toxin gene profile varied between biopesticide isolates (Table 3). All biopesticide isolates except CH_187 (NB-176) carried intact genes and associated 5’ intergenic regions encoding cytotoxin CytK2 (cytK2), hemolysin BL (hblA, hblB, hblC, hblD), and non-hemolytic enterotoxin (nheA, nheB, nheC). In CH_187 (NB-176), cytK was absent and the nheA promoter disrupted by a transposase inserted 13 bp upstream of the translation initiation site, likely preventing effective transcription. As expected for B. thuringiensis, none of the isolates possessed the ces locus (encoding the emetic toxin cereulide).


TABLE 3. Presence of intact toxin genes and their 5′ intergenic regions in genomes from biopesticide isolates.
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In multiple B. thuringiensis genomes, the sph gene (sphingomyelinase) was disrupted by the insertion of prophages (Figure 2 and Table 3). Hybrid assemblies from biopesticide isolates CH_183 (ABTS-351, ST8) and CH_164 (SA-11, ST8) revealed the presence of the intact 42 kb Bacillus prophage BtCS33 (NC_018085.1, >99% alignment coverage and identity) inserted into the 3′-terminus of sph. Long-read assemblies from isolate CH_186 (GC-91, ST15) generated using Canu or Raven contained the intact 42 kb Bacillus prophage BceA1 (GCF_003047795.1, > 99% alignment coverage and identity) inserted into the 3′-terminus of sph. By contrast, sph was located at the end of a split contig in a hybrid assembly of CH_186 generated with Unicycler. Verification by PCR suggested that both intact and phage-disrupted sph loci are detectable in CH_186, possibly resulting from subpopulations of lysogenic, pseudo-lysogenic, lytic, and/or naïve cells. In sequencing read mapping analyses, the average base coverage in prophage regions of CH_186 was > 4-fold higher than in flanking regions, further indicating the presence of extrachromosomal DNA of active bacteriophages. Almost half of the BtCS33 and BceA1 genomes are homologous, including the identical site-specific integrases GP25 and P30, respectively (Figure 2). A 19 bp identical region in sph and downstream of the integrase genes was identified as the insertion site. In short-read assemblies, phage insertions could be identified by an incomplete sph sequence (96.85% alignment coverage). Accordingly, disrupted sph was also detected in all other biopesticide isolates from ST8, whereas biopesticide isolates from CC23 and two out of three biopesticide isolates from ST15 harbored intact sph genes. The toxin gene profile (sph completeness and nhe, hbl, cytK, ces) of food and fecal isolates always corresponded to their respective closest biopesticide isolate (shown in Figure 1).
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FIGURE 2. Disruption of the sphingomyelinase-encoding gene sph by prophage insertions. Genetic context of sph in B. thuringiensis biopesticide isolates CH_181 (ABTS-1857, ST15), CH_183 (ABTS-351, ST8), and CH_186 (GC-91, ST15). Shaded boxes between sequences indicate homologous regions (>90% sequence identity). CH_183 and CH_186 harbor the prophages BtCS33 (42 kb, green) and BceA1 (42 kb, blue), respectively, inserted into the 3′-terminus of sph. The figure was generated with Easyfig 2.1 (Sullivan et al., 2011).





DISCUSSION

B. thuringiensis is frequently found on fresh vegetables, particularly on tomatoes, and has also been detected in processed foods such as lasagna, ratatouille, or strawberry cake (Johler et al., 2018; Bonis et al., 2021). Reliable source attribution is essential to assess a potential consumer risk posed by B. thuringiensis-based biopesticides. In this study, we investigated a potential link between 13 biopesticide isolates and 20 B. thuringiensis isolates from food and human fecal samples. SNP analyses revealed that all food/fecal isolates genomically matched (≤ 6 wgSNPs, median 2 wgSNPs; ≤ 2 cgSNPs, median 1 cgSNPs) with one of six widely used biopesticide strains, strongly suggesting biopesticide products as their source. While there is no specific SNP cutoff to define closely related isolates, pairwise distances among outbreak-linked emetic B. cereus isolates, for comparison, ranged from 0 to 8 cgSNPs when applying the CFSAN pipeline (Carroll et al., 2019). In some cases, the food/fecal isolates investigated here shared the same wgSNPs: for instance, food isolates CH_65, CH_692, CH_696, and CH_733 had two wgSNPs (CH_186 C3822937T and pCH_186-a T177153C; confirmed by Sanger sequencing) in common that distinguished them from their closest biopesticide isolate CH_186 (GC-91), suggesting that these isolates originate from a GC-91-like aizawai biopesticide product not included in this study. Alternatively, the investigated biopesticide isolate CH_186 may have acquired SNPs at these positions, for instance during storage and subculturing in the sequencing laboratory. A single SNP difference was found between the same-sample isolates CH_692 and CH_696, demonstrating that the identification of a limited number of SNPs among same-source isolates is plausible.

Consistent with our finding, the biopesticide residues were detected on food samples that corresponded to the recommended field of application of the respective products: B401, authorized for moth control in beekeeping, was re-isolated from honey; biopesticide strains authorized for pest control on various crops were re-isolated from fruits, vegetables, spices, and processed food; B. thuringiensis strains used for mosquito control (B. thuringiensis ssp. israelensis) or on potato foliage (B. thuringiensis ssp. morrisoni var. tenebrionis) were not found. B. thuringiensis isolates from lettuce linked to a foodborne outbreak in 2012 in Germany (EFSA BIOHAZ Panel, 2016) and two B. thuringiensis isolates from feces associated with a foodborne outbreak in Austria (Schmid et al., 2016) genomically matched ABTS-1857 (≤ 3 wgSNP; ≤ 2 cgSNP).

Our findings are consistent with other recent genomic analyses of B. thuringiensis food isolates. Among 83 B. thuringiensis isolates from tomatoes and bell pepper from retailers in Germany, 82 (99%) belonged to the ST8 or ST15 lineages (Frentzel et al., 2020), which also comprise the biopesticide strains commonly used for agricultural pest management. Of 42 isolates that were further characterized by WGS, 25 matched (4 cgSNPs) with one of the two included biopesticide strains, with the remaining 17 isolates possibly originating from biopesticide strains that were not covered by this study (Frentzel et al., 2020). In a comprehensive analysis of outbreak-associated B. thuringiensis isolates from food, Bonis et al. (2021) reported that most isolates phylogenetically clustered (0 – 10 cgSNPs) with biopesticide strains (Bonis et al., 2021). A plausible link between food and biopesticide strains was also established using FT-IR spectroscopy or low-resolution genotyping in earlier studies (Frederiksen et al., 2006; Hendriksen and Hansen, 2006; Zhou et al., 2008; Johler et al., 2018).

B. thuringiensis cytotoxicity can vary widely. While many strains exhibit low or medium cytotoxicity, a wild-type strain has been demonstrated to surpass the cytotoxicity of a B. cereus outbreak strain by a factor of 1.5 (Johler et al., 2018). Genes encoding the heat-labile enterotoxins Nhe, Hbl, and CtyK were identified in all biopesticide strains except NB-176 (ST23), which lacks the cytK gene. In addition, long-read sequencing revealed that the nhe promoter region of NB-176 is disrupted by a transposase insertion, likely preventing Nhe expression. In a previous study, NB-176 showed notably lower cytotoxicity in a Vero cell assay, indicating lower enterotoxin levels compared to other tested biopesticide strains (Johler et al., 2018).

Many B. cereus s.l. strains produce sphingomyelinase, a virulence factor contributing to B. cereus cytotoxicity that was shown to interact synergistically with Nhe and Hbl (Beecher and Wong, 2000; Doll et al., 2013). In biopesticide strains from ST8 and one (out of three) biopesticide strains from ST15, the sphingomyelinase-encoding sph gene was here found to be disrupted by bacteriophage insertions. In agreement with this disruption, no sphingomyelinase activity was detected in selected biopesticide isolates from ST8 [CH_164 (SA-11) and CH_183 (ABTS-351)] and in CH_186 (GC-91, ST15), whereas ST15 biopesticide isolates with an intact sph gene [CH_181 (ABTS-1857), P05_2 (Bt401)] showed low but detectable sphingomyelinase activities in a previous study (Johler et al., 2018). The presence of prophages integrated into sph may result from stochastic effects rather than being a strain-specific characteristic.

This study has notable limitations. No information was available on the prior use of B. thuringiensis-based biopesticides on the food samples, and there is no generally accepted SNP cut-off value to define a common origin of B. cereus isolates. Likewise, complete epidemiological investigations are needed for outbreak-associated isolates to substantiate our findings. The prevalence of B. thuringiensis was assessed on a limited number of samples from few food categories. Larger screenings across a wide range of food categories from various geographical origins are required to determine how frequently consumers are exposed to B. thuringiensis. Moreover, in our study, B. thuringiensis isolates were identified by phase-contrast microscopy. While this method is recognized as a tool for the identification of B. thuringiensis (EFSA BIOHAZ Panel, 2016), it cannot be excluded that additional isolates carried cry or cyt genes.

In conclusion, this study suggests that B. thuringiensis isolated from foods typically stem from biopesticide residues and we were able to genomically match outbreak-associated strains to Bacillus thuringiensis biopesticides. In addition, we present high-quality genome assemblies of seven widely used biopesticide strains, which provided novel insights into genetic mechanisms underlying differences in their cytotoxicity phenotype and will facilitate improved source-tracking in future studies.
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Bacteriocins are receiving increased attention as potent candidates in food preservation and medicine. Although the inhibitory activity of bacteriocins has been studied widely, little is known about their gastrointestinal stability and toxicity toward normal human cell lines. The aim of this study was to evaluate the gastrointestinal stability and activity of microcin J25, pediocin PA-1, bactofencin A and nisin using in vitro models. In addition cytotoxicity and hemolytic activity of these bacteriocins were investigated on human epithelial colorectal adenocarcinoma cells (Caco-2) and rat erythrocytes, respectively. Pediocin PA-1, bactofencin A, and nisin were observed to lose their stability while passing through the gastrointestinal tract, while microcin J25 is only partially degraded. Besides, selected bacteriocins were not toxic to Caco-2 cells, and integrity of cell membrane was observed to remain unaffected in presence of these bacteriocins at concentrations up to 400 μg/mL. In hemolysis study, pediocin PA-1, bactofencin A, and nisin were observed to lyse rat erythrocytes at concentrations higher than 50 μg/mL, while microcin J25 showed no effect on these cells. According to data indicating gastrointestinal degradation and the absence of toxicity of pediocin PA-1, bactofencin A, and microcin J25 they could potentially be used in food or clinical applications.

Keywords: bacteriocins, in vitro digestion, cytotoxicity, hemolysis, food preservative


INTRODUCTION

Bacteriocins are gene-encoded antimicrobial peptides produced by Gram-positive and Gram-negative bacteria with a broad or narrow spectrum of inhibition, often targeting closely related strains. Bacteriocins have a broad diversity in terms of sizes, structures, and mechanisms of action (Cotter et al., 2013; Yang et al., 2014). Our team developed a database called BACTIBASE1 which provides vital information on biochemical properties and spectrum of inhibition activity of different bacteriocins produced by both Gram-positive and Gram-negative bacteria including those considered in this study (Hammami et al., 2010). Rapid identification of bacteriocins and their unique characteristics have drawn increasing attention toward their application as food preservatives (O’Connor et al., 2020) or therapeutic agents (Cotter et al., 2013). Bacteriocins can be excellent candidates to enhance food safety and quality by replacing the frequent use of chemical preservatives, many of which have been shown to exhibit toxicity (Kumar et al., 2019). Bacteriocins are tasteless, odorless, and colorless peptides which can be incorporated into foods without interfering with their organoleptic properties (Perez et al., 2014). In addition, bacteriocins have been shown to be stable against heat, extreme pH, and high salt concentrations. Inhibitory effects of bacteriocins from Gram-positive bacteria, especially lactic acid bacteria (LAB), against food pathogens and spoilage microorganisms is well documented. Several studies have reported the application of bacteriocins as preservatives in different food matrices such as meat, dairy products, fermented vegetables, beverages, etc. (Gálvez et al., 2011; Hassan et al., 2021). But, despite the bio-preservative potential of bacteriocins, nisin is the only bacteriocin approved to be used as a food additive by regulatory agencies, including the World Health Organization (WHO)/Food Development Authority (FDA, United States), and the European Food Safety Authority (ESFA) (European Commission [EC], 1983; FDA, 1988). There are different commercial products of nisin, such as Nisaplin® (Danisco, Copenhagen, Denmark), Nisin Z® (Handary, Brussel, Belgium), and Delvo® Nis (DSM, Delft, Netherlands).

Although bacteriocins were mainly studied as food additives, they have exhibited desirable properties for clinical applications as well. Interestingly, several bacteriocins were found to be effective against multi-drug-resistant bacterial strains; hence, they can be used in human and animals for treating local or systemic infections caused by antibiotic-resistant bacteria (Cotter et al., 2013). In fact, the narrow inhibition spectrum of bacteriocins, their specific modes of action, high potency, ability to be bioengineered and reduced risk of resistant development, qualify them to be considered as promising alternatives to conventional antibiotics. Moreover, their narrow spectrum of activity enables them to shape gut microbiota in human and animals (Heilbronner et al., 2021).

However, although bacteriocins have shown great potential for clinical applications, only a few bacteriocins have been progressed to be used in clinical trials. Those include microbisporicin (NAI-107, Naicons SRL and Sentinella Pharmaceuticals), mutacin 1140 (MU1140 Oragenics, United States) and duramycin (Moli1901, AOP Orphan Pharmaceuticals and Lantibio) (Sandiford, 2015).

In the veterinary sector, due to the increased emergence of antibiotic-resistant strains, the systemic use of antibiotics as growth promoters has been banned in many countries. Consequently, bacteriocins or their producing strains can be considered as promising safe alternatives in order to target pathogens and improve animal health. Microcin J25 is a Gram-negative bacteriocin and it has been used to control Salmonella in poultry and improve growth performance in chicken (Wang et al., 2020) and pig (Yu et al., 2017). Additionally, nisin-based products such as Mast Out®, Teatseal®, Wipe Out® (FDA approved wipe) are commercially available for mastitis treatment.

Although most of the bacteriocin-producing strains possess the Generally Recognized as Safe (GRAS) status (FDA, 1988; Alvarez-Sieiro et al., 2016), the use of bacteriocins in human and animal applications requires rigorous evaluation of their safety and efficacy by different in vitro studies on eukaryotic cells followed by in vivo studies on animal models (Soltani et al., 2021b). Although the effectiveness of bacteriocins against important pathogens and spoilage organisms has been well documented (Galvez et al., 2008; Cotter et al., 2013), there is very limited data available on their gastrointestinal (GI) stability or acute and chronic toxicity. Over years, the GI behavior of bacteriocins has become an important research topic. Indeed, pediocin PA-1 was shown to be sensitive to GI conditions (Kheadr et al., 2010), while microcin J25 remained quite stable during the GI transit (Naimi et al., 2018). It should be noted that the safety criteria concerning the use of bacteriocins may vary based on their intended application. For instance, as food additives, bacteriocins are crucial to be hydrolyzed while passing through the GI tract, whereas this attribute might not be favorable for the therapeutic use. Therefore, bacteriocins might get approved by regulatory agencies according to their intended use, either as food additives or technological agents. As technological agents, no toxicity assessment is required upon degradation during the GI passage (Soltani et al., 2021b). On the other hand, as food additives, bacteriocins must be subjected to a complete battery of tests.

In this study we examined the GI physicochemical stability and toxicity of four highly purified bacteriocins representing different classes of bacteriocins and having different structures and mechanisms of action. Namely, two ribosomally synthesized and posttranslationally modified peptides (RiPPs), nisin (lantibiotic; class I bacteriocin) and microcin J25 (lasso peptide), and two non-modified bacteriocins pediocin PA-1 (class IIa bacteriocin) and bactofencin A (class IId bacteriocin) were selected. In addition to their comportment in conditions miming those of the GI tract, their cytotoxicity on human colonic adenocarcinoma cells and hemolytic activity were evaluated.



MATERIALS AND METHODS


Bacterial Strains and Culture Condition

Microcin J25 was produced by Escherichia coli MC4100 carrying the plasmid PTUC 202 (Solbiati et al., 1999). For the antibacterial activity of pure compounds and digestion mixture, Listeria ivanovii HPB28 (Canada Health Protection Branch) was used as indicator strain for nisin and pediocin PA-1, while Staphylococcus aureus ATCC 6538 (ATCC) and Salmonella enterica subsp. enterica serovar Newport ATCC 6962 (later referred to as S. Newport, ATCC) were used as indicator strains for bactofencin A (M14L, M18L) and microcin J25, respectively. L. ivanovii HPB28 and S. aureus were cultured in Tryptic Soy (Difco Laboratories, Spark, MD, United States) supplemented with 0.6% yeast extract (TSBYE), at 30 and 37°C, respectively. S. Newport was cultured at 37°C overnight in Luria-Bertani (LB) (Difco Laboratories, Spark, MD, United States). All strains were maintained at –80°C as stock cultures in their corresponding culture media supplemented with 20% glycerol, and propagated twice at 24 h intervals before use.



Production and Purification of Bacteriocins


Microcin J25

Production and purification of microcin J25 were carried out as described previously (Naimi et al., 2018). Briefly, minimal medium (M63) containing KH2PO4 (3 g/L), K2HPO4 (7 g/L), (NH4)2HPO4 (2 g/L), and casamino acid (1 g/L) was supplemented with 1 mL/L of 20% MgSO4, 10 mL/L of 20% glucose, and 1 mL/L of 1 g/L thiamine, inoculated with an overnight culture of E. coli MC4100 pTUC202 (2% v/v in LB broth), followed by overnight incubation at 37°C in rotary shaking at 250 rpm. Bacterial cells were separated by centrifugation at 8,000 g for 20 min at 4°C. The supernatant was pre-purified by solid phase extraction (Sep-Pak C18) at 4°C at a flow rate of 2 mL/min, followed by reversed-phase high-performance liquid chromatography (RP-HPLC, Beckman Coulter System Gold Preparative HPLC system, Mississauga, ON, Canada) on a preparative C18 column (Luna 10 μm, 250 mm x 21.10 mm, Phenomenex, CA, United States) at a flow rate of 10 mL/min. Microcin J25 was quantified by RP-HPLC using an analytical C18 column (Aeris 3.6 μm, PEPTIDE XB-C18, 250 Î 4.6 mm, Phenomenex, CA United States) (Naimi et al., 2018).



Pediocin PA-1(M31L)

Pediocin PA-1 carrying the Met31Leu substitution [pediocin PA-1(M31L)], was selected for the study, as the antimicrobial activity of this linear analog is similar to the wild-type bacteriocin naturally produced by Pediococcus acidilactici, while its stability is improved by the lack of Met31which is sensitive to oxidation. Briefly, pediocin PA-1(M31L) was synthesized as described previously (Bédard et al., 2018) by standard solid phase peptide synthesis (SPPS) on prelude peptide synthesizer from Gyros Protein Technologies (Tucson, AZ, United States) using HMBP-ChemMatrix® resin. The peptide purification was carried out by RP-HPLC with a Shimadzu Prominence system on a Phenomenex Kinetex® EVO C18 column (250 mm × 21.2 mm, 300 Å, 5 μm) and UV detection at 220 and 254 nm using 0.1% AcOH/H2O (A) and 0.1% AcOH/CH3CN (B), at 14 mL/min flow rate.



Bactofencin A(M14L, M18L)

Similar to pediocin PA-1, a linear analog of bactofencin A was produced as described previously by Beìdard et al. (2018). The methionine residues were replaced with leucines in bactofencin A(M14L, M18L) analog. Similarly, this analog of bactofencin A showed the same potency as the bacteriocin produced naturally by Lactobacillus salivarius, while its stability was enhanced (Beìdard et al., 2018).



Nisin Z

The commercial preparation containing 10% nisin Z was purchased from Niseen, chemical, United States. Purification was performed by the salting out method as described by Gough et al. (2017). Nisin was quantified by RP-HPLC on the analytical C18 column (Aeris 3.6 μm, PEPTIDE XB-C18, 250 mm × 4.6 mm, Phenomenex, CA, United States).




In vitro Simulated GI Digestion

In vitro simulated oral, gastric, and small intestinal digestion was adopted from standardized INFOGEST protocol (Brodkorb et al., 2019) in three independent replicates. The initial concentration of bacteriocins was selected in order to have sufficient quantity in the digestion mixture to conduct both activity assay by agar well diffusion and by RP-HPLC for quantification.

The entire digestion procedure was performed at 37°C.

Oral conditions: 5 mL of a 8 mg/mL bacteriocin solution (in water) were mixed with simulated salivary fluid [SSF: KCl 15.1 mM, KH2PO4 3.7 mM, NAHCO3 13.6 mM, MgCl2(H2O)6 0.15 mM, (NH4)2CO3 0.06 mM, HCl 1.1mM, CaCl2 (H2O)2 1.5 mM] in 1:1 (v/v) ratio, and the final solution was incubated for 2 min at 37°C.

Gastric conditions: The sample from the oral condition was diluted in 1:1 (v/v) ratio with simulated gastric fluid [SGF: KCl 6.9 mM, KH2PO4 0.9 mM, NAHCO3 25 mM, NaCl 47.2 mM, MgCl2(H2O)6 0.12 mM, (NH4)2CO3 0.5 mM, HCl 15.6 mM, CaCl2 (H2O)2, 0.15 mM] containing pepsin (2000 U/mL in the gastric mixture), and lipase (60 U/mL in the gastric mixture). The final solution (final volume of 20 mL) was then adjusted to pH 3 with HCl 5 M, followed by incubation under shaking for 90 min at 37°C.

Small intestine conditions: Samples from gastric conditions were diluted in 1:1 (v/v) ratio with 20 mL of simulated intestinal fluid[SIF KCl 6.8 mM, KH2PO4 0.8 mM, NAHCO3 85 mM, NaCl 38.4 mM, MgCl2(H2O)6 0.33 Mm, HCl 8.4 mM, CaCl2 (H2O)2, 0.6 mM] containing bile salt (10 mmol/L in the final gastric mixture) and pancreatin (100 U/mL in final digestion mixture) to acquire a final volume of 40 mL. The final solution was adjusted to pH 7 using NaOH 5 M, followed by incubation for a further 2 h at 37°C. The digestion mixtures were heat-treated at 80°C for 10 min and centrifuged at 8,000 g for 10 min at 4°C for further analysis. Bacteriocins in the different samples were analyzed by analytical HPLC-UV and liquid-chromatography mass spectrometry (LC-MS/MS). The antimicrobial activity of the samples was also estimated by microtitration assays and agar well diffusion assays.



Antimicrobial Activity Assays


Agar Well Diffusion Assays

The inhibitory activity of the different bacteriocins was determined qualitatively by the agar well diffusion assay, as described by Bédard et al. (2018). Briefly, 80 μL of bacteriocin samples were added into wells punched out in appropriate media (25 mL) seeded with 250 μL of overnight culture of indicator strains. Following an 18 h incubation at the appropriate temperature, inhibition zones were measured. Pictures were taken by ChemiDoc XRS (Bio-Rad, Hercules, CA, United States).



Microdilution Assay

Quantitative determination of inhibitory activity of bacteriocins was carried out using the broth microdilution method as described by Ben Said et al. (2021). Two-fold serial dilutions of bacteriocins (125 μL) were prepared in an appropriate medium in a clear 96-well flat-bottom microtiter plate. Indicator strains were diluted to 105 CFU/mL, from which 50 μL were added to each well. The microtiter plates were incubated for 24 h under appropriate conditions, and optical densities were recorded at 595 nm (Infinite M200, Tecan, Switzerland). Control wells contained untreated culture and appropriate medium (blanks). The number of inhibition wells was noted and inhibition activities were calculated in μg/mL.




Analysis of Samples by UHPLC-MS/MS and Molecular Networking

The digestion mixtures were analyzed by LC-MS/MS on an ultra-high-performance LC system (Ultimate 3000 RSLC, Thermo Fisher Scientific) connected to high-resolution electrospray ionization – quadrupole – time of flight (ESI-Q-TOF) mass spectrometer (Maxis II ETD, Bruker Daltonics). Separations were achieved on an Acclaim RSLC Polar Advantage II column (2.2 μm, 2.1 mm × 100 mm, Thermo Fisher Scientific) at a flow rate of 300 μL/min, using the following gradient of solvent A (ultra-pure water/0.1% formic acid) and solvent B (HPLC-MS grade acetonitrile/0.08% formic acid) over a total run time of 17.5 min: linear increase from 10% B to 60% B for 12 min, linear increase to 100% B for 0.2 min, decrease to 10% B for 0.5 min. The ESI-Q-TOF instrument was externally calibrated before each run using a sodium formate solution consisting of 10 mM sodium hydroxide in isopropanol/0.2% formic acid (1:1, v/v). Data-dependent LC-MS/MS data were acquired in positive ion mode in the mass range m/z 250–2500, using collision induced dissociation with collision energy calculated from m/z and charge states. The LC-MS/MS data were treated with Data Analysis 4.4 (Bruker Daltonics).

The liquid-chromatography mass spectrometry (LC-MS/MS) data were converted into mgf files and subjected to the online GNPS workflow2 (Yang et al., 2013; Wang et al., 2016), using the following set-up: parent ion mass tolerance of 0.05 Da, fragment ion mass tolerance 0.05 Da, cluster minimal size 1, minimum matched peaks 4 and minimum cosine similarity score 0.5. The resulting networks were visualized using Cytoscape 3.8.2. The identification of bacteriocin degradation products from MS/MS data was performed by focussing on the clusters containing only nodes absent in the control with no bacteriocin. Peptide assignment was performed by database search using PEAKS Studio 10.6 using the following parameters: parent and fragment mass error tolerance: 0.05 Da, enzyme: none, digest mode: unspecific, variable modifications: oxidation (M), deamidation (NQ), dehydration (S/T, for nisin Z only), dehydrogenation (C, to account for thioether or disulfide bond), amidation [Cter, for bactofencin, bactofencin A(M14L, M18L)], max variable post-translational modification (PTM) per peptide: 5–6. The search was performed against a homemade database composed of the bacteriocin sequences. A false discovery rate (FDR) of 1% was set to peptide spectrum match and protein levels. For nisin Z, which contains more complex PTMs, assignments were also proposed by Mw calculations using ChemBioDraw Ultra version 12.0.2.1076. Molecular networking and PEAKS identifications were crossed and validated by manual inspection of the MS/MS data.



Cell Culture

The human colonic adenocarcinoma (Caco-2) cells were purchased from ATCC. Cells were cultured in DMEM medium in a humidified atmosphere containing 5% CO2 at 37°C. For the LDH release assay, cells were seeded in 96 well flat bottom culture plates (1 × 104 cells/well). Caco-2 cells, which have been frequently used for permeability studies across the intestinal epithelium, were selected in this study for evaluating the cytotoxicity of bacteriocins and their interaction with intestinal epithelium during GI transit to determine their cytotoxicity.



In vitro Cytotoxicity Assay


LDH Release Assay

The CytoTox-ONE™ cytotoxicity assay kit (Promega, United States) was used to measure the LDH release. The growing Caco-2 cells (in DMEM + 10% FBS) were treated with 100 μL of bacteriocins at different concentrations and incubated at 37°C for 48 h with 5% CO2. Lysis solution (Promega) was added in a 1:1 ratio to selected control wells to induce the maximal release of LDH and the plate was incubated for 5 min. Then 100 μL of medium were transferred to another 96-well plate for LDH release measurement and CytoTox-ONE™ reagent was added to each well and incubated for 10 min at room temperature. Finally, stop solution was then added to each well, and absorbance was measured using a spectrophotometer (Tecan Spark 20M, Morrisville, NC, United States) at excitation/emission wavelengths of 560/590 nm. Each compound-treated value was blanked with the values of the control-treated cells and cytotoxicity was expressed as percentage of the maximal LDH release (lysis solution treated cells), calculated by the following formula:

[image: image]



Hemolytic Activity

The experiment was performed after prior approval from the local ethics committee by TransBIOTech laboratory. Hemolytic potential of bacteriocins was evaluated according to FDA (2005). Rat blood was collected into a heparinized tube and added in a 1:1 volume (100 μL) to serially diluted compounds (in 100 μL PBS), in a conical 96-well plate. 10% Triton X-100 and PBS were used as a positive and negative controls, respectively. The plates were sealed and incubated for 45 min at 37°C prior to centrifugation at 2,000 g for 10 min to pellet red blood cells. The supernatant was then transferred into clear 96-well plates and the absorbance was read at 540 nm (hemoglobin). The percentage of hemolysis was calculated as follow, with RBC standing for red blood cells:

[image: image]




Statistics

Data were expressed as mean ± standard deviation (SD) for at least three independent experiments. Dose-response curves were generated using GraphPad Prism version 8.2 GraphPad Software (San Diego, CA, United States).




RESULTS


Bacteriocin Production

Highly pure pediocin PA-1(M31L), nisin Z, bactofencin A(M14L, M18L) and microcin J25 were produced (Figure 1). The MS spectra of the purified peptides after GI digestion are provided as Supplementary Figures 1–4. For bactofencin A(M14L, M18L), two peaks were detected, one corresponding to the native peptide and the second one to the reduced form (+2 Da). Pediocin PA-1(M31L) was detected in its reduced form (+4 Da).


[image: image]

FIGURE 1. HPLC profiles of oral, gastric, and small intestinal digestion conditions of (A) microcin J25, (B) nisin Z, (C) pediocin PA-1(M31L), and (D) bactofencin A (M14L, M18L), along with their respective inhibitory activities against indicator strains obtained after incubation period (microcin J25 against S. Newport ATCC 6962, nisin Z and pediocin PA-1 against L. ivanovii HPB28, bactofencin A against S. aureus ATCC 6538).


Such a high purity level is a prerequisite for in vitro GI stability and toxicity studies. The antimicrobial activity of the bacteriocins was confirmed by agar diffusion assays, which showed significant inhibition against target bacteria.



Stability and Antibacterial Activity of Bacteriocins in GI Conditions

The physiochemical and biological stability of the bacteriocins in GI tract conditions was assessed using RP-HPLC, microdilution, and agar well diffusion assay (Figure 1 and Table 1). Gastrointestinal stability of microcin J25 was similar to our previous study by Naimi et al. (2018), hence MS and molecular network of microcin J25 are not shown here. All the bacteriocins were observed to be stable and retain their inhibitory activity in oral conditions. In gastric conditions, despite of high acidic pH, nisin Z retained its activity with minor degradation peaks, indicating good gastric stability; however, under small intestinal conditions, it appeared to be significantly degraded, indicating the loss of its inhibitory activity (Figure 1A). Pediocin PA-1(M31L) and bactofencin A(M14L, M18L) were observed to be significantly degraded in gastric condition, leading to their significant loss of activity (Figures 1C,D). It should be noted that disulfide bridge in pediocin PA-1(M31L) and bactofencin A(M14L, M18L) are formed spontaneously in buffered aqueous media where cyclization was observed. This may explain the presence of two peaks of bactofencin A(M14L, M18L) in HPLC chromatogram.


TABLE 1. Total activity of microcin J25, nisin Z, pediocin PA-1(M31L), and bactofencin A(M14L, M18L) against indicator strains (S. Newport ATCC 6962, L. ivanovii HPB 28, S. aureus ATCC 6538) according to the different conditions used at the oral, gastric, small intestinal levels, and pure compounds without GI digestion.

[image: Table 1]


LC-MS Analysis

The stability of the three bacteriocins in the different GI conditions was further studied using LC-MS (Figure 2). Analysis of LC-MS confirmed that all bacteriocins were very stable in oral digestion conditions, while degradation increased in the gastric [for pediocin PA-1(M31L) and bactofencin A(M14L, M18L)] and intestinal (for all three peptides) conditions.


[image: image]

FIGURE 2. Total ion chromatograms (left) and extracted ion chromatograms of the major ion (right) of purified bacteriocins (in red), bacteriocins incubated in oral (blue), gastric (green), and small intestinal (orange) conditions: (A) nisin Z, (B) pediocin PA-1(M31L), (C) Bactofencin A (M14L, M18L).


Molecular networking derived from LC-MS/MS analysis of the digestion solutions allowed to assess the bacteriocin degradome in each condition (Figure 3 and Supplementary Figures 5–7). As a result of hydrolysis in the oral, gastric, and small intestinal conditions, nisin Z and bactofencin A(M14L, M18L) showed the lowest and highest number of degradation products, respectively. Degradation products of pediocin PA-1(M31L) were identified only in gastric conditions, which might be due to the large mass of this bacteriocin, suppressing the ionization of the intact and poorly hydrolyzed peptide in the LC-MS/MS conditions.


[image: image]

FIGURE 3. Molecular network of the nodes detected for bacteriocins (in red) and their degradation products after incubation in oral (in blue), gastric (in green), and small intestinal (in orange) digestion conditions. (A) nisin Z, (B) pediocin PA-1(M31L), (C) bactofencin A(M14L, M18L). The whole networks obtained for each bacteriocin are provided as Supplementary Figures 5–7. The nodes assigned to the intact bacteriocins are circled in bold red and annotated N, P, and B for nisin Z, pediocin PA-1(M31L), and bactofencin A(M14L, M18L), respectively, with charge state indicated as uppercase. The nodes assigned for nisin are circled in bold dark blue. Their assignment is provided as Supplementary Table 1. For bactofencin, the nodes assigned to bacteriocin with reduced disulfide bridge are circled in bold black.


For nisin Z, a few degradation products were identified (Figure 3A and Supplementary Table 1). They result from cleavages at Ala28-Ser29, His31-Val32, and Lys12-Abu13. In addition, oxidized forms of the peptide were detected, together with ions with a +18 Da increment, which are proposed to result from hydrolysis in a thioether ring. For pediocin PA-1(M31L), the degradation products formed in gastric conditions resulted from multiple hydrolyses (Supplementary Figure 8). The first disulfide bridge (Cys9–Cys14) revealed a higher stability than the second one (Cys24–Cys44). Only short fragments located in the C-terminal region were detected after incubation in small intestine conditions. For bactofencin A(M14L, M18L), extensive fragmentation in the N-terminal region were revealed upon incubation in oral conditions, while the gastric medium yielded cleavages mainly in the C-terminal region, at Leu14 and Leu18 (Supplementary Figure 9).



Cytotoxicity of Bacteriocins

The effect of different bacteriocins on the membrane integrity of Caco-2 cells was evaluated by LDH release assay. The dose-response curves for LDH release in Caco-2 cells treated with different concentrations of bacteriocins was plotted (Figures 4A–D). The results demonstrated that membrane integrity remained uncompromised in Caco-2 cells exposed to microcin J25, nisin Z, pediocin PA-1(M31L) and bactofencin A(M14L, M18L) at concentrations ranging from 0.4 to 400 μg/mL for 24 h. The maximal LDH release percentage was observed to be negligible in the medium as compared to control cells. It should be noted that the highest concentration tested (400 μg/mL) corresponds to approximately 10,000, 4,000, 40 and 400 times the MIC values of microcin J25, pediocin PA-1(M31L), bactofencin A(M14L, M18L) and nisin Z, respectively.
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FIGURE 4. Effect of (A) microcin J25, (B) nisin Z, (C) pediocin PA-1(M31L), (D) bactofencin A (M14L, M18L) on LDH release (% control) at concentration range of 0.4–400 μg/mL. Data shown represent the mean values of three experiments ± SD.




Hemolytic Potential of Bacteriocins

The hemolytic activity of microcin J25, nisin Z, pediocin PA-1(M31L) and bactofencin A(M14L, M18L) was evaluated using rat erythrocytes as described previously (Soltani et al., 2021a). Results were expressed as percentage of hemolysis calculated by measuring the released hemoglobin after exposure to each bacteriocin at different concentrations, ranging from 0.4 to 400 μg/mL for 45 min.

The resulting dose-response curves are shown in Figures 5A–D. In the case of microcin J25, no hemolytic activity was observed at concentrations up to 400 μg/mL, while nisin Z, pediocin PA-1(M31L) and bactofencin A(M14L, M18L) showed a dose-dependent increase in the percentage of hemolysis at concentrations higher than 50 μg/mL. Both nisin Z and bactofencin A(M14L, M18L) showed approximately 100% hemolysis at concentrations close to 400 μg/mL.


[image: image]

FIGURE 5. Hemolytic activity of (A) microcin J25, (B) nisin Z, (C) pediocin PA-1(M31L), (D) bactofencin A (M14L, M18L) at concentration range of 0.4–400 μg/mL. Data shown represent the mean values of three experiments ± SD.





DISCUSSION

Although bacteriocins have been recognized as potent antimicrobial agents with potential application in food, veterinary and clinical settings, they have remained underused. Since their discovery, bacteriocins have been widely studied as bio-preservatives; however, nisin has been the only legally approved bacteriocin used as a food additive. Additionally there are several reports on the in vitro efficacy of bacteriocins against clinically important pathogens, such as vancomycin-resistant Enterococcus, methicillin-resistant Staphylococcus aureus (MRSA), multidrug-resistant Salmonella and E. coli (Beìdard et al., 2018; Yu et al., 2019). Nonetheless, very few bacteriocins are entering the clinical pipeline. One of the key factor limiting the use of bacteriocins at an extended level could be insufficient data regarding their behavior in animal or human GI. Another important factor could be the lack of data regarding their possible toxicity and side effects as therapeutic agents (Soltani et al., 2021b).

In the current study, GI stability, cytotoxicity and hemolytic activity of different purified bacteriocins, either unmodified peptides or post-translationally modified peptides (nisin Z, microcin J25) have been determined using various well-accepted conventional in vitro models. When used as a food additives, the demonstration that the bacteriocin is degraded at the GI level is indicative of its non-toxicity since it neither gets absorbed nor comes into contact with the colonic microbiota; therefore, no adverse effect is created. However, if bacteriocin remains stable at GI level, it is imperative to provide the necessary data as an evidence of its non-toxicity to different cellular systems of the GI tract. Thus, the knowledge of bacteriocin stability in GI tract is crucial for its approval as a food preservatives. For medical and veterinary applications, the route of bacteriocin administration is determined based on its resistance to the various GI tract barriers, including low stomach pH and presence of numerous small intestinal proteolytic enzymes. The unstable bacteriocins are needed to be protected against GI tract conditions; thus, bioengineering and encapsulation technology have been developed to overcome such limitations. Considering the fact that the target site of most of the bacteriocins is in the colon, encapsulation technology has been implemented for controlled delivery and protection of these molecules against digestive enzymes (Gomaa et al., 2017; Gough et al., 2018).

There are limited number of studies regarding the stability of bacteriocins in the GI tract. It has been shown that bacteriocins can be degraded by proteolytic enzymes such as pepsin, trypsin and chymotrypsin in the stomach or intestine (Fernandez et al., 2013). Notably, class II bacteriocins are highly sensitive to intestinal proteases (Gough et al., 2017). In a human GI tract simulated in vitro model, pediocin PA-1 was observed to be stable in the stomach, but completely degraded in the small intestine (Kheadr et al., 2010). However, in the current study, pediocin PA-1(M31L) and bactofencin A(M14L, M18L) were found to be significantly sensitive to pepsin and inactivated as a result of degradation. Methionine to Leucine substitution protect the peptide from oxidation but make it more sensitive to gastric conditions since Leucine residues constitute favored cleavage site for pepsin. This is probably one of the explanations for the inconsistency between our results and those reported by Kheadr et al. (2010). Moreover, in current study we used in vitro model (static) while Kheadr et al. (2010) performed gastrointestinal digestion in TIM-1 model which is a dynamic model. Therefore, the concentration of enzymes in the two models are different over the digestion period. As a result of extensive posttranslational modification (PTM), class I bacteriocins are more resistant to protease compared to class II bacteriocins (Birri et al., 2012), while in the current study nisin Z was observed to be completely degraded following small intestinal digestion, which is consistent with the previous studies (Heinemann and Williams, 1966; Jarvis and Mahoney, 1969; Gough et al., 2017). Methionine oxidation was observed in nisin Z while it was avoided for pediocin PA-1(M31L) and bactofencin A(M14L, M18L) using Methionine to Leucine substitutions. Furthermore there was a cleavage after the last thioether ring which associated to resistance and has been reported previously (Sun et al., 2009). In a previous study (Naimi et al., 2018), we showed that microcin J25 is highly resistant to the proteolytic enzymes in the stomach, and upon exposure to pancreatin, an enzyme in the small intestine, it was only partially degraded with a minimal loss of activity. The lasso structure of microcin J25 might be the reason for its high stability in extreme conditions, and the partial degradation of microcin J25 in intestinal condition was reported to be due to elastase I, a component of the pancreatin enzyme. Sensitivity of some bacteriocins to GI condition suggests that they could be used as systemic antibiotics (IV treatments) or topical antibiotics for skin or lung. While for oral applications, technologies such as protection and controlled release systems are often necessary to allow them reach their therapeutic target.

Apart from the bioavailability assessment of bacteriocins, their possible interaction with epithelial cells (Caco-2 cells) was evaluated. To evaluate the cytotoxicity effect of bacteriocins in Caco-2 cells, LDH release assay was carried out to assess the membrane integrity of the cells upon exposure to different bacteriocins. The results of this study indicated that membrane integrity remained unaltered in presence of all tested bacteriocins at concentrations up to 400 μg/mL. It should be noted that this concentration is significantly higher than that required to target pathogenic/spoilage bacteria in vitro. The MIC values of nisin Z and pediocin PA-1(M31L) against L. ivanovii was shown to be 1.65 and 0.09 μg/mL, respectively. While that of microcin J25 was observed to be 0.0356 μg/mL against S. Newport, and that of bactofencin A(M14L, M18L) was 5 μg/mL against S. aureus. In another study, Shin et al. (2015) showed that nisin Z (Handary, Brussels, Belgium) at concentration up to 200 μg/mL did not exert any toxic effect on human cells relevant to oral cavity which is in line with the current study.

To the best of our knowledge, this is the first study that evaluates the cytotoxicity of several bacteriocins with different structures, mechanisms of actions and spectra of inhibitory activity. In a previous report, pediocin PA-1 and nisin (Sigma-Aldrich sample) were shown to be cytotoxic at high concentrations against Vero and SV40 cells using trypan blue staining viability assay. In fact, SV40 was more sensitive than Vero cells, and at 700 AU/mL (approximately 10–20 mg/mL), pediocin PA-1 and nisin were observed to reduce cell viability to 36 and 50%, respectively; therefore cytotoxicity of pediocin PA-1 was determined to be higher than that of nisin (Murinda et al., 2003). Different commercial nisin origins lead to different IC50 values: since these samples are not pure and all contain salts and various contaminating compounds from culture conditions, which may affect concentrations and possibly activity, leading to high discrepancy in the results. In addition commercial nisin samples, contain different nisin analogs (nisin A, nisin C, etc.) which should be taken into consideration. Using MTT assay, Maher and McClean (2006) reported IC50 value of commercial nisin A (Nutrition 21) to be 385.7 and 301.5 μg/mL in Caco-2 and HT29 (epithelial cells), respectively (Maher and McClean, 2006). In another study, nisin C (Chrisin®) was shown to reduce the viability of Vero cells, and MCF-7 and HepG2 cells to 50% at 45.21 and 352 μg/mL, respectively (Paiva et al., 2012). In a study by Vaucher et al. (2010), EC50 value of nisin A (Nisaplin®) in Vero cells was determined to be 0.62 μg/mL using LDH cytotoxicity assay. The inconsistency of results between the earlier studies and the current one could be due to impurities and salts in the substances tested. In this study, the purity of nisin and other bacteriocins used was more than 95%, while in the most of the other studies, crude preparation of nisin with high concentrations of salt were used, which can explain the different results. In addition, other factors such as the type of analog used, assay type, cell line, and exposure time can affect the outcome of different investigations.

Hemolytic activity is used for initial toxicity assessment and estimation of therapeutic index. Nisin remains to be the most studied bacteriocin, while there are very few data available for the other bacteriocins. At 33.75 μM (113 μg/mL) concentration, nisin C (Chrisin®) was shown to cause 6.6% hemolysis in sheep blood cells (Paiva et al., 2012). Hemolytic activity of nisin A (Nisaplin®) at 3.35 μg/mL concentration was reported to be 6% in human red blood cells. In another study by Maher and McClean (2006), hemolytic activity exerted by 230 μM (771 μg/mL) nisin A (Nutrition 21) was shown to be 12.4% in sheep erythrocytes. Moreover, 750 μM nisin (2.5 mg/mL) has shown to cause 10% relative hemolysis against human red blood cells (Begde et al., 2011). In the current study, hemolytic activity caused by nisin Z, pediocin PA-1(M31L), and bactofencin A(M14L, M18L) were shown to be in a dose-dependent manner at concentrations higher than 50 μg/mL, while no lysis was observed in rat erythrocytes exposed to microcin J25 at concentrations up to 400 μg/mL. It is worth to note that differences observed in cytotoxicity effect of nisin Z, pediocin PA-1(M31L), and bactofencin A(M14L, M18L) on RBC (using hemolysis assay) compared to Caco-2 cells (using LDH release assay) might be due to differences in the types of assay, types of medium, incubation time, and different types of cells. Altogether, high antibacterial potency of nisin, pediocin PA-1, bactofencin A(M14L, M18L) and microcin J25 without significant hemolytic effect against red blood cells indicates a high selectivity for bacterial over eukaryotic cells.

Ultimately, this study provides unique scientific data on GI behavior and toxicity of several well-known bacteriocins, which differ in their structural characteristics and mechanisms of action. Using different in vitro models, we demonstrated complete degradation of nisin Z, pediocin PA-1(M31L) and bactofencin A(M14L, M18L) in the GI tract, suggesting that these bacteriocins can be safely used in food preservation. Although microcin J25 showed high stability in the GI tract, it did not exert any toxic effect. The data from this study indicate that bacteriocins were non-toxic against eukaryotic cell lines and hemolysis was demonstrated to occur at concentrations significantly higher than their MICs. However, further in vivo studies are required to confirm these data and to evaluate the effect of long-term exposure to bacteriocins.
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Background: Milk is a common infant food in peri-urban Kenya that can transmit diarrhea-causing enteric pathogens. Little is known about how contamination of milk at point of purchase and household handling of milk-based infant foods contribute to infant exposure to enteric pathogens.

Objective: To compare the prevalence and concentrations of bacterial indicator organisms and enteric pathogens in unpackaged, fresh pasteurized, and ultra-high temperature (UHT) treated milk at purchase and assess the influence of the type of milk used to prepare infant food on contamination of this food.

Methods: Paired samples of purchased milk and infant food prepared with this milk were obtained from 188 households in low-income neighborhoods in Kisumu, Kenya. Samples were cultured on selective media to isolate Salmonella enterica, Shigella spp., Klebsiella aerogenes, Proteus spp., and Escherichia coli, with pathogens validated by PCR. Probability of detection of these bacteria was compared by milk product treatment and packaging method, and between milk at point of purchase vs. food at point of infant consumption.

Results: Unpackaged milk was most contaminated at point of purchase, but bacterial contamination was also present in pasteurized and UHT milk at purchase. Presence of bacteria in UHT and fresh pasteurized milk at purchase predicted presence of the same bacteria type in infant food. Prevalence of bacterial contamination and concentration level for bacterial indicators generally increased between point of purchase and consumption in UHT and fresh pasteurized milk-based food but decreased in unpackaged milk-based food. Prevalence of the four fecal bacteria were similar in infant foods prepared with each type of milk.

Conclusion: Both pre-market contamination and post-purchase handling influence the likelihood of infants ingesting foods contaminated by diarrheal pathogens.

Keywords: infant food, food systems, household hygiene, food exposure, milk contaminants, foodborne bacterial pathogens, food treatment and sterilization, enteric diseases


INTRODUCTION

Morbidity and mortality among children under 5 years of age accounts for 40% of the global burden of foodborne disease (1). Contaminated food is a major pathway of bacterial exposure among infants (2, 3), and there is evidence that food consumed by infants is more contaminated than foods consumed by adults (4). Milk may be particularly high risk as it frequently contains a higher number of fecal coliforms than many other foods consumed by infants (2, 5, 6). Recent research in Kenya, where cow's milk is an important infant food, shows that milk stored in the household for feeding to young children is more likely to be contaminated with an enteric pathogen than other weaning foods (7). An important question for addressing the problem of unsafe infant foods is the source of this contamination: Does milk already contain pathogens when it is brought into the household, or do these enter through unhygienic household food preparation, treatment, and storage conditions?

Kenya's dairy value chain is complex, with a variety of rural, peri-urban, and urban independent farms of small to large size that sell milk in bulk through dairy cooperatives to formal milk processing plants (8). These plants package milk for sale as fresh pasteurized (refrigeration required) and Ultra High Temperature treated (UHT) “Long Life” milk (shelf stable). Farms may also sell milk to road-side or mobile vendors who sell unpackaged milk directly to consumers, meaning vendors fill bags or other containers from bulk vessels. This unpackaged milk may be either raw or pre-boiled. Previous quantitative risk assessments of disease transmission through milk in Kenya have focused on informally marketed raw milk. These have used self-reported boiling behavior to estimate the proportion of households who boil milk prior to consumption and have assumed that boiling is 100% effective against Escherichia coli O157:H7 and Cryptosporidium spp. (9, 10). As the vast majority of households typically report boiling milk purchased from the informal market prior to consumption, previously estimated risks of exposure to foodborne bacteria through milk consumption have been small.

However, these previous studies do not consider several important factors. First, consumption of pasteurized milk is high among Kenya's rapidly growing urban population. Nationally representative data collected in 2015 show that 66% of households in Nairobi, Kenya's largest city, and 60% of those in peri-urban Kisumu, the site of the present study, had consumed either fresh pasteurized or UHT milk over the past 7 days (11). An earlier study found that while consumption of pasteurized milk in Nairobi increased with income, even households in the lowest income quintile were as likely to consume pasteurized as raw milk (12). Due to the perception that it is ready to drink, packaged milk may not be boiled, even by those who typically boil unpackaged, informally marketed milk. While this perception is likely to be true, surveillance evidence verifying that packaged milk consistently meets the East African Community (EAC) standard is lacking.

Second, processed milk may be safer than raw milk, but still contain pathogens. Some pathogens, such as heat-resistant spores of C. botulinum or B. cereus, can survive pasteurization (heated to 71–74°C for 15–40 seconds (s)) (13). The UHT treatment of milk [135–140°C for 6–10 seconds (s)] more efficiently destroys vegetative pathogens and heat-resistant spore forming pathogens, allowing this milk to be stored at room temperature for longer periods of time, but is still not full sterilization. Further, processed milk may be contaminated with pathogens after treatment. This may occur if processing equipment is not properly cleaned, if packaging materials are contaminated, or if the very low levels of pathogens remaining in milk post-pasteurization are able to multiply due to failures in the cold chain. Listeria monocytogenes from biofilms on processing equipment has caused foodborne outbreaks in several settings (14).

Third, survey respondents may misreport boiling behavior to researchers due to a desire to be seen to be doing the “right thing.” Finally, even if households are boiling milk prior to consumption, re-contamination of the boiled milk may occur through utensils and hands that have come into contact with unboiled milk, household surfaces, or airborne dust. If contamination is bacterial and milk is stored at room temperature, contamination levels can rise over time with bacterial replication. As a single batch of prepared infant food is often consumed over multiple feeding events spanning several hours, the potential for bacterial replication during storage is high.

The aim of this study is to assess food safety risks associated with different types of purchased milk given to infants at 8 months of age in Kenya, where diarrheal disease mortality is high (15). Specifically, we assess the contributions of microbial contamination at time of purchase, and contamination introduced during handling within the household, to the overall risk of contamination of milk-based infant food.



MATERIALS AND METHODS


Study Design

The Market to Mouth study is a separately funded study embedded within a cluster-randomized randomized controlled trial called Safe Start, for the purpose of better understanding the mechanisms by which the Safe Start intervention influenced infant food safety. Both studies were based in the Nyalenda A and Nyalenda B wards of peri-urban Kisumu. These densely populated wards are characterized by lack of improved sanitation facilities, use of county-provided water points, poor housing, and high rates of poverty. The Safe Start study evaluates the effect of a food hygiene intervention targeting early childhood exposure to enteric pathogens through contaminated food (ClinicalTrials.gov ID: NCT03468114) (16). The protocol includes a midline visit at 8 months of age to observe the caregiver prepare food and feed the child, and to take a food sample for microbial testing. The Market to Mouth study uses food sample data collected at this midline visit, and paired samples purchased from the market vendors where caregivers procured milk fed to the infants tracked by Safe Start, to examine potential pathogen transmission patterns. In this manuscript, we analyze 396 milk samples purchased directly from vendors patronized by all (intervention and control) Safe Start households, and paired infant food samples from the 188 households among these who were assigned to the Safe Start control group (Figure 1). Practices by caregivers in the control group are expected to reflect those of this population in the absence of a food safety intervention.
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FIGURE 1. Flow diagram showing recruitment of 396 Market to Mouth households from 726 caregivers enrolled in the Safe Start Study who completed a mid-intervention survey and purchased milk for feeding their infant and submitted a food sample for microbiological testing.




Human Subjects Research

Approval for the collection of infant food samples was obtained from Great Lakes University of Kisumu (Ref: GREC/010/248/2016), London School of Hygiene and Tropical Medicine (Ref: 14695), and the University of Iowa (Ref: 00000099) (16). An informed consent form was read to caregivers in their preferred language. If caregivers consented to participate in the study, they signed consent forms in the presence of a community witness and were given copies of the informed consent form for their records. Participants were allowed to withdraw at any time.



Patient and Public Involvement

Formative research on caregiver experiences and infant food safety (7, 17), and the challenges for Community Health Volunteers (CHVs) in delivery of health care information (18) informed our study design. The design of the Safe Start intervention was optimized through an interactive pilot study (19) and CHVs were involved in the implementation of the study (16). Community knowledge dissemination meetings were convened after the study to discuss results with the community.



Data Collection and Food Sampling

When scheduling the Safe Start midline visit, the research team inquired about what the caregiver intended to prepare for the child to eat the following day. If the caregiver planned to feed the child milk or food prepared with milk, the team arranged with the caregiver for a study enumerator to meet and travel with the caregiver to procure the milk, whether this was done the same evening, the following morning, or just before the food was prepared. Only caregivers who fed their infants milk or food made with milk, for example milk tea or milk porridge, are included in the present study (54% of 733 Safe Start caregivers). The enumerator accompanying the caregiver during milk purchase recorded the type of milk (unpackaged, fresh pasteurized, UHT, or powdered infant formula), price paid, volume obtained, and whether the milk was refrigerated at the point of purchase. The enumerator then purchased an additional unit of the same milk product (from the same vessel, if the milk was unpackaged, or the same brand, if the milk was fresh packaged or UHT) from the vendor for laboratory analysis.

During the Safe Start midline visit, which typically occurred in the morning, the Safe Start research team observed the caregiver's food preparation and infant feeding practices and collected a food sample for laboratory analysis. In addition to the morning visit, the Safe Start team scheduled a time in the afternoon, per convenience of the caregiver, to collect another sample of the infant food that had been prepared in the morning if it was still being used by that time. The afternoon visit was scheduled as late as possible, to capture the full influence of household storage practices on the microbial quality of infant food. Afternoon food samples were obtained from 163 of the 188 households from which infant food was collected. All assays were conducted on the afternoon food sample if one was obtained, and on the morning sample otherwise.

Caregivers were asked to provide a spoonful of solids (~5 grams) or ~ 2 fluid ounces of this food to minimize unnecessary oversampling of food that would otherwise be fed to the infant, using the same utensil as they were currently using to feed the infant. Both vendor and household samples were barcode labeled to match key identifiers of the household ID. All samples of milk at purchase and infant food were transported to the laboratory on ice packs in a cooler within 4 hours (h) of collection.



Laboratory Methods and Comparison of Milk Against Regulatory Standard

Samples were processed within 2 h of receipt at the laboratory by Alkaline Phosphatase (ALP) assays to assess pasteurization status, by bacterial pre-enrichment and culture assays for select foodborne pathogens and microbial indicators, and direct DNA and RNA extraction for quantitative molecular analysis for a broad array of enteric pathogens and human and bovine microbial source tracking markers.


Pasteurization Assay

ALP assays (Charm Sciences, Inc., Lawrence, MA) were used to determine whether milk or foods containing milk had been sufficiently boiled at either high enough temperatures or long enough time periods to achieve pasteurization conditions. Prior to analyzing any food samples, technicians checked outcomes of positive and negative controls. If the device did not correctly read these controls, food samples were not analyzed that day.



Analysis of Enterobacteriaceae spp. Contamination

Most bacteria can survive and grow in cold temperatures, but that temperatures of <8–10°C suppress growth rate such that concentration might at most double during an overnight incubation at 3–5°C, as opposed to a 50-fold or more increase in concentration in the same time period at 30°C or greater (20, 21). We take advantage of this bacterial property to recover heat-injured or metabolically inert viable bacteria in infant food, while slowing the growth rate to quantify bacterial concentrations at the time of sampling. A 2 ml sample of liquid food or 300 mg of solid food was mixed with 2 ml of a Peptone Enrichment Broth and incubated at 3–5°C for 24 h (22). The next day, samples were incubated at 41°C for 1 h to trigger bacterial replication metabolism. Microbial presence and concentration in food samples were determined using culture-based isolation and phenotyping of a subset of bacteria commonly found in the digestive tracts and feces of humans and cattle, and common foodborne pathogens: Salmonella spp. (including S. enterica), Shigella sonnei (S. sonnei), Enterobacter aerogenes, generic E. coli including pathogenic EHEC 0157, and Proteus spp. After pre-enrichment, 1 ml, 100 μl, and 10 μl serial dilutions volumes of sample were vacuum filtered through 0.45 μM membrane filters (Millipore, MA, USA) and cultured on the selective and differential chromogenic medium, E. coli O157: H7 MUG agar (Sigma-Aldrich, #44782, St. Louis, MO, USA) for 24 h at 35–37°C. Presumptive bacterial pathogen presence was determined by counting individual colony forming units (cfu) for each phenotype, according to the manufacturer's protocol. One negative environmental control was performed on each day of processing. Commercially available bacterial reference strains fof each target organism were acquired from BEI Resources (Manassas, VA, USA) for use as positive controls to verify performance of each batch of pre-enrichment media or media plates, and to confirm pathogen identity during PCR.



Validation of Pathogen Phenotype

Five colonies of each phenotype were picked into 100 μl of molecular grade water and boiled at 100°C for 5 min to destroy bacteria cell structure and release its DNA, followed by centrifuging at 12,000 g for 5 min to precipitate cell debris and obtain clean supernatant. DNA were frozen at −20°C until a PCR test could be performed to verify strain type. A qualitative polymerase chain reaction (PCR) assay was used to determine whether presumptive Salmonella spp. colonies carried the ttr gene indicative of S. enterica, presumptive EHEC 0157 colonies carried the rdbE, and presumptive S. sonnei carried virG and ipaH virulence genes. PCR template included 2 μl of the DNA template, 10 μl of the Taq master mix, 1.6 μl each of 5 μM of forward and reverse primer (gene target: rbdE for E. Coli O157: H7, virG and ipaH for Shigella spp., and ttr for S. enterica), and 4.8 μl of nucleic acid-free water. PCR was performed in an Eppendorf thermocycler (Eppendorf, Germany) under cycling conditions: 94°C for 3 min, followed by 40 cycles of 94°C for 30 s, 60°C for 1 min, and 72°C for 1 min, then finished at 72°C for 10 min. The amplified samples underwent gel electrophoresis to confirm amplicon presence. Water controls were used during PCR and gel electrophoresis to detect issues with background contamination. Failure to detect these genes meant samples were classified as negative for S. enterica, EHEC 0157, and S. sonnei, respectively.



Comparison Against Regulatory Standard

To assess whether milk samples met the local guidelines for microbial contamination, we compare the E. aerogenes plate count in processed and raw milk against the East African Community (EAC) milk standard. This standard describes maximum acceptable coliform bacteria plate counts for pasteurized (10 cfu/ml) and raw (50,000 cfu/ml) milk (23, 24). The total coliform plate count could be higher than the E. aerogenes plate count, so this provides a lower bound of true non-compliance with this element of the EAC standard. We compare infant food samples against the EAC pasteurized milk standard.




Statistical Analysis

Statistical analysis was performed using Stata version 16.0 (StataCorp, 2019). We omit the single observation of powdered infant formula from the statistical analysis. The analysis sample thus consists of 395 vendor and 187 fluid milk samples. Analysis of statistical power is provided in Supplementary Tables S1–S3 and associated text within the Supplementary Materials.

We use Fisher's exact test to compare the microbial prevalence across milk types (unpackaged, fresh pasteurized, and UHT), across brands at purchase, and across infant foods by type of milk used in preparation. A likelihood ratio test based on a negative binomial regression model with milk type indicators is used to compare microbial diversity across milk types. As a robustness test of the comparisons across milk types, we estimate marginal effects of vendor milk type on microbial presence and diversity, controlling for modifiers (refrigeration status for vendor milk and food type for infant food samples), using logistic and negative binomial regressions, respectively.

When comparing paired data (vendor samples and paired infant food samples), we use McNemar's exact test for binary indicators of microbial presence, and a negative binomial generalized linear model (GLM) with correlated standard errors within paired samples for microbial diversity.

We calculate the odds ratio for detection of each organism in infant food based on whether the same organism was found in the milk used to prepare it.

To characterize changes in microbial concentration between vendor milk and infant food samples, we first exclude observations for which a given organism is detected in neither the vendor milk nor the infant food sample, or for which microbial concentration at the maximum limit of analysis is observed in both samples. We then assess whether the proportion of paired samples in which microbial concentration increased vs. decreased between purchase and child feeding is influenced by vendor milk type using Fisher's exact test.



Data Access

A curated dataset with contamination data for milk sources can be provided immediately upon request. The data on matched infant food contamination is a secondary outcome of the Safe Start clinical trial (16) and can be made publicly accessible as a de-identified dataset after trial results have been reported.




RESULTS


Sources of Milk and Types of Milk Used for Infant Food

Of the 396 caregiver milk purchases observed, 90.4% were from small shops known as dukas, 5.3% from milk bars, 0.5% from roadside vendors, 1.0% were obtained from study households' own cows, 1.8% from neighbors' cows, and 0.5% from larger shops (Supplementary Table S4). The most common type of milk purchased for infant feeding was long-life UHT milk, at 70% of all samples, followed by fresh pasteurized milk at 21%, and unpackaged milk at 8.6%. Powdered infant formula was purchased by a single caregiver. Almost all pasteurized and UHT milk and the single observation of infant formula were purchased from dukas. Most of the unpackaged milk was purchased from milk bars (21 purchases), while two caregivers purchased such milk from a roadside vendor, and the remainder (11 purchases) obtained unpackaged milk from a neighbor or the household's own cow.



Vendor Practices and Milk Contamination at Point of Purchase

Among milk types that require refrigeration (non-UHT), 77% of the 82 samples purchased from dukas were refrigerated and 76% of the 21 purchased from milk bars were refrigerated (Supplementary Table S4). The two roadside vendors and neighbors from whom milk was purchased informally did not refrigerate the milk offered for sale. The single larger shop in the sample from which fresh pasteurized milk was purchased also failed to refrigerate. Most vendors of unpackaged milk stored it in wide-mouthed containers with lids (59% = 20/34), 15% kept it in containers ready for sale, and 21% stored milk in wide-mouthed containers without lids, which could allow flies to enter.

We were only able to obtain data on ALP inactivation for 37 milk samples due to unreliability of the Charm device used for testing (positive and negative controls inconsistent). ALP assays of 36 packaged milk samples (fresh packaged or UHT) indicated that most of this milk was heated to pasteurization temperatures sufficient to kill most bacteria. One UHT milk sample still had active ALP enzyme activity suggesting insufficient treatment. Only one unpackaged milk sample was tested, and the result indicated insufficient or absent pasteurization.

Microbial prevalence and diversity in milk samples collected at point of purchase, as well as compliance with the EAC standard, are described in Figure 2. Statistics on which this figure is based, as well as mean microbial concentration among positive samples, are shown in Supplementary Table S5. At least one type of bacteria was cultured from 21% of the 395 samples of fluid milk. The mean number of bacterial species or phenotypes cultured per sample was 0.41. Probability and diversity of bacterial contamination were significantly associated with milk type, with the lowest risk of contamination in UHT milk (12% positive, mean number of bacteria detected 0.15, n = 278) and the highest in unpackaged milk (24.1%, n = 34). No bacteria were cultured from the single sample of infant formula.
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FIGURE 2. Microbial prevalence, compliance with EAC coliform standards for pasteurized (UHT, fresh pasteurized) and raw (unpackaged) milk, and microbial diversity, of 395 fluid milk samples collected at point of purchase, by milk type. Sample sizes by milk type are 278 UHT, 83 fresh pasteurized, and 34 unpackaged. Statistics on which this figure is based, as well as mean bacterial concentration among positive samples, are shown in Supplementary Table S5. EHEC 0157 was classified based on phenotype and not validated as a human pathogen. Error bars represent 95% confidence intervals.


E. aerogenes was the most commonly identified organism (12% of samples), and 5.6% of samples exceeded the EAC coliform standard of 10 cfu/ml in pasteurized milk or 50,000 cfu/ml in raw milk. Fresh packed (17%), UHT (5.4%), and unpackaged milk (56%) had significant rates of contamination with E. aerogenes. Fresh pasteurized milk was more likely to exceed the EAC coliform standard (based on E. aerogenes contamination alone) than UHT milk but less likely than unpackaged milk, noting that unpackaged milk has a higher EAC standard compliance threshold.

Salmonella spp. were cultured in 6.8% (n = 27/395) of fluid milk samples, 5.3% (n = 21/395) of which were human pathogen S. enterica. S. enterica was significantly more common in unpackaged milk (41%, n = 14/34) than either packaged fresh (2.4%, n = 2/83) or UHT milk (1.8%, n = 5/278). Among the 21 S. enterica positive samples, 13 had a concentration below 100 cfu/mL, two had between 100 and 1,000 cfu/mL, four had between 1,000 and 10,000 cfu/mL, and two were above 100,000 cfu/mL.

All S. sonnei were ipaH positive, indicative of a human pathogen. S. sonnei contamination was also most common in unpackaged milk at 59% of samples (n = 20/34), compared to 3.6% (n = 3/83) of fresh pasteurized milk and 0.7% of UHT milk (n = 2/278). Among the 25 S. sonnei positive samples, the concentration was below 100 cfu/mL for 10, between 100 and 1,000 cfu/mL for nine, between 1,000 and 10,000 cfu/mL for one, and above 100,000 cfu/mL for five.

The EHEC 0157 phenotype was found in 15% of milk samples at purchase. All presumptive EHEC 0157 colonies were negative for the rdbE gene and could not be validated as a pathogen health hazard. One fresh pasteurized milk sample was positive for Proteus spp. (26 cfu/ml) at point of purchase. None of the 396 vendor samples analyzed were positive for E. coli. Due to the lack of variability in E. coli and Proteus spp. these outcomes are omitted from the subsequent analysis aside from their inclusion among the organisms used to assess presence of any bacteria and bacterial diversity in infant food.

As differences in microbial concentration across milk types were not normally distributed, statistical tests were not applied to these. However, for most of the organisms analyzed the mean of log10-transformed cfu/ml is generally highest in unpackaged milk (Supplementary Figure S1). Adjusting the comparisons of microbial prevalence and diversity for vendor refrigeration practices and brand through a multivariate logistic regression model did not significantly affect the microbial prevalence or diversity (Supplementary Table S6), and differences across milk type are similar to those shown in Figure 2 and Supplementary Table S5.

Fifteen brands of UHT milk and nine brands of fresh pasteurized milk were purchased by caregivers. Among the seven UHT brands for which at least seven vendor samples were analyzed, differences in the rates of non-compliance with the EAC coliform standard were statistically significant (Table 1, p < 0.001). The number of observations per brand of fresh pasteurized milk was insufficient to allow statistical analysis. Further analysis of EAC standard compliance by brand is reported in the Supplementary Materials.


Table 1. Non-compliance by brand and milk type, EAC coliform standard (based on E. aerogenes cfu/ml).
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Contamination in Infant Food

After household handling and storage of infant food made with milk, contamination rates across milk types did not differ at the statistical threshold of p < 0.05 (Figure 3 and Supplementary Table S7). Pooling observations across all types of milk, bacteria were cultured from 60% of infant food samples, with a mean of 1.3 bacterial species per sample, and a mean total count of log10 3.2 cfu/ml among samples with any contamination.
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FIGURE 3. Microbial prevalence, compliance with EAC coliform standard for pasteurized milk, and microbial diversity, of 187 infant food samples matched to fluid milk samples collected at point of purchase, by milk type. Sample sizes by milk type are 132 UHT, 36 fresh pasteurized, and 19 unpackaged. Statistics on which this figure is based, as well as mean bacterial concentration among positive samples, are shown in Supplementary Table S5. EHEC 0157 was classified based on phenotype and not validated as a human pathogen. Error bars represent 95% confidence intervals.


To rule out that contrasting findings of differences in contamination by milk type at purchase but no differences in the infant food prepared with this milk are due the smaller sample size available for the latter, we calculate minimum detectable differences by milk type based on the observed prevalence in infant food samples and point of purchase sample sizes. We find that for all comparisons, even if the sample size for infant food had been the same as that for milk at point of purchase, the observed differences would have been too small to detect statistically (Supplementary Table S3).

Both the proportion of infant foods in which any bacteria were detected (McNemar's exact test), and average bacterial diversity (negative binomial GLM allowing correlation within paired samples), are significantly higher than at point of purchase overall (p < 0.001). E. aerogenes, S. enterica, S. sonnei, and the EHEC 0157 phenotype were detected in 41%, 7%, 21%, and 48% of infant foods, respectively. E. aerogenes counts exceeded the EAC coliform standard for pasteurized milk for 37% of samples. Differences in prevalence of contamination between milk at point of purchase and infant food prepared with this milk were significant for all bacteria at p < 0.01, except for S. enterica.

Splitting the sample by milk type, the prevalences for all of the bacteria studied were higher in infant food prepared with UHT milk than at point of purchase (p = 0.039 for S. enterica; for all other organisms p < 0.001). Infant food prepared with fresh pasteurized milk was also more likely to contain at least one type of bacteria than at purchase (p = 0.035), though only one organism, the EHEC 0157 phenotype, was significantly more likely to be detected in infant food than in the paired purchase sample (p = 0.023). In contrast, detection of any bacteria was less likely in infant food prepared with unpackaged milk compared to the paired purchase sample (p = 0.004). The difference in bacterial prevalence between unpackaged milk at purchase and paired infant food samples is significant for S. enterica (p = 0.008), S. sonnei (p = 0.001), and the EHEC 0157 phenotype (p = 0.008), but not for E. aerogenes (p=0.388).

We also estimated adjusted models controlling for how milk was used in infant feeding (Supplementary Table S8). This adjustment accounts for mixed infant foods to potentially increase in contamination due to adding other contaminated food ingredients, or to decrease in contamination due to cooking. We found that, S. enterica was less likely to be detected in cooked foods prepared with milk (tea, porridge) compared to uncooked milk (pure milk or milk in cold cereal), holding the influence of milk type (UHT, pasteurized, unpackaged) constant. Results on the influence of milk type on contamination are similar to those shown in Figure 3 and Supplementary Table S4.



Sources of Pathogens in Infant Food

Among 187 matched sample pairs of fluid milk at purchase and infant food from Safe Start control group caregivers, E. aerogenes was detected in 56% of the 27 infant foods prepared with milk that tested positive for E. aerogenes at point of purchase, S. enterica was detected in 14% of the 14 infant foods prepared with S. enterica positive milk, S. sonnei was detected in 25% of the 16 infant foods prepared with S. sonnei positive milk, and the EHEC 0157 phenotype was found in 61% of infant foods prepared with milk prepared with milk positive for the EHEC 0157 phenotype (Supplementary Table S9).

Odds ratios of detection indicate that for any given bacterial species or phenotype, its presence in milk at purchase does not significantly predict its presence in infant food prepared with that milk (Figure 4). This holds when pooling the sample across milk types, and for the UHT, fresh pasteurized, and unpackaged samples separately. Point estimates of these odds ratios for UHT and fresh pasteurized milk are consistently above one, suggesting that this lack of significance may be driven limited statistical power.
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FIGURE 4. Odds ratios of bacterial detection in infant food based on vendor milk contamination status by type of milk used to prepare food. Samples sizes for analysis of individual organisms are 187 (overall, pooling milk types), 132 (UHT), 36 (fresh pasteurized), 19 (unpackaged). Sample sizes for analysis of combined organisms using stacked observations are 748 (overall), 528 (UHT), 144 (fresh pasteurized), 76 (unpackaged). Odds ratios for the presence of S. enterica and S. sonnei in fresh pasteurized and unpackaged milk, of S. sonnei in long-life milk, and for the EHEC 0157 phenotype in unpackaged milk, could not be estimated due to lack of variation in the outcome conditional on presence of organism in vendor sample. Error bars represent 95% confidence intervals.


Pooling the observations per microbial indicator, we have 748 observations in total (4 per paired sample of milk at point of purchase and infant food). We analyze odds ratios for these stacked observations, allowing the detection of different bacterial species or phenotypes to be correlated within paired samples (right-most panel of Figure 4, final panel of Supplementary Table S9). With this larger sample size, we find that the presence of a particular bacterial species or phenotype in any type of vendor milk is significantly associated with a greater risk of contamination with that same organism in infant food (OR = 2.34, 95% CI: 1.31, 4.17). This is the case for UHT (OR = 4.56, 95% CI 1.89, 10.99) and fresh pasteurized milk (OR = 5.60, 95% CI: 1.41, 22.3), but not for unpackaged milk (OR = 2.63, 95% CI: 0.76, 9.07). The probability of a bacterial species co-detection in infant food, conditional on detection in the milk used to prepare it at point of purchase, is significantly lower (p = 0.029) in unpackaged milk, at 0.33 (95% CI: 0.20, 0.47), than in UHT milk, at 0.65 (95% CI: 0.42, 0.88).

Changes in bacteria-specific contamination concentrations between vendor milk and infant food samples by processing and packaging status at purchase were examined to further understand the influence of household handling on bacterial transmission through milk. A large share of observations was negative for each species of bacteria in both milk at purchase and in infant food. The distribution of changes in concentration was thus not amenable to analysis as a continuous variable. We therefore discretized the change in concentration to a four-value categorical variable: not detected in either sample, lower concentration in infant food than in milk at point of purchase, higher concentration in infant food than milk at purchase, and maximum limit of detection in both samples. In only three cases were both the matched vendor milk and infant food sample contaminated at the maximum limit of detection. In all three cases, this occurred for the EHEC 0157 phenotype; one sample was UHT milk and two were unpackaged milk.

Table 2 shows the proportion of 187 matched samples (powder milk excluded) by fluid milk type and bacterial species or phenotype, in which microbial concentration was consistently zero, higher at purchase, and higher in the infant food. For all four types of bacteria, the probability that both matched samples tested negative is lowest in unpackaged milk. Among matched samples for which the level of concentration differed between point of purchase and infant food, food prepared with UHT milk was consistently more contaminated than the milk with which it was prepared. Infant food prepared with raw milk, in contrast, was consistently less contaminated relative to the milk used to prepare it at purchase. Fresh pasteurized milk generally followed the same pattern as UHT milk, with the exception of S. enterica, for which microbial concentration was higher in infant food than milk at point of purchase.


Table 2. Proportion of matched milk at point of purchase and infant food samples by categorical change in microbial contamination.
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DISCUSSION

This study compared bacterial contamination patterns in infant foods and cow's milk used in their preparation to assess the role of the food system vs. household handling in contamination of infant food. We draw several notable conclusions from this study. First, a majority of the low-income urban caregivers who participated chose to purchase long-life milk, the most expensive type available, for their infants. We do not have data on milk consumed by other family members, and it is possible that the apparent consumer preference for pasteurized and UHT milk is specific to infant feeding. Representative data on milk consumption patterns in peri-urban Kisumu indicate that 60% of households regularly consume packaged milk, but do not specify which household members consume this milk, or distinguish between UHT and fresh pasteurized milk (25). Second, as generally expected, pasteurized packaged milk in this setting in Kenya was found to be microbiologically safer than unpackaged or raw milk. However, detection of enteric bacteria in both fresh pasteurized and UHT milk highlights problems with the formal dairy system. Of the 396 samples of milk obtained by caregivers of infants in Kisumu, 8.6% (34 samples) were found to be contaminated with S. sonnei, S. enterica, or both pathogens. While unpackaged milk samples were far more likely to be contaminated with one of these pathogens, pathogen contamination in UHT milk (2.2%) and fresh pasteurized milk (4.8%) were also non-trivial. Third, any benefits from purchasing UHT and fresh pasteurized milk disappeared by the time infants consumed these products. The frequency of overall and species-specific bacterial contamination in food fed to infants was similar for all milk types.

Examination of co-detection patterns in matched samples of milk at point of purchase and infant food across multiple individual bacterial species demonstrated that milk product safety issues and household hygiene both contributed to infant exposure to contaminated food. Microbial contamination of infant food most commonly arose during handling of food within the household, or from other food ingredients to which milk was added. This reinforces the importance of household-based interventions that can improve infant food preparation, feeding, and storage hygiene conditions. Yet, in multiple cases S. sonnei and S. enterica were detected in matched vended milk sources and infant foods. Pooling pathogenic and indicator organisms, the proportion of cases in which an organism present in vendor milk was also present after household handling and storage was highest in UHT milk, similar in fresh pasteurized milk, and lowest in unpackaged milk. Changes in microbial concentration between milk purchase and collection of infant food samples showed that infant food prepared with UHT milk was consistently more contaminated than the milk with which it was prepared, and infant food prepared with unpackaged milk was consistently less contaminated (if any change was observed).

These patterns suggest that how caregivers handle milk differs based on how it has been processed and whether it is purchased as a packaged or unpackaged product (9). The deterioration in microbial quality of infant food made with packaged milk could be due to a belief that packaged milk, especially that marketed as “Long Life” UHT milk, is safe for use without boiling and can be stored for a longer time after opening. This may be technically correct under the right conditions, but most households in this study lacked refrigeration for storing food, and kept food in containers with lids for periodic infant feeding throughout the day. Food storage and reuse allows for introduction of bacteria via the surface of the storage container, the hands of the caregiver or infant, or dust in the air, which combined with room temperature storage creates optimal conditions for bacterial growth.

The significance of the pathogens detected in food through this study in self-reported diarrhea and infection outcomes observed in the Safe Start trial remains to be assessed. Foodborne disease accounts for a significant level of diarrheal illness in children in Kenya (26). Data compiled by the Foodborne Disease Burden Epidemiology Reference Group of the WHO suggests that S. enterica and Shigella spp. are among the first and sixth most common causes of diarrheal foodborne illness globally (1, 26). While challenge studies among healthy adult volunteers in low burden, high-income countries report infectious doses of 105 to 1010 organisms, data from foodborne gastroenteritis outbreaks in similar settings indicate that the infective dose of most wild S. enterica serovars may be as low as 101 to 102 organisms, regardless of high vs. low susceptibility (27, 28). The concentrations of S. enterica observed in milk samples collected at point of purchase in this study would be capable of causing disease if infants consume at least 25 mL of milk. Between 10 and 200 S. sonnei organisms can cause disease in healthy adults (29). Minimum thresholds for infection would have been met by consuming 25 mL of milk for 92% of the 23 samples in which S. sonnei was detected. For infants, even samples with the lowest level of contamination could be dangerous. The findings thus indicate cause for concern about the safety for infants of both packaged processed milk and unpackaged milk sold in Kisumu.

A limitation of this study is that our analysis of pathogen transmission from purchased milk to infant food was limited by relatively low prevalence of pathogens in vended milk sources. This may be due to testing of 2 mL or 2 gram volumes of food for processing. We also relied on a single non-selective pre-enrichment step for recovery of injured bacteria before plating on selective and differential agar, rather than on both primary and selective secondary enrichment steps. Preliminary spiking experiments with non-injured Salmonella spp. confirmed that this approach resulted in high recovery rates and accurate quantification of contamination at the point of sampling (manuscript pending). But, milk products and infant foods in Kenya likely contained a mixture of both healthy viable bacteria and heat-injured bacteria from pasteurization, and our protocols may have resulted in misclassification of some true positives as negatives. Bias from misclassification is most likely non-differential, meaning we may have underestimated the prevalence of food contamination, but conclusions of sub-group comparisons would be minimally affected. Additionally, we used cost-effective phenotype or gene-level typing methods to assess probable relatedness between milk at purchase and matched infant food samples. Determination of base pair relatedness via sequencing would have improved certainty in transmission conclusions but was beyond the scope of this project. The strength of our conclusions instead relies upon observing repeat patterns for a variety of bacteria species including common indicators and relatively rare pathogens. A shocking number of infant foods were contaminated by a bacteria phenotype matching EHEC 0157 (sorbitol negative, β-D-glucuronidase negative). EHEC 0157 identity was not validated by PCR screening and remains unidentified.
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Campylobacteriosis continues to be one of the leading causes of foodborne bacterial zoonotic infections worldwide. Despite its public health importance, the status of this disease in wild birds and the possibility of transmission from wild birds to domestic animals and humans have not been clearly elucidated yet. This article reviews the available literature with the aim of making a comprehensive manuscript on this disease status in wild birds and the possibility of interspecies transmission. Campylobacter has been isolated from various species of wild birds worldwide, with C. jejuni being the most commonly isolated species. The prevalence of Campylobacter in wild birds may vary depending on several factors like geographical location, season, the bird’s health status, bird species, sample type, the method used, and ecological factors. Molecular studies over the past two to three decades have characterized Campylobacter strains isolated from wild birds and have come up with results that fall into two categories. The first are those that report overlapping strains among human, domestic animal, and wild bird isolates. The results of the studies under this category emphasize that wild birds carry strains of Campylobacter, which are indistinguishable from domestic animals and humans and are therefore an important public and animal health concern. In contrast, the studies under the second category highlight significant differences in Campylobacter population structure among these hosts. Despite the controversiality and the inadequacy of current research to draw a full conclusion, the role of wild birds in the epidemiology of Campylobacter should not be undermined as drug-resistant strains, especially resistance to tetracycline and fluoroquinolones, are increasingly documented. In addition, source attribution studies have linked human cases of Campylobacter infections to wild birds. Therefore, the role of wild birds in the epidemiology of Campylobacter infection should not be neglected. However, in order to determine disease status in wild birds and the precise role of wild birds in domestic animals and human health, detail-oriented epidemiological investigations characterizing the genetic relatedness of isolates from the respective species and environment through one health approach are warranted.
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INTRODUCTION

Campylobacteriosis is currently considered to be the most commonly reported zoonotic bacterial foodborne gastroenteritis worldwide (Silva et al., 2011; Igwaran and Okoh, 2019). Over the past decades, a rise in its incidence has been evidenced in different parts of the world, including both developed and developing countries (Kaakoush et al., 2015; Igwaran and Okoh, 2019). The World Health Organization (WHO) estimated that at least 96 million cases of enteric infections worldwide are associated with Campylobacter species annually (Havelaar et al., 2015). According to the “European Union One Health 2019 zoonoses report,” campylobacteriosis ranked first as the most commonly reported zoonoses in European Union member countries, with 220,682 confirmed human cases in 2019 alone (European Food Safety Authority [EFSA], and European Centre for Disease Prevention and Control [ECDC], 2021). Therefore, campylobacteriosis is a disease of public health concern globally (Igwaran and Okoh, 2019).

Although various animal species, including wild birds, are known sources of Campylobacter infection (Zenebe et al., 2020; Mughini-Gras et al., 2021), poultry is accepted to act as reservoirs of 50–80% of Campylobacter infections in humans, and cattle are considered to act as reservoirs of 20–30% of human infections (European Food Safety Authority [EFSA], 2010). One study conducted in the Baltic States showed that clinical cases of Campylobacter jejuni (C. jejuni) infections in humans were associated with sources from poultry (88.3%), cattle (9.4%), and wild birds (2.3%) (Maësaar et al., 2020). Another study that used multilocus sequence typing (MLST) to determine the infection source linked 64.5% of human C. jejuni infection to poultry, with cattle and wild birds accounting for 25.8 and 2.3%, respectively (Levesque et al., 2013). Thus, poultry and cattle are generally accepted as significant sources of human campylobacter infection (Mughini-Gras et al., 2021). Even though wild bird Campylobacter carriage is much lower than poultry (Maësaar et al., 2020; Zhang and Sahin, 2020), wild birds are known to act as significant reservoirs, implying that they may have a role in spreading the bacteria to the environment (Navarro-Gonzalez et al., 2016; Aksomaitiene et al., 2019; Marotta et al., 2019; Maësaar et al., 2020).

Currently, Campylobacter has been isolated from several species of wild birds (e.g., birds of prey, waterfowl, crows, pigeons, gulls, and others) in different areas in the world, including America, Australia, Asia, Europe, and Africa (Keller et al., 2011; Konicek et al., 2016; Moré et al., 2017; Du et al., 2019; Antilles et al., 2021; Kürekci et al., 2021). In addition to pathogen detection, antibiotic resistance, one of the global challenges of the current century (Sabtu et al., 2015), is also being reported in Campylobacter spp. isolated from wild birds. In particular, resistance to tetracycline and fluoroquinolones is increasingly documented (Jurado-Tarifa et al., 2016; Indykiewicz et al., 2021; Mencía-Gutiérrez et al., 2021; Russo et al., 2021).

Due to their significant reservoir role, Campylobacter status in poultry and cattle has been extensively studied, demonstrating the significant attention paid to the risk of acquiring Campylobacter infection from food sources (Mohan, 2015). However, only limited information is available regarding the role of wild birds as a reservoir of pathogens like Campylobacter, which can be related to the difficulty in collecting samples from wild birds (Antilles et al., 2015; Mencía-Gutiérrez et al., 2021). Despite the scarcity of research, the available literature indicates that contamination of equipment and surfaces with wild bird feces can be a risk for human health (French et al., 2009). Wild birds are shown to be one of the leading causes of contamination of surface water (Mulder et al., 2020), and source tracking studies have linked human cases of Campylobacter infections to wild birds (Gardner et al., 2011). For example, a molecular study conducted in the United Kingdom related 476–543 annual clinical cases of human Campylobacter infection to wild birds, emphasizing the importance of wild birds in human campylobacteriosis (Cody et al., 2015). Another molecular study from the United States also linked the human outbreak of Campylobacter infection due to raw peas consumption to wild birds (Kwan et al., 2014).

Despite the public and economic importance of Campylobacter infections, the status of this disease in wild birds and the likelihood of transmission from wild birds to domestic animals and humans have not been clearly determined yet. However, understanding the status of this disease in wild birds and the possibility of interspecies transmission is necessary to designing applicable policies. To date, no article has exclusively reviewed the status of Campylobacter in wild birds and its associated public and animal health significance, except a few articles (Abulreesh et al., 2006; Dhama et al., 2008; Benskin et al., 2009; Whiley et al., 2013; Clark, 2014; Navarro-Gonzalez et al., 2016; Elmberg et al., 2017; Smith et al., 2020) reviewing pathogens in general or in a specific host. Therefore, this article aims to review the available literature on Campylobacter in wild birds and summarize the current understanding of interspecies transmission to show what is currently known about its public and animal health importance.



HISTORICAL AND GENERAL INFORMATION ON CAMPYLOBACTER

According to available information, Theodor Escherich was thought to have made the first report on Campylobacter in 1886 (Silva et al., 2011). Despite this, Campylobacter was not recognized as a primary disease-causing agent in humans until the 1970s (Butzler, 2004), which is thought to be due to difficulties in culturing and identifying it (Sheppard and Maiden, 2015). In the case of livestock in general, the diseases due to Campylobacter have been well documented since the beginning of the twentieth century (Butzler, 2004; Hlashwayo et al., 2020). The role of wild birds as carriers of Campylobacter has also long been recognized (Luechtefeld et al., 1980; Kapperud and Rosef, 1983; Kinjo et al., 1983; Fukuyama et al., 1986). Even though it is unclear whether it was the first report, Luechtefeld et al. (1980) reported C. jejuni carriage in migratory waterfowl in samples collected from 1978 to 1980 in Northern Colorado, United States. Following this, several researchers reported Campylobacter carriage in various wild bird species such as pigeons, gulls, crows, starlings, and others (Kinjo et al., 1983; Fukuyama et al., 1986; Ito et al., 1988; Whelan et al., 1988; Fernández et al., 1996).

The currently used Campylobacter genus name (previously known as Vibrio spp.) was proposed by Sébald and Véron for the first time in 1963 (Frasao et al., 2017). The causative agent of campylobacteriosis includes various pathogenic species of Campylobacter, which are small (0.2–0.8 μm × 0.5–5 μm), micro-aerophilic, and spiral Gram-negative bacteria belonging to the family Campylobacteriaceae, class Epsilonproteobacteria, and phylum Proteobacteria (Silva et al., 2011; Muralidharan et al., 2016). Currently, about 53 Campylobacter species and 16 subspecies have been documented (accessed November 20, 2021), (LPSN), including those considered pathogenic to humans and livestock (Humphrey et al., 2007). Among these species, thermophilic Campylobacter (for example, C. jejuni and C. coli) are essential zoonotic pathogens that cause gastroenteritis in humans worldwide (Kreling et al., 2020). The rise in the number of species associated with animal and human infections is believed to be why this bacterium needs significant attention (Igwaran and Okoh, 2019). Most Campylobacter species (except C. gracilis, and C. showae) can move using amphitrichous flagella. If two Campylobacter cells are found together, they appear in an “S” shape, resembling a flying gull’s wing (Silva et al., 2011), and the name Campylobacter, which is taken from the Greek word “campylos,” also describes this “S” shape morphology (Kreling et al., 2020).



IDENTIFICATION AND CHARACTERIZATION OF CAMPYLOBACTER

For the identification and characterization of Campylobacter, a variety of phenotypic (e.g., culture) and genotypic methods [e.g., MLST, polymerase chain reaction (PCR)], each with its own pros and cons, have been documented (Eberle and Kiess, 2012). Bacterial culturing and biochemical tests have long been used to characterize pathogens (Ferone et al., 2020). The commonly performed detection method of Campylobacter spp. from avian fecal samples relies on culturing techniques, including directly plating cecal/fecal materials onto selective agar plates or pre-enrichment in “selective enrichment broth” followed by “selective plating.” However, the success of the bacteria recovery rate in the former method depends on the bacteria’s number present, and hence the method may not show satisfactory recovery from animal and avian feces (Abulreesh et al., 2006). Even though pre-enrichment may not always result in a higher recovery rate than direct plating (Zhang and Sahin, 2020), in the case of a low number of bacteria, recovery rates may be improved if pre-enrichment is performed and followed by selective plating (Abulreesh et al., 2006). Since this bacterium requires special conditions (fastidious growth requirements) such as low oxygen concentrations and enriched media, traditional culture-based identification methods are challenging, and species differentiation is also difficult as there are limited biochemical tests (Al Amri et al., 2007; Frasao et al., 2017).

Currently, molecular-based methods such as PCR, MLST, and pulsed-field gel electrophoresis (PFGE) are frequently being used for species identification and genotypic characterization of Campylobacter isolates obtained from wild birds (Keller and Shriver, 2014; Mohan, 2015; Indykiewicz et al., 2021; Kürekci et al., 2021; Mencía-Gutiérrez et al., 2021). Multiplex PCR, a rapid and accurate method that detects multiple-gene presence/absence in a single reaction mixture, is among the most commonly used methods for differentiating different species of Campylobacter (Frasao et al., 2017; Ricke et al., 2019). Several researchers have used this method to identify the species of Campylobacter isolates obtained from wild birds (Keller et al., 2011; Ramonaitë et al., 2015; Kürekci et al., 2021). Therefore, mPCR should be considered when the objective is to identify or differentiate different species of Campylobacter (Frasao et al., 2017).

“Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS)” is another method employed to differentiate Campylobacter at the genus and/or species level (Bessè De et al., 2011; Dudzic et al., 2016). Compared with the morphology-based conventional methods, this method is fast, cost-effective, and more reliable for identifying Campylobacter spp. (Bessè De et al., 2011). Recently, researchers have pointed out the usage of MALDI-TOF MS in the differentiation of Campylobacter isolates obtained from wild birds (Dudzic et al., 2016; Lawton et al., 2018). For example, a more recent study by Kürekci et al. (2021) identified Campylobacter isolates of wild bird origin to genus level using MALDI-TOF MS. The study by Dudzic et al. (2016), who used culture-based detection, MALDI-TOF, and PCR, reported that 35 Campylobacter sp. isolates obtained from pigeons were all confirmed to be Campylobacter at the genus level by MALDI-TOF and contained 16 rRNA genes specific for Campylobacter spp. by PCR. Lawton et al. (2018) comparatively investigated Campylobacter isolates using MALDI-TOF MS, PCR, and WGS and reported 100% agreement in species identification among these methods.

MLST is the sequence-based molecular typing method used for evaluating strain relationships. Although it has a low resolution compared to WGS, MLST can provide highly discriminatory pathogen clustering results by examining the sequences of 7 housekeeping genes (Tong et al., 2021). This technique has been used in assessing Campylobacter strain overlap among different species of wild birds, poultry, and humans (Colles et al., 2008; French et al., 2009; Hughes et al., 2009; Du et al., 2019; Wei et al., 2019; Jurinoviæ et al., 2020). Since the application of MLST is restricted to the sequence type characterization, whole-genome or core-genome MLST techniques are preferred for the accurate differentiation of related strains (Marotta et al., 2020). Currently, technological advancements have enabled the use of a more advanced WGS technique, which reveals an organism’s entire DNA make-up (Franz et al., 2016). WGS provides higher-resolution phylogenetic information than other methods, such as MLST, making it ideal for source attribution studies and comparing strains from different origins (Tong et al., 2021).



EPIDEMIOLOGY OF CAMPYLOBACTER IN WILD BIRDS

Wild birds are a well-known significant natural reservoir of Campylobacter species (especially thermophilic Campylobacter spp., i.e., C. jejuni, C. coli, and C. lari) (Krawiec et al., 2017; Mencía-Gutiérrez et al., 2021). This bacterium has been isolated from several species of wild birds (birds of prey, waterfowl, crows, pigeons, gulls, geese, and others) in different areas in the world, including Africa, America, Europe, Australia, and Asia, showing its global distribution (Keller et al., 2011; Konicek et al., 2016; Moré et al., 2017; Vogt et al., 2018; Du et al., 2019; Jurinoviæ et al., 2020; Antilles et al., 2021; Kürekci et al., 2021).

Transmission in wild birds is considered to be through fecal–oral, when the birds are foraging near domestic animals, which may result in the spread of pathogen over long distances (Taff and Townsend, 2017). Although avian species, including domestic poultry (Griekspoor et al., 2013) and wild birds (Smith et al., 2020), are known to be asymptomatic carriers of Campylobacter, lower survival rates and/or poor body condition have been encountered in infected birds when compared with healthy birds (Waldenström et al., 2010; Taff and Townsend, 2017). For example, in the study conducted by Taff and Townsend (2017), who compared crows infected with C. jejuni with uninfected crows with the aim of assessing its impact on body condition and survival of crows, the infected crows were found in poor body condition compared to uninfected crows.

Among Campylobacter spp., C. jejuni is the most frequently detected species in several wild bird species, as demonstrated by several researchers (Dipineto et al., 2014; Weis et al., 2014; Krawiec et al., 2017; Gargiulo et al., 2018; Antilles et al., 2021; Indykiewicz et al., 2021; Mencía-Gutiérrez et al., 2021). For example, in one study conducted in Italy, C. jejuni was detected in all isolates (49/49) from birds of prey, and C. jejuni and C. coli (mixed infections) were detected in 12 isolates with the overall Campylobacter sp. prevalence of 33.1% (49/148) (Gargiulo et al., 2018). However, most of the researchers target the thermophilic species due to their public health importance (Table 1), and thus, it seems that attention was not given to other species. A large-scale study by Johansson et al. (2018) assessed the status of Campylobacter in various wild birds (covering a total of 2,278 birds) in the remote area of the Antarctic and sub-Antarctic regions and reported different Campylobacter spp. like C. peloridis, C. subantarcticus, and C. volucris, in addition to C. jejuni and C. lari.


TABLE 1. Current status and characteristics of Campylobacter spp. isolated from various wild birds.

[image: Table 1]
Russo et al. (2021) examined 225 cloacal swabs of yellow-legged gulls (Larus michahellis) in their study conducted in Italy and reported that 60 gulls (26.7%) were carriers of Campylobacter. Antilles et al. (2021) reported a Campylobacter carrier rate of 5.2% (93/1,785) in 1,785 cloacal swabs collected from gulls. In one study conducted in Iran, a relatively higher prevalence was reported in black-headed gulls (63.3%) and starlings (56.6%) compared to other bird species (Malekian et al., 2021). Another study from Turkey examined 183 cloacal swabs obtained from different species of wild birds and found a relatively higher prevalence (93%) in Eurasian coots (Fulica atra) compared to other birds (Kürekci et al., 2021). The study by Mencía-Gutiérrez et al. (2021) analyzed 689 bird of prey samples and reported a 7.5% prevalence. Another study from Poland investigated the Campylobacter prevalence in cloacal samples collected from black-headed gulls (718 adult and 318 chicks) and reported 4.87% (35/718) and 2.22% (7/318) prevalence in adults and chicks, respectively. This study found a non-significant difference among the age groups (adults and chicks) and birds’ habitats (urban and rural). However, a significant difference was found between breeding seasons (Indykiewicz et al., 2021). Broman et al. (2002), who compared the prevalences of C. jejuni isolated from juvenile and adult black-headed gulls, and Mencía-Gutiérrez et al. (2021), who assessed Campylobacter spp. prevalence difference among different age groups of birds of prey, also reported non-significant differences.

The prevalence variation among wild birds may be due to different factors such as location, season, wild bird species, sample type, the method used, ecological factors, and the health status of birds (Mohan et al., 2013; Cody et al., 2015; Mencía-Gutiérrez et al., 2021). For example, the distribution of Campylobacter may differ among wild bird species depending on ecological factors like their feeding habits and pattern of migration (Waldenström et al., 2002; Hald et al., 2016; Gargiulo et al., 2018). To support this argument, researchers have proved that wild birds that eat animal-origin food or forage on the ground near animal farms have a higher risk of acquiring Campylobacter than those foraging far away from the animal’s farm or hunt in the air (Hald et al., 2016). The differences between diurnal and nocturnal birds have also been assessed in several studies (Waldenström et al., 2002; Krawiec et al., 2017; Gargiulo et al., 2018). Gargiulo et al. (2018) compared diurnal and nocturnal birds and reported a statistically significant difference in the prevalence of Campylobacter species among diurnal (39.1%) and nocturnal (18.6%) birds. In contrast, the study conducted in Poland (Krawiec et al., 2017), in Sweden (Waldenström et al., 2002), and in Spain (Mencía-Gutiérrez et al., 2021) reported a higher prevalence in nocturnal birds. The study from New Zealand, which reported a significantly higher Campylobacter spp. prevalence in starlings (46%) than ducks (30%), documented a relatively higher prevalence during the spring and winter months than summer (Mohan et al., 2013). In agreement with this, Mencía-Gutiérrez et al. (2021) reported a significantly higher prevalence in samples they collected during the spring season. In contrast, Hald et al. (2016) reported a significantly higher prevalence during the summer season than the winter season.



DRUG RESISTANCE STATUS

Antibiotic resistance, one of the growing global public health concerns (World Health Organization [WHO], 2020), has also been reported in Campylobacter isolates of wild bird origin (Table 1). Currently, several researchers have reported Campylobacter sp. resistance to different antibiotics (especially tetracycline and fluoroquinolones) (Wei et al., 2015; Jurado-Tarifa et al., 2016; Indykiewicz et al., 2021; Mencía-Gutiérrez et al., 2021; Russo et al., 2021). Multidrug resistance (MDR) Campylobacter isolates have been documented frequently (Wei et al., 2015; Du et al., 2019). Du et al. (2019) found 33.3% MDR in Campylobacter isolated from wild birds, with varying degrees of resistance to antibiotics like streptomycin, tetracycline, gentamicin, and clindamycin at rates of 36.84, 29.82, 29.82, and 28.07%, respectively. Antilles et al. (2021) also found 16.1% resistance to tetracycline in Campylobacter isolates isolated from gulls. In another study by Marotta et al. (2019), relatively higher resistance to tetracycline (19.40%) was recorded, with ciprofloxacin, nalidixic acid, and streptomycin resistance rates being 13.43, 10.45, and 10.45%, respectively.

A recent study by Mencía-Gutiérrez et al. (2021) reported resistance to nalidixic acid, ciprofloxacin, tetracycline, and streptomycin at the rates of 68.9, 68.9, 55.6, and 6.7%, respectively. However, a promising susceptibility to azithromycin (97.62%) and erythromycin (95.24%) was detected in a study conducted in Poland, in which only 50% resistance to tetracycline and 47.62% resistance to ciprofloxacin was reported (Indykiewicz et al., 2021). Similarly, the study from Lithuania reported 87.1% resistance to ciprofloxacin (Aksomaitiene et al., 2019). Another study from Italy reported resistance to tetracycline (12.5%), nalidixic acid (10%), ciprofloxacin (10%), streptomycin (6.7%), and erythromycin (4.2%) (Marotta et al., 2020). To sum up, the antibiotic resistance pattern of Campylobacter in wild birds seems under-investigated, and thus, further studies are warranted. However, as stated above, visible resistance to some antibiotics like tetracycline and fluoroquinolones is increasingly being reported.



VIRULENCE AND PATHOGENICITY

Even though the pathogenesis of Campylobacter infection is not fully elucidated, several mechanisms are postulated to be involved (Asuming-Bediako et al., 2019), and virulence factors such as adhesion, bacterial invasion, and production of toxin are believed to have a role in its pathogenesis in humans (Kreling et al., 2020). Different virulence genes such as cytolethal distending toxin (CDT) genes, flaA, flaB, ciaB, and cadF have been documented in studies conducted with the aim of understanding the virulence of Campylobacter spp. isolated from the wild birds (Shyaka et al., 2015; Du et al., 2019). The genes encoding CDT (for example, cdtA, cdtB, and cdtC), the only toxin known to be produced by Campylobacter (Kreling et al., 2020), are frequently reported in wild birds (Weis et al., 2014; Shyaka et al., 2015). This toxin has DNAse activity that causes DNA damage (Kreling et al., 2020). As in other bacteria, adhesion to host epithelial cells is known to have a significant role in the pathogenesis of Campylobacter. However, unlike other bacteria (e.g., E. coli and Salmonella), fimbria does not mediate adhesion in the case of Campylobacter (Rubinchik et al., 2012), and the best-known adhesins in this bacterium are Campylobacter adhesion protein fibronectin (CadF) (Bolton, 2015; Kreling et al., 2020). This gene has also been reported in various wild bird species from countries like China (Du et al., 2019), Poland (Krawiec et al., 2017), and Japan (Shyaka et al., 2015). As discussed above, wild birds are considered to act as carriers, with the exception of general signs reported in some species (Taff and Townsend, 2017) that warrant further study, and information is scarce regarding clinical signs, pathogenicity, and pathology of Campylobacter infection in wild birds.



PUBLIC AND ANIMAL HEALTH SIGNIFICANCE

Given the public health significance of Campylobacter, several studies that target comparing the genetic similarity of Campylobacter strains obtained from wild birds with strains circulating among poultry, humans, and other animals have been conducted (Broman et al., 2002, 2004; Waldenström et al., 2007; Colles et al., 2008, 2011; Griekspoor et al., 2013; Wei et al., 2019; Marotta et al., 2020; Zbrun et al., 2021). The results of some of these studies show high levels of host-specific strains (Broman et al., 2002, 2004; Waldenström et al., 2007; Messens et al., 2009; Griekspoor et al., 2013; Marotta et al., 2020). In contrast, some also report that Campylobacter spp. isolated from wild birds share similarities [e.g., sequence types (ST)] with those isolated from humans (French et al., 2009; Wei et al., 2019) and domestic animals (Sippy et al., 2012; Zbrun et al., 2021) and thus may serve as sources of drug-resistant potentially important pathogens even for humans (Cody et al., 2015; Mencía-Gutiérrez et al., 2021).

A molecular study by Colles et al. (2008) compared Campylobacter strains obtained from the wild bird (geese) with starlings and poultry populations using MLST and reported a high host specificity of C. jejuni genotypes obtained from wild geese. Broman et al. (2002) also investigated the genetic similarities between broiler (36 isolates), black-headed gull (Larus ridibundus) (76 isolates), and human (56 isolates) C. jejuni isolates in the same geographical region using PFGE. Their results showed a higher similarity profile between isolates obtained from humans and broiler when compared to isolates of humans and wild bird origin. However, they also emphasized that they found the same macrorestriction profile in 2 gull isolates and 1 human isolate. The result of another study conducted in Switzerland that compared the genetic similarity of C. jejuni isolates from migratory birds (89 isolates) and humans (47 isolates) showed that most of the strains from the migratory bird isolates were not related to the human strains, except the starling and blackbird strains, which showed similarity to some human strains (Broman et al., 2004).

The results of a large study covering 2,084 wild birds in the United Kingdom stated that the transmission pathway of Campylobacter is predominantly from farm animals to wild birds. In this study, 36 C. jejuni isolates were characterized by MLST, and the results showed that wild birds harbor both farm-related and unique C. jejuni strains. Nonetheless, the study did not witness wild bird-specific C. jejuni strains in farm animals (Hughes et al., 2009). Messens et al. (2009) also characterized C. jejuni obtained from wild birds and broilers and reported that the wild bird origin C. jejuni strains are different from broilers.

Unlike the above studies, a study conducted in South Korea has performed the genotypic analysis of Campylobacter species obtained from wild birds using MLST and reported ST similarity among humans and wild wilds (11 C. jejuni ST and 2 C. coli STs shown to be the same to those of human origin). The results of this study highlighted as Campylobacter isolated from wild birds are associated with domestic animal and environmental strains (Wei et al., 2019). A recent study by Zbrun et al. (2021) reported a genotypic similarity between Campylobacter isolated from broilers and wild birds, highlighting the possible role of wild birds in sustaining the epidemiology of this pathogen on farms. The same conclusion was made by Hald et al. (2016).

It has also been shown by Sippy et al. (2012) that wild birds carry Campylobacter isolates that share similarities with the Campylobacter strain known to be pathogenic for livestock. Similarly, in another study conducted in China, phylogenetic analysis of C. jejuni strains in different species of wild bird was performed, and it was determined that wild birds share the same ST with human-origin C. jejuni, indicating that this bacterium may be transmissible between different species (Du et al., 2019).

In a study conducted in Alaska, United States, C. jejuni isolates obtained from sick humans, environment, and wild birds during an outbreak of human campylobacteriosis in association with consumption of raw peas showed an indistinguishable PFGE, and the outbreak was linked with contamination from wild bird feces (Gardner et al., 2011). The outbreak of C. jejuni infection in children has also been linked to drinking “milk from bottles with bird-pecked tops” (Riordan et al., 1993). In another study from the United Kingdom, researchers investigated the role of wild birds as the source of human Campylobacter infection for nearly 10 years and found that wild birds accounted for 476 (2.1%) to 543 (3.5%) human cases per year (Cody et al., 2015).

As French et al. (2009) noted, the likely route of bird-to-human transmission can be equipment or surface contamination with wild birds’ fecal material (like in parks and children’s playgrounds). In this case, young children are more likely to be at risk because of frequent hand–mouth contact, which may expose them to swallowing infective material (French et al., 2009). In addition, wild birds are shown to be one of the leading sources of surface water contamination with Campylobacter spp. In a study conducted in the Netherlands that linked more than 90% of recreational water-origin Campylobacter isolates to wild birds, the risk of Campylobacter transmission by swimming in recreational water areas was emphasized (Mulder et al., 2020). In another study conducted in Canada that compared the similarity between Campylobacter strains (C. lari) isolated from river water and waterfowl, 100% homology was reported, and the likely risk of surface water contamination due to waterfowl was highlighted (Van Dyke et al., 2010). The study from Finland pointed out that swimming in natural water is independently related to sporadic campylobacteriosis (Schönberg-Norio et al., 2004). A similar finding was documented in a recent study by Mughini-Gras et al. (2021), who indicated that open-water swimming areas are a risk factor for human Campylobacter infections. Outbreaks of human campylobacteriosis that occurred in Norway in 1994 and 1995 were also suspected to be associated with drinking water contaminated with pink-footed geese feces (Varslot et al., 1996).

In summary, what we understand from research done so far seems controversial and inadequate to draw a complete conclusion about the risk of interspecies transmission of Campylobacter and warrants further comprehensive epidemiological investigations. As described in a framework proposed by Smith et al. (2020), criteria such as bacterial shedding pattern and bacterial survival in the environment need to be elucidated to better understand the possibility of transmission from wild birds to other hosts. Nevertheless, the detection of Campylobacter in wild birds is not neglectable from a public and animal health point of view. The main reason for this can be the isolation of drug-resistant Campylobacter species from various wild birds (Wei et al., 2015; Aksomaitiene et al., 2019; Du et al., 2019; Mencía-Gutiérrez et al., 2021). Furthermore, the results of the source attribution studies discussed above deserve public health attention. Therefore, despite the existing controversiality and the necessity of future studies, the detection of this pathogen in wild birds demonstrates their reservoir potential and the transmission of antibiotic-resistant pathogenic Campylobacter to domestic animals, and they may also play a role in Campylobacter transmission to humans by causing environmental contamination that may threaten public health (Gardner et al., 2011; Sippy et al., 2012; Du et al., 2019; Wei et al., 2019). To break the transmission chain, possible prevention and control interventions should target each transmission stage, and multi-sectoral collaborative epidemiological studies should be employed to monitor potential reservoirs using modern molecular techniques continuously.



CONCLUSION AND FUTURE PERSPECTIVES

Currently, various wild bird species have been proven to be significant natural reservoirs of thermophilic Campylobacter species. In particular, C. jejuni, one of the major causes of foodborne infections worldwide, is the most frequently isolated species. Despite their reservoir role, the wild bird’s ability to transmit this pathogen to another host is not fully elucidated yet. Some studies have found overlapping strains among human, domestic animal, and wild bird isolates, while others have found significant differences in Campylobacter population structure among these hosts. In addition to pathogen detection, drug-resistant Campylobacter isolates, particularly resistance to tetracycline and fluoroquinolones, are documented. Source attribution studies have also linked human cases of Campylobacter infections to wild birds. Therefore, the role of wild birds in the epidemiology of Campylobacter should not be undermined. The currently available literature has focused on bacterial detection and, to some extent, antimicrobial resistance and comparative analysis of pathogen population structure in animals and humans. However, in order to determine disease status in wild birds and the precise role of wild birds in domestic animals and human health, detail-oriented molecular epidemiological studies characterizing the genetic relatedness of isolates from the respective species and environment through one health approach are warranted. In addition, determining bacterial survival in the environment, infective dose, and pathogen shading patterns in various bird species may play an essential role in clarifying the possibility of interspecies transmission. The study focusing on the clinical patterns of Campylobacter in infected wild birds also deserves attention from a conservation perspective.
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Alternaria alternata is a principal plant pathogen responsible for the biosynthesis of mycotoxins, including tenuazonic acid (TeA), alternariol (AOH), and alternariol monomethyl ether (AME). The velvet gene VeA is involved in fungal growth, development, and secondary metabolism, including mycotoxin biosynthesis via light regulation. In this study, the detailed regulatory roles of AaVeA in A. alternata with various light sources were investigated from the comparative analyses between the wild type and the gene knockout strains. In fungal growth and conidiation, mycelial extension was independent of light regulation in A. alternata. Red light favored conidiation, but blue light repressed it. The absence of AaVeA caused the marked reduction of hyphae extension and conidiophore formation even though red light could not induce more spores in ΔAaVeA mutant. The differentially expressed genes (DEGs) enriched in hyphal growth and conidiation were drastically transcribed from the comparatively transcriptomic profile between the wild type and ΔAaVeA mutant strains with or without light. In mycotoxin production, TeA biosynthesis seems no obvious effect by light regulation, but AOH and AME formation was significantly stimulated by blue light. Nevertheless, the disruption of AaVeA resulted in a marked decrease in mycotoxin production and the action of the stimulation was lost via blue light for the abundant accumulation of AOH and AME in the ΔAaVeA strain. From DEG expression and further verification by RT-qPCR, the loss of AaVeA caused the discontinuous supply of the substrates for mycotoxin biosynthesis and the drastic decline of biosynthetic gene expression. In addition, pathogenicity depends on AaVeA regulation in tomato infected by A. alternata in vivo. These findings provide a distinct understanding of the roles of AaVeA in fungal growth, development, mycotoxin biosynthesis, and pathogenicity in response to various light sources.

Keywords: Alternaria alternata, mycotoxin, tenuazonic acid, alternariol, light regulation, velvet complex


INTRODUCTION

The genus Alternaria forms colonies worldwide as saprophytes in plant residue, soil, and air, as well as in pathogens of pre- and post-harvest crops (Thomma, 2003). Alternaria alternata is the most common species contaminating a wide range of plants, including wheat, sorghum, tomato, apple, and their products (Logrieco et al., 2009), which produces a variety of mycotoxins treating human and animal health. Generally, of the Alternaria mycotoxins, tenuazonic acid (TeA), alternariol (AOH), and alternariol monomethyl ether (AME) are the most serious and frequent toxin contaminants (Ostry, 2008; Patriarca, 2016). TeA is the most toxic of Alternaria mycotoxins and exhibits acute toxicity and cytotoxicity by suppressing protein biosynthesis on ribosomes and has phytotoxic activity by blocking photosystem II electron transport (Logrieco et al., 2009; Chen and Qiang, 2017). AOH and AME possess cytotoxicity, genotoxic, and mutagenic properties (Patriarca, 2016; Wenderoth et al., 2019). Additionally, AOH also plays as a pathogenicity factor during plant infection (Wenderoth et al., 2019). Furthermore, data on dietary exposure have been recorded to estimate its prevalence in Europe [EFSA on Contaminants in the Food Chain (CONTAM), 2011; Arcella et al., 2016]. However, no regulations have been developed worldwide, except by the Bavarian Health and Food Safety Authority, who set a TeA maximum limit at 500 μg/kg in sorghum/millet-based infant food (Solfrizzo, 2017).

TeA is regarded the hybrid of an isoleucine and two acetates from the skeleton structure. It was identified to be biosynthesized by TeA synthetase 1 (TAS1), a nonclassical type of non-ribosomal peptide synthetase and polyketide synthase (NRPS-PKS) hybrid enzyme (Yun et al., 2015). TAS1 catalyzes cyclization from an isoleucine with an acetoacetyl-CoA. Furthermore, TAS1 expression is specifically modulated by a Zn(II)2-Cys6-type transcriptional factor encoded by TAS2, located on the neighboring TAS1 in M. oryzae (Yun et al., 2017). However, based on the Basic Local Alignment Search Tool (BLAST) results, no homologous proteins (similarity <30%) were found after searching the genome of A. alternata. AOH and its methyl derivative AME were confirmed to be biosynthesized by a PKS gene cluster, including pksI and omtI responsible for their formation (Wenderoth et al., 2019). A Gal4-like transcription factor aohR positively modulated the expression of the gene cluster. In addition, a pksI orthologue SnPKS19 was validated to be responsible for AOH production in the wheat pathogen Parastagonospora nodorum (Chooi et al., 2015).

Fungal growth, development, and secondary metabolism are regulated by light signals via light sensing systems, including photoreceptor-like white collar (WC-1 and 2) orthologs and phytochrome FphA (Blumenstein et al., 2005; Idnurm and Heitman, 2005). In response to light regulation, the heterotrimeric velvet complex VelB/VeA/LaeA controls secondary metabolites in Aspergillus nidulans (Bayram et al., 2008). These components of the velvet complex exert diverse functions in different fungal species. Several scientists have separately characterized the functions of LaeA, VeA, and VelB in mycotoxin producing fungi (Amaike and Keller, 2009; Wiemann et al., 2010; Chang et al., 2013; Estiarte et al., 2016; Takao et al., 2016; Eom et al., 2018). VeA is regarded as an important light regulator, influencing fungal growth, development, and secondary metabolite biosynthesis (Wiemann et al., 2010; Merhej et al., 2012). LaeA was identified as the main regulator of secondary metabolites and as a global regulator for asexual and sexual development, growth, and virulence (Wiemann et al., 2010). PoLAE1 positively regulates TeA biosynthesis via TAS1 and TAS2 expression in M. oryzae (Yun et al., 2017). Moreover, the regulatory function of LaeA and VeA for AOH and AME production was characterized in a previous study (Estiarte et al., 2016). Both regulators could modulate the expression of genes responsible for their biosynthesis, including pksJ and altR (Saha et al., 2012; Wenderoth et al., 2019). In addition, growth morphology and conidiation were markedly altered via comparative analysis between the wild type and mutant of LaeA or VeA loss in response to light or dark conditions. However, light was characterized by no obvious differences in AOH and AME formation from the comparison of mycotoxin contents in both strains of A. alternata cultured under either dark or light conditions. On the contrary, in the study on the roles of blue-light receptor LreA for mycotoxin production, AOH formation was stimulated by light, especially blue light (Pruß et al., 2014). The mechanism of the contradictive outcomes on the roles of AOH production by light remains unclear from these two studies. Additionally, the effects on the critically important mycotoxin TeA production in response to light have not yet been characterized.

To our knowledge, this is the first report on the roles and potential mechanisms of AaVeA on TeA production with various light sources. In this study, the deletion of AaVeA was carried out, and the analyses of fungal growth, development, and mycotoxin biosynthesis were compared between the wild-type and ΔAaVeA strains under diverse light conditions. Furthermore, the comparatively transcriptomic profile was performed to uncover the regulatory mechanisms for mycotoxin production. Blue light was unfavorable to sporulation but did not obviously affect hyphal extension in A. alternata. In contrast, red light had no significant effect on sporulation, whose in vitro morphology was similar to that of white-light treatment. TeA biosynthesis depended on the regulation of AaVeA, but light caused no marked alteration on its production, which was distinct from the stimulation of AOH and AME biosynthesis by blue light.



MATERIALS AND METHODS


Strains and Culture Conditions

A. alternata P3 and the mutant strains were cultured on potato dextrose agar (PDA) at 25°C. The spores were then washed with 0.1% Tween-80 water, collected from the culture of A. alternata, and diluted to 1 × 105 spores/ml (Jiang et al., 2019; Wang et al., 2019). The spore suspension was cultured on PDA at 25°C for 10 days to monitor hyphal extension, colony morphology, and conidial formation (Wang et al., 2019). The spores were inoculated and incubated on potato dextrose broth (PDB) under dark, white, blue, and red-light conditions at 25°C for 10 days for the following analysis on mycotoxin determination and gene expression. For the continuous light experiment, white, blue, or red LED lamps (18 W/lamp) were used, and the distance between the light source and the medium was 30 cm. The average illumination intensities of white, blue, and red light were separately measured at 5200, 4350, and 2,270 lux, respectively.



Construction of the AaVeA Knockout Mutant

The deletion of AaVeA was used to investigate the functional roles for the growth, development, and secondary metabolite biosynthesis. AaVeA was disrupted by homologous recombination using the hygromycin resistance gene as a marker gene for antibiotic resistance screening (Supplementary Figure S1). Flanking sequences of 1,458-bp upstream and 1,485-bp downstream were separately amplified by polymerase chain reaction (PCR) using genomic DNA of A. alternata P3 as a template with the primer pairs AaVeA-up-F/R and AaVeA-down-F/R (Supplementary Table S1). The hygromycin resistance gene encoding hygromycin phosphotransferase (hph) was amplified using the primer pair hph-F/R. The reaction mixture (50 μl) consisted of 2 μl of the template DNA, 1 μl of each forward and backward primer (10 μM), 25 μl of GoTaq Master Mix (Promega, Madison, WI, United States), and 21 μl of nuclease-free water. The PCR program was set as follows: initial denaturation at 95°C for 5 min, 35 cycles of the amplification at 95°C for 30 s, 54°C for 30 s and 72°C for 90 s, and finally extension for 5 min. The PCR product was extracted using a Gel Extraction Kit (Sangon Biotech, Shanghai, China). Three fragments were assembled by overlapping extension PCR in combination with nested PCR using the primer pair AaVeA-knock-F/R. The assembled fragment was also purified for transformation. The protoplast of A. alternata was obtained by enzymatic hydrolysis of fungal cell wall with 30 mg/ml of snailase, 5 mg/ml of driselase, 2 mg/ml of lyticase, 8 mg/ml of β-D-dextranase, and 20 mg/ml of cellulase. Then, the PCR product was transformed into the protoplast by polyethylene glycol (PEG)-CaCl2 mediated genetic transformation. The transformants were screened by 100 μg/ml hygromycin B (Roche Diagnostics, Mannheim, Germany) and identified by PCR and quantitative PCR according to the method of Zhang et al. (2016). The mutant of AaVeA deletion was finally obtained for the following study (Supplementary Figure S1).



Hyphal Growth, Conidial Formation, and Microscopic Observation

The spore suspension of A. alternata P3 and the mutant was acquired (1 × 105 spores/ml). A 5-μl aliquot of the suspension was inoculated in a PDA medium and grown for 10 days at 25°C. The characteristics of the colony were observed, and then the conidiation was compared between the wild type and ΔAaVeA mutant under white, red, blue, and dark conditions. The spore counts were determined using the hemocytometer after they were washed completely from the culture using 0.1% Tween-80.

The microscopical structure was evaluated by scanning electron microscopy (SEM). The samples were harvested and fixed in 2.5% glutaraldehyde. Then, the samples were washed, dehydrated, and vacuum-dried following the processes by Wang et al. (2019).



Mycotoxin Detection

The 1%(v/v) spore suspension of A. alternata P3 and the AaVeA null mutant were inoculated and cultured in PDB. The strains were incubated for 10 days at 25°C with or without various light treatments. The supernatant was centrifuged and used to determine the concentration of mycotoxin. The determination of mycotoxin production was assayed under the direction of Jiang et al. (2019) using LC–MS/MS.



Transcriptomic Analyses

The mycelial samples were collected after culture under various light conditions and ground with liquid nitrogen. Total RNA was extracted from the mycelia with three biological replications cultivated in PDB medium with or without light using TRIzol reagent according to the Cold Spring Harbor Laboratory (Rio et al., 2010). The quality and purity of the extracted RNA were evaluated using the Bioanalyzer 2,100 and RNA 6000 Nano LabChip Kit (Agilent, CA, United States) with RIN number > 7.0. cDNA library construction and RNA-seq were carried out by Hangzhou Lianchuan Biotechnology Co., Ltd. (Hangzhou, China). Using the Illumina paired-end RNA-seq approach, the transcriptome was sequenced, and millions of paired-end reads were generated. After removing the low-quality reads, we mapped the reads to the reference genome of A. alternata using the HISAT package (Kim et al., 2015). HISAT allows multiple alignments per read (up to 20 by default) and a maximum of two mismatches when mapping the reads to the reference. The remaining reads, after trimmed from the raw reads, were then bioinformatically analyzed based on the genome annotation of A. alternata (genome assembly: GCF_001642055.1; Dang et al., 2015).

Differentially expressed genes (DEGs) were selected with a |log2 (fold change) | > 1 and statistical significance of value of p < 0.05 by the R package. Gene Ontology (GO) functional annotation (Young et al., 2010) and Kyoto Encyclopedia of Genes and Genomes (KEGG; Kanehisa et al., 2008) pathway enrichment analysis were conducted with the DEGs to further understand their functions.



Confirmation of Gene Relative Expression

The relative expression levels of TeA biosynthetic genes and velvet genes were further confirmed and quantified by reverse transcription quantitative real-time PCR (RT-qPCR). Total RNA was separately extracted by the EasyPure Plant RNA Kit (TransGen Biotech, Beijing, China) containing DNase I digestion for the genomic DNA residue. The RNA samples were diluted to an equal concentration, and then cDNA was reverse transcribed by EasyScript One-Step gDNA Removal and cDNA Synthesis SuperMix (TransGen Biotech, Beijing, China). Quantitative PCR was carried out by TransStart Top Green qPCR SuperMix (+Dye I), using cDNA as the template. The 20-μL reaction mixture comprised the following: 2 μl of cDNA, 0.4 μl of forward and backward primer (10 μM; Supplementary Table S2), 10 of 2 × TransStart Top Green qPCR SuperMix (+Dye I), and 7.2 μl of nuclease-free water. The transcriptomic level of clustered biosynthetic and regulatory genes was separately normalized to the expression of β-tubulin and evaluated by the 2-ΔΔCt calculation from the results of StepOnePlus Real-Time PCR Systems (Applied Biosystems, Foster City, CA, United States).



Fungal Infection on Tomato

To evaluate the pathogenicity and mycelial extension in vivo for the wild and VeA-disrupted strains of A. alternata, an equal volume (5 μl) of conidial suspension (105/ml) was separately inoculated into the man-made wound on the surface of tomatoes after they were sterilized with 10% sodium hypochlorite and 75% alcohol. Tomatoes were treated with or without light at 25°C for 10 days.

Fungal growth was measured, and the infected area on tomatoes was used to extract and determine mycotoxin production. The samples were first dried by vacuum freezing and drying technology. Then, they were weighed and ground into powder, of which 0.2 g was used to determine the mycotoxin content. The final mycotoxin concentration was expressed as mycotoxin content per unit area.



Statistical Analysis

All the experiments were carried out with at least three replicates. The data of fungal extension diameters, spore counts, and mycotoxins concentrations were analyzed by IBM SPSS statistics 23.0 (IBM Inc., Armonk, NY, United States) and compared by the one-way analysis of variance (ANOVA) using Tukey’s test. Significance was considered as p < 0.05. The figures were generated by Graphpad Prism 8.02 (GraphPad Software Inc., San Diego, CA, United States).




RESULTS


Blue Light Inhibits Spore Formation

To understand the effects of the AaVeA gene on fungal growth and conidiation, the wild type and AaVeA knockout strains were used to characterize the properties with white, red, or blue light or without light. The wild type and the ΔAaVeA mutant strain were separately grown on PDA for 10 days. The colonies and the microscopic morphology are shown in Figure 1. Light seemed to hardly influence the mycelial extension of A. alternata from the colonies with light illumination (Figure 2A). However, lacking the gene AaVeA resulted in the inhibition of hyphal growth by 24.2% in the ΔAaVeA mutant under dark conditions (p < 0.001). Similarly, the mycelia of the mutant extended 25.5%, 23.0%, and 18.9% more slowly than the wild type with white, red, or blue light, respectively. There was no significant difference in the inhibition rate under the different light conditions due to the gene deletion (p > 0.05).
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FIGURE 1. Colony and morphology characters of the wild type (WT) and AaVeA disrupted mutant (ΔAaVeA) strains with various light sources in Alternaria alternata. (A) The front diagram of WT and ΔAaVeA strains cultured on potato dextrose agar (PDA) for 10 days at 25°C in darkness (D) or with white (W), red (R) and blue (B) light. The colony of the wild strain extended at a similar rate while the mutant strain grew slower. The similar morphology was observed in the colony of the wild strain in darkness and with red light. However, the density of the mycelia became thicker in the wild strain with white and blue light. (B) Microscopic morphology of mycelia and spores of WT and ΔAaVeA strains by scanning electron microscopy (SEM). The microscopic morphology of mycelial and spore structure was observed with no marked alteration in dark and light conditions. However, the fungal spores were much more abundant under dark and red-light conditions.


[image: Figure 2]

FIGURE 2. Mycelial growth (A) and conidia formation (B) of WT and ΔAaVeA strains. The colony diameter of WT and ΔAaVeA strains cultured on PDA medium was separately measured. Accordingly, the conidia were washed and determined using the hemocytometer.


Although no obvious difference and a similar trend was found on the hyphal extension, the conidiation of A. alternata was markedly changed under different conditions (Figures 1B, 2B). White light illumination caused a 97.2% decrease in spores (p < 0.001). Red light stimulated conidiation, while blue light had a negative effect on conidial formation. Compared to the dark condition, red light recovered about 68.7% of conidial formation, but under blue light, the formation of conidia was repressed by 99.8%. Different from mycelial extension, the disruption of AaVeA led to a significant reduction in conidia under both dark and light conditions. Interestingly, unlike the wild strain, red light hardly stimulated asexual sporulation when the AaVeA gene was inactivated. Blue light also resulted in the lack of sporulation in both wild and ΔAaVeA strains.

In general, light hardly affected fungal growth, while red light favored spore formation and blue light did the opposite.



Mycotoxin Production Depends on AaVeA Regulation

To evaluate the AaVeA roles in TeA biosynthesis, mycotoxin extraction and quantitation were performed, and the changes in mycotoxin production were compared between the wild-type and ΔAaVeA strains under various light sources. The TeA concentration reached up to 48.8 μg/ml in darkness, and no significant change was observed with white light illumination (Figure 3A). Furthermore, mycotoxin production also seemed no more marked fluctuation under red and blue light conditions. TeA production became much weaker after the gene, AaVeA, was disrupted under dark or light conditions. Similarly, no obviously positive or negative effect on TeA biosynthesis was detected in the mutant strain in response to various light sources (p > 0.05).
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FIGURE 3. Mycotoxin biosynthesis produced by the WT and AaVeA disrupted mutant (ΔAaVeA) strain of Alternaria alternata under various light sources. The concentrations of mycotoxins, including tenuazonic acid (TeA; A), alternariol (AOH; B), and alternariol monomethyl ether (AME; C), were, respectively, extracted and determined by LC–MS.


In a previous study, light promoted AOH and AME production (Pruß et al., 2014; Igbalajobi et al., 2019), which was also confirmed in this study (Figures 3B,C), although it could not result in more accumulation in TeA biosynthesis. AOH and AME concentrations were extremely stimulated by light illumination, especially blue light. AOH and AME contents were separately promoted 2.08- and 1.26-times with white light higher than its production in the dark (p < 0.001). Furthermore, blue light exposure caused much more AOH and AME accumulation while red light had no positive stimulation. When AaVeA was deleted, AOH and AME production was significantly repressed by 96.4% and 100% in the dark (p < 0.001). Light could no longer stimulate more abundant AOH and AME biosynthesis, even blue light.



Transcriptomic Response Under AaVeA

To uncover the regulatory roles of AaVeA, the detailed transcriptomic profile of A. alternata with or without light illumination was separately analyzed and shown in Supplementary Tables S3 and S4. In total, gene expression at the transcriptional level exhibited the most dramatic changes from the number of DEGs in wild type strain compared to the ΔAaVeA mutant grown in the dark (Supplementary Figure S2). There were 1,496 DEGs, including 614 upregulated and 882 downregulated DEGs. Nevertheless, the comparative transcriptomic profile of the mutant had fewer fluctuations between the dark and white light conditions, as there were 660 DEGs in total (350 upregulated and 310 downregulated genes). This demonstrated that AaVeA is a critically important regulator for the physiological-biochemical processes in A. alternata.

From the analysis of GO enrichment, some biological processes, including conidium formation, pathogenicity, and secondary metabolite biosynthetic process, were distinctly enriched from the comparatively expressed DEGs (Figure 4). The biological process related to conidial formation and development was enriched from the DEGs between the wild and AaVeA null strains under white light and dark conditions (Figure 5). The secondary metabolite biosynthetic process was markedly influenced by AaVeA regulation. The biosynthesis of mycotoxins, including TeA, AOH, and AME, were affected to various degrees under light regulation via the regulator.
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FIGURE 4. Gene Ontology (GO) enrichment analysis of differentially expressed genes (DEGs). The comparative DEGs were employed to carry out GO analysis in both groups of ΔAaVeA-D/WT-D (darkness), ΔAaVeA-W/WT-W (white light illumination), and WT-D/WT-W. The number of distribution of DEGs in GO terms enriched in biological process, cellular component, and molecular function was reflected as the histogram.
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FIGURE 5. The heat map of the transcriptional level of DEGs enriched in the biological process of hyphal growth, conidium formation, and pathogenesis. The transcriptional level of DEGs was expressed as the value of log2 FPKM (Fragments Per Kilobase per Million) from the detailed transcriptomic profile.


Many DEGs partly enriched in the process of hyphal growth (Figure 5). This explains why the mycelial extension became slower when AaVeA was disrupted in A. alternata. In addition, the DEGs responsible for pathogenesis were enriched and hence AaVeA was probaly involved in the pathogenicity of fungal infection. To investigate whether AaVeA was responsible for pathogenicity, the trials were carried out in tomato infected by A. alternata with or without AaVeA.

From KEGG pathway enrichment analysis, the metabolism, biosynthesis, and degradation of amino acids, including valine, leucine, and isoleucine were found to be enriched (Supplementary Figure S3). The substrate of TeA biosynthesis comprises isoleucine and acetoacetyl-CoA. The fluctuation of gene expression related to amino acid metabolism could lead to the alteration of the supply of isoleucine. Acetoacetyl-CoA could be formed by carbohydrate metabolism, including fatty acid biosynthesis and degradation, which were also enriched in KEGG pathway enrichment analysis.



Effect of AaVeA on the Expression of Mycotoxin Biosynthetic and Regulatory Genes

From the prediction of the secondary metabolite biosynthesis gene clusters, the TeA biosynthetic gene cluster contains two genes encoding a biosynthetic enzyme and a transporter. The enzymatic protein has a NRPS portion and a ketosynthase (KS) domain for the condensation and cyclization of the mycotoxin, which is similar to the homologous protein encoded by the TAS1 (MGG_07803) gene in Magnaporthe oryzae (Yun et al., 2015). Additionally, another TAS2 gene encoding a Zn(II)2-Cys6-type transcription factor harbored the neighboring TAS1 and was identified to be responsible for the regulation of TAS1 expression and mycotoxin biosynthesis (Yun et al., 2017). However, we searched for the homologous gene throughout the genome of A. alternata, but no matched protein was found. The transporter gene may be responsible for the export of TeA from the cytoplasm to the extracellular matrix. Generally, the trend of these two genes expression was similar to the production of the mycotoxin (Figure 6A). Accordingly, AOH/AME biosynthetic gene cluster has been identified, which consists of four biosynthetic enzymatic genes (pksI, omtI, moxI, sdrI, and doxI) and a transcriptional factor gene (aohR; Chooi et al., 2015; Wenderoth et al., 2019). Among them, pksI is responsible for AOH formation. AOH is then converted to AME by an O-methyltransferase encoded by omtI. Both the transcription of pksI and omtI became lower but the AaLaeA gene transcript had no downtrend in the AaVeA knockout strain (Figure 6B). This demonstrates that AaVeA could positively affect TeA biosynthesis by regulating the transcription of the clustered biosynthetic genes, but it did not modulate AaLaeA expression.
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FIGURE 6. The expression analyses of biosynthetic and regulatory genes involved in mycotoxin biosynthesis. The biosynthetic and regulatory genes contain the biosynthetic clustered genes of TeA and AOH/AME, and the master regulator gene of secondary metabolites AaLaeA in Alternaria alternata. The results of the gene expression analyses were plotted using the median with range and separately expressed as the scatter dots. (A) The expression level of TeA biosynthetic clustered genes and AaLaeA was expressed as the value of log2 FPKM from the transcriptomic analysis. (B) The expression level of biosynthetic clustered genes for AOH and AME biosynthesis was expressed as the value of log2 FPKM from the transcriptomic analysis. (C) The relative gene expression was confirmed by reverse transcription quantitative real-time PCR (RT-qPCR) and calculated by the 2-ΔΔCt method.


To validate the data of RNA-seq, RT-qPCR was carried out for the analysis of fungal gene expression (Figure 6C). The trend of the clustered genes and LaeA transcription was similar to the analysis from RNA-seq. In addition, the red and blue light treatments had similar effects in the wild type and ΔAaVeA strains.



AaVeA Role in the Pathogenicity of Alternaria alternata

The wild and ΔAaVeA mutant strains of A. alternata were separately used to inoculate and colonize the surface of sterilized tomatoes. For 10 days culture, the disruption of AaVeA resulted in a reduction of 34.6% or 24.7% in lesion size under dark or light conditions, respectively (Figure 7). The hyphae of the mutant had weakness to be extending. Light seemed to have no significant influence on hyphal growth in the wild strain, which was consistent with the results of medium culture.
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FIGURE 7. The infection and mycotoxin production of ΔAaVeA compared to the wild type (WT) strain on tomatoes with or without light treatment. The spore suspension of WT and ΔAaVeA strains was separately inoculated onto tomatoes (1 × 105 spores/ml; 5 μl) and cultured for 10 days at 25°C under dark or white light condition. (A) The diagram of tomatoes infected by WT and ΔAaVeA strains of Alternaria alternata. (B) The growth diameter of fungal infection. (C) The mycotoxin production of Alternaria alternata on the tomatoes.


Light had no obvious influence as an activator or inhibitor for TeA biosynthesis. Accordingly, TeA production was obviously decreased by 98.3% in the ΔAaVeA strain grown in the dark (p < 0.001). A similar reduction occurred under white light illumination. However, light stimulated the accumulation of AOH and AME by 2.81- and 1.24-times more than that of mycotoxin production in the dark (p < 0.001). Moreover, AOH and AME contents were separately suppressed by 45.9% and 53.7%, respectively, due to the deletion of AaVeA under dark condition. Similarly, the loss of AaVeA led to a decrease in the AOH and AME concentration by 84.3% and 74.7% in ΔAaVeA with light illumination. This showed that AOH and AME biosynthesis was regulated by light via AaVeA.

In total, these results from the pathogenic infection on tomato in vivo were similar to the outcome in vitro, in which AaVeA positively played vital roles in hyphal growth, pathogenicity, and mycotoxin biosynthesis.




DISCUSSION

Light modulates fungal growth, development, and virulence (Idnurm and Heitman, 2005; Purschwitz et al., 2006; Losi and Gaertner, 2021). The mode of action of various filamentous fungi has different responses under light conditions (Losi and Gaertner, 2021). Members of the fungal kingdom have developed light sensing systems, such as phytochrome FphA as a red-light photosensor (Blumenstein et al., 2005) and white collar (WC-1 and 2) homologs as blue-light photoreceptors (Idnurm and Heitman, 2005). Accordingly, FphA has been suggested positive function for sporulation while LreA, the WC-1 orthologue, is required for the spore formation independently of light in A. alternata (Pruß et al., 2014; Igbalajobi et al., 2019). The velvet complex, including VeA, LaeA, and VelB proteins, has been found to be involved in fungal growth, development, and virulence in response to light (Bayram et al., 2008; Amaike and Keller, 2009). In this study, the disruption of AaVeA enabled weaker growth and pathogenesis independent of light stimulation in A. alternata. Red light stimulates conidiospore formation, and blue light represses it, which is consistent with a previous study, in which blue light acted as a suppressor in A. alternata and A. cichorii (Vakalounakis and Christias, 1985, 1986; Pruß et al., 2014). Nevertheless, continuous light favors sporulation in A. eichhorniae (Shabana et al., 2000). The distinct results for conidiation in light conditions may be due to the diversity of species in the genus Alternaria and culture conditions (Varma et al., 2015). The loss of AaVeA results in the marked reduction of spore formation in A. alternata. Even red light could not stimulate more spores in the mutant strain and thus AaVeA was required for sporulation.

Light modulation could affect fungal metabolism as well, including primary and secondary metabolism (Tisch and Schmoll, 2010; Fanelli et al., 2015). Light regulates fungal primary metabolism, such as the production of carotenoids in the previous studies in the genus Fusarium (Estrada and Avalos, 2008; Tang et al., 2020), as well as Neurospora crassa (Nelson et al., 1989). In addition to the influence of primary metabolites, light was confirmed to be an important signal for secondary metabolism, including mycotoxin production (Fanelli et al., 2015). Furthermore, the effects of light were distinctly different on the biosynthesis of various secondary metabolites. For instance, light played no significant role in penicillin production in Penicillium chrysogenum (Kopke et al., 2013). Unlike P. chrysogenum, penicillin biosynthesis seemed to be positively influenced by light in A. nidulans (Kato et al., 2003; Spröte and Brakhage, 2007; Röhrig et al., 2017). In the research of mycotoxins, the production of aflatoxin B1 by A. flavus and ochratoxin A by A. ochraceus was considerably higher with light stimulation (Aziz and Moussa, 1997). However, in other reports, light exposure, especially blue light, led to the drastic reduction of ochratoxin A formation in the producing Penicillium and Aspergillus species (Schmidt-Heydt et al., 2011, 2012). In addition, sterigmatocystin production levels were differently altered under dark or light conditions in A. nidulans (Kato et al., 2003; Bayram et al., 2010; Röhrig et al., 2017). Sterigmatocystin biosynthesis was stimulated with the alteration from light to darkness in A. nidulans FGSC A4 (Kato et al., 2003; Bayram et al., 2010). Nevertheless, Light illumination preferred to the elevation of sterigmatocystin level in A. nidulans SRJ7 (Röhrig et al., 2017). In A. alternata, light was suggested distinct roles in AOH production in the previous studies (Pruß et al., 2014; Estiarte et al., 2016; Igbalajobi et al., 2019). Hence, we further performed the function of various light sources on the production of AOH and AME as well as TeA. In our study, AOH and AME biosynthesis were confirmed to be stimulated by light, especially blue light. However, TeA production was independently of light in that no stimulative impact occurred with light illumination. This demonstrates the distinct roles in the biosynthesis of various secondary metabolites in response to various light sources.

The heterotrimeric velvet complex, including VeA, LaeA, and VelB, is involved in secondary metabolism by coordinating light signals. In the velvet complex, VeA plays important roles in fungal growth and secondary metabolism in response to various light sources (Wiemann et al., 2010; Merhej et al., 2012; Eom et al., 2018). LaeA is responsible for the biosynthesis of secondary metabolites as the master regulator (Perrin et al., 2007; Bayram et al., 2008; Kosalková et al., 2009). Interestingly, in the study of the velvet complex for penicillin biosynthesis, veA exhibited opposing roles in penicillin biosynthesis in A. nidulans (Kato et al., 2003; Spröte and Brakhage, 2007). Nevertheless, VeA acts similar role as a positive regulator for sterigmatocystin production in A. nidulans (Kato et al., 2003; Bayram et al., 2010). The function of LaeA and VeA on AOH and AME production had been performed with or without white light in A. alternata (Estiarte et al., 2016). Based on the previous studies, the regulatory impacts of VeA were carried out for the production of AOH, AME, and TeA in A. alternata in response to various light sources. The marked reduction of mycotoxins occurred, and light had no stimulative impact on AOH and AME biosynthesis in the AaVeA null strain. Thus, all the mycotoxins were partly regulated by the velvet gene, AaVeA.

Mycotoxins are involved in fungal pathogenicity, as they facilitate mycotoxin-producing fungi to colonize plant tissues or utilize their nutrients (Graf et al., 2012; Wenderoth et al., 2019). TeA exerts phytotoxic activity and induces plant necrosis by blocking electron transport (Chen and Qiang, 2017). In addition, AOH was confirmed as a virulence factor for its contribution to the infection and extension of fungal hosts. In this study, the deletion of AaVeA led to the marked reduction of TeA, AOH, and AME. Therefore, the infection of the mutant became weaker on tomato. In total, this above illustrates that the regulator AaVeA coordinates light signals for mycelial growth, sporulation, pathogenesis, and mycotoxin production.

The continuous supply of substrates is a prerequisite of mycotoxin biosynthesis. Accordingly, TeA has been confirmed to be formed by the condensation of an isoleucine and an acetoacetyl-CoA (Yun et al., 2015). The biosynthesis of AOH and AME initially starts from acetyl-CoA (Saha et al., 2012; Wenderoth et al., 2019). Hence, the influence of metabolic processes may lead to an obvious change in mycotoxin biosynthesis. The loss of AaVeA could cause an obvious reduction in mycotoxin production possibly due to the drastic fluctuation in amino acid metabolic process, carbohydrate metabolic process, secondary metabolites biosynthetic process, etc., which were enriched in the comparatively transcriptomic profile of wild type and AaVeA null strains with or without light.

Generally, secondary metabolites of biosynthetic genes are clustered and harbored closely in mold. Not only TeA but also AOH and AME have been identified. The TeA biosynthetic gene cluster contains at least one enzyme catalyzing the cyclization reaction and a pathway-specific Zn(II)2-Cys6-type transcriptional factor in M. oryzae (Yun et al., 2015, 2017). In fact, there is a homologous enzyme responsible for the catalytic reaction, but no specific regulatory gene is harbored near the enzymatic gene. However, there is a neighboring transporter gene, which may be connected to the export of the mycotoxin avoiding toxicity to it. AOH and AME were biosynthesized by a gene cluster consisting of a polyketide synthase gene (pksI), an O-methyltransferase (omtI), and other enzymatic genes, as well as a transcriptional factor gene, aohR (Wenderoth et al., 2019). The disruption of AaVeA led to a drastic decline on the expression level of biosynthetic genes in A. alternata under both light and dark conditions, which agrees with the trend of mycotoxin production.

In conclusion, light stimulation had no marked alteration on mycelial growth but caused significant changes in sporulation in A. alternata. Although red light favored the formation of spores, blue light weakened the sporulation. However, the lack of AaVeA led to slower fungal growth and the marked reduction of conidiospore formation in A. alternata despite light stimulation. The deletion of AaVeA resulted in drastic transcriptional fluctuation of DEGs enriched in hyphal growth, conidiation, and pathogenicity in the wild type and ΔAaVeA strains under dark and light conditions. Light, especially blue light stimulated AOH and AME accumulation but had no obvious effects on TeA production. The biosynthesis of these mycotoxins was dependent on the modulation of the velvet gene, AaVeA, in A. alternata. The regulator positively modulated mycotoxin production via the continuous supply of substrates and the activation of biosynthetic gene expression. From this study, the application of visible light on the prevention and control of the mycotoxins seems inappropriate due to the stimulus for AOH and AME biosynthesis by light, especially blue light. In combination with our previous study, UV-C irradiation could probably be a promising tactic for the mycotoxin control. In addition, it would be more effective to avoid the continuously visual light when some other control measures are taken for reducing the mycotoxins contamination in agricultural products.
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With mushroom poisoning emerging as one of the most serious food safety problems worldwide, a rapid identification method of poisonous mushrooms is urgently required to investigate the source of poisoning. Gyromitra infula, a kind of poisonous mushroom, contains gyromitrin toxin, which causes epileptogenic neurotoxicity and hemolytic disease. This study aimed to establish a rapid and visual method of G. infula identification based on loop-mediated isothermal amplification (LAMP). A set of specific LAMP primers was designed, and its specificity in G. infula was confirmed against various mushroom species, including its closely related species and other macrofungi. The sensitivity assay showed that the minimum concentration of genomic DNA detected by LAMP was 1 ng/μl. The method’s applicability was conducted by preparing mushroom samples that were boiled and digested in artificial gastric juice. The results showed that the content as low as 1% G. infula can be successfully detected. This method can be completed within 90 min, and the reaction results can be directly observed by the naked eyes. Hence, the identification method of G. infula established based on LAMP in this study is accurate, rapid, sensitive, and low-cost, which is required for clinical treatment or forensic analysis when mushroom poisoning occurs.

Keywords: mushroom poisoning, Gyromitra infula, loop-mediated isothermal amplification, internal transcribed spacer, onsite rapid detection


INTRODUCTION

Mushrooms are widely distributed globally, some of which have high nutritional value and medicinal efficacy (Lei et al., 2020), but some of which are poisonous. There are more than 4,000 mushrooms species in China, among which 966–1,020 are edible (Dai et al., 2010; Wu et al., 2019), 692 are medicinal (Wu et al., 2019), and 435–480 are poisonous (Bau et al., 2014; Wu et al., 2019). Poisonous mushrooms with toxins can make people and animals have toxic reactions and even lead to death. Mushroom poisoning mostly occurs from June to October annually. Mushroom poisoning is mostly common in Southwest China and Central China, followed by Southern China, Eastern China, Northern China, Northeast China, and Northwest China (Chen, 2014; Chen et al., 2016). Although poisonous mushrooms can cause poisoning, they play a certain role in some fields, such as medicine and insecticides, due to their biologically active compounds (Wu et al., 2019; Sheikha, 2021).

Many poisonous mushrooms have similar morphology as edible mushrooms, and it is difficult to distinguish between them through observation (Yang, 2013). Among these mushrooms, Gyromitra infula (Schaeff.) Quél is commonly mistaken as an edible mushroom, and is distributed in different regions of China during summer and autumn. Gyromitra infula is extremely similar to edible Helvella species (such as Helvella macropus) and tend to be confused with the latter, leading to accidental ingestion and poisoning. Gyromitra infula contains the toxin gyromitrin, which is converted to monomethylhydrazine in human body, one of the raw materials of rocket fuel (Pan et al., 2012). Additionally, G. infula may be carcinogenic if accidentally ingested. If G. infula is accidentally ingested, it can lead to epileptogenic neurotoxicity and hemolytic disease (Diaz, 2005; Chen et al., 2016), characterized by early symptoms, such as headache, diarrhea, nausea, and vomiting; 2 days after ingestion, the patient will develop chills, abdominal pain, hepatosplenomegaly, fever, vertigo, delirium, seizures, coma, and hemoglobinuria. In severe cases, patients may die of acute kidney failure. Gyromitrin and the hydrolyzed product monomethylhydrazine in these mushrooms can lyse and destroy erythrocytes, leading to acute hemolysis. Rapid detection and identification of poisonous mushrooms (such as G. infula) when mushroom poisoning occurs is essential and urgent for investigating mushroom poisoning and treatment of poisoning patients (Li et al., 2020). Conventional detection methods such as morphology identification, high-performance liquid chromatography, and polymerase chain reaction (PCR; Ahmed et al., 2010; Yao et al., 2018; Wurita et al., 2019; Cevik, 2020) are not suitable for regions that are economically underdeveloped and have a lack of poisonous mushroom knowledge and equipment limitations. Therefore, there is an urgent need for a new, simple, practical, and cheap rapid detection method for G. infula that can be used for onsite applications at the grassroots level.

Several test methods have been derived from PCR, such as real-time fluorescence PCR, PCR-restriction fragment length polymorphism (PCR-RFLP), and DNA barcoding (Sugano et al., 2017; Sheikha and Hu, 2018; Sheikha et al., 2018; Kondo et al., 2019; Wu et al., 2019). However, these methods depend on expensive equipment, are time-consuming and cannot be used in rapid onsite detection. Loop-mediated isothermal amplification (LAMP) is a new nucleic acid amplification method developed by Notomi et al. (2000). In LAMP, two pairs of specific primers (one pair of outer primers and one pair of inner primers) are designed for six regions in the target gene, and a strand-displacement DNA polymerase (Bst DNA polymerase) can be used for amplification at a constant temperature (around 65°C), where nucleic acids can be amplified to a magnitude of 109–1010 within 1 h. The third primer pair (loop primer) can be selectively added to the system to accelerate the reaction and shorten reaction time (Yu et al., 2011). Compared to routine PCR, LAMP has a higher specificity and sensitivity (10 times compared to that of PCR) and does not require template denaturation, long periods of thermal cycling, cumbersome electrophoresis, and ultraviolet observation. Result detection is also extremely simple, where the amplification will simultaneously produce red and yellow changes, of which, a yellow indicates a positive result, and a pink indicates a negative result, which can be observed with only the naked eye, does not require a PCR cycler and other expensive equipment, and only a thermostatic water bath is necessary to conduct the reaction (Xiang et al., 2019). With all abovementioned advantages, LAMP has a high specificity and sensitivity, is easy to operate, does not require expensive reagents and equipment, and is extremely suitable for rapid detection and onsite application at the grassroots level (Kuang et al., 2007). As the technology of LAMP gradually matures, it is widely used in fields such as food safety testing (Zhu and Wang, 2018), testing of pathogenic microorganisms (Lv et al., 2020), environmental testing (Becherer et al., 2020), and clinical disease diagnosis (Gu et al., 2021). In the identification of mushroom species, Vaagt et al. (2013) were the first to employ LAMP to detect Amanita phalloides. He et al. (2019) used LAMP to detect 10 highly toxic species of Amanita. Besides the Amanita genus, Wang et al. (2021) used LAMP to detect Chlorophyllum molybdites. However, there is a lack of effective and rapid identification methods for G. infula.

In this study, an accurate, visual, rapid, sensitive and low-cost method was established for the detection of G. infula based on LAMP, which can be used in resource-poor areas without expensive and complex instruments. This method is of great significance for the rapid identification of poisonous mushrooms in poisoning incidents, the targeted treatment after poisoning and the prevention of mushroom poisoning.



MATERIALS AND METHODS


Experimental Materials

The mushroom materials used in this experiment were collected from the field, and the specimens were deposited in Herbarium Mycology of Jilin Agriculture University (HMJAU). Table 1 shows the sample information, and Figure 1 shows the fruiting bodies. All samples were identified accurately based on morphology (Singer, 1975; Tian and Matheny, 2021), and the identification results were validated through the molecular biology analysis.



TABLE 1. Information of mushrooms used in Gyromitra infula LAMP experiments.
[image: Table1]

[image: Figure 1]

FIGURE 1. Photographs of mushroom species collected in this study. Photos by Yuguang Fan, Enjing Tian, and Qianqi Ye.




DNA Extraction, PCR Amplification, and Sequencing

About 30 mg of every sample were placed in a 1.5 ml centrifuge tube with 2–3 steel beads added. The samples were dried in liquid nitrogen and homogenized into powder. Following that, the DNA secures new plant genomic DNA extraction kit (TIAGEN, China) was used for total genomic DNA extraction. NanoDrop 2000 ultra-spectrophotometer was used to measure DNA concentration and purity. After measurement, DNA concentration was diluted to 10 ng/μl for further study. The ITS1F/ITS4 universal primer (Gardes and Bruns, 1993) was used for PCR amplification of 12 mushrooms in a PCR thermal cycler. The PCR mixtures consisted of 12.5 μl 2 × Taq Master Mix, 1 μl of each of the two primers, 2 μl DNA template, and 8.5 μl ddH2O for a total volume of 25 μl. The ITS amplification condition was initial denaturation at 94°C for 4 min, followed by 30–34 cycles of 94°C 40 s, 55°C 40 s, 72°C 50 s, and then a final extension at 72°C for 10 min. The 2% agarose gel electrophoresis was used to examine the amplification products. After that, the products were directly sent to Sangon Biotech Co. Ltd. (Shanghai) for sequencing. The Sequencher 5.4.5 (Gene Codes, Ann Arbor, Michigan) was used to assemble the two-way sequencing results, remove the poor fragments of the sequences, check the accuracy of every base, and manually correct the sequencing results according to sequence chromatograms. And then, these sequences were uploaded to National Center for Biotechnology Information (NCBI) for BLAST analysis to validate the accuracy of morphological identification based on sequence similarity and comprehensive score.1 Finally, DNA sequences generated in this study were deposited in GenBank, and the accession numbers are listed in Table 1.



LAMP Primer Design and Screening

The ITS gene sequence was used as amplification targets to design G. infula LAMP-specific primer pairs. Ten G. infula ITS sequences (accession numbers: MZ567199, MG846961, MG846962, MG846960, MG846959, MG846958, MG846957, MG846956, MG846955, and MG846954) were downloaded from NCBI GenBank, and the multi-sequence alignment was conducted (Figure 2A) to search for conserved regions in G. infula for primer design. To ensure primer specificity, the ITS sequences of four other Gyromitra species phylogenetically close to G. infula (G. gigas, G. esculenta, G. ambigua, and G. brunnea) and the mushroom sample sequences obtained in this study were used for multi-sequence alignment using the AliView 1.17 (Larsson, 2014) software (Figure 2B). Inter-species differentiated and intra-species conserved regions were used as primer binding sites for the LAMP primer design. GLAPD (Jia et al., 2019) was used for the online design of specific primers.2 Ring primers were added in order to further shorten the reaction time (Nagamine et al., 2002). Firstly, the preliminary LAMP primer sets were obtained through the system software calculation. Then, a theoretical verification was carried out by Primer-BLAST on NCBI for specificity of LAMP primers.3 We assessed the primers characteristics, including the primer dimers, hairpins, false priming using the Primer Premier 5.0 software. Following that, two sets of primers (primer set I and primer set II, Table 2) were obtained. Finally, primer set I was essentially selected as the most suitable primer set using experimental screening, which included two outer primers (G.mol-F3 and G.mol-B3), four inner primers (G.mol-F1c, G.mol-F2, G.mol-B1c, and G.mol-B2), and one loop primer (G.mol-LB).

[image: Figure 2]

FIGURE 2. The LAMP primer set of Gyromitra infula designed in the ITS region. (A) The multiple-sequence alignment of Gyromitra infula homologous species. (B) The multiple-sequence alignment of Gyromitra infula similar or related species (not all shown in the picture).




TABLE 2. Primer sets for Gyromitra infula LAMP testing.
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LAMP Reaction and Specificity Test of the Primer Set

There were 10 μl in the LAMP reaction system, which included 5 μl LAMP master mix (2×; purchased from New England Biolabs, United States), 3 μl primer mixture (the concentrations of forward outer primer F3 and reverse outer primer B3 were 0.6 μmol/L, respectively; the concentrations of the forward inner primer F2, reverse inner primer B2, forward inner primer F1c, and reverse inner primer B1c were 4.8 μmol/L, respectively, and the concentration of the loop primer LB was 2 μmol/L), 2 μl DNA template, and topped up with ddH2O to 10 μl. The LAMP reaction was conducted at a constant temperature of 65°C in a PCR thermal cycler, and the reaction time was 60–90 min. The reaction tube was placed on a piece of white paper after the reaction, and the reaction result was determined based on the color change. The result is determined to be positive when the color of the tube changes from pink to yellow by visual observation under visible light. To test the specificity of LAMP primer set, a positive control (G. infula), 11 negative controls (including species that are closely related to G. infula, easily confused species with similar morphology, and other common poisonous and edible mushrooms. See Table 1 for the species information), and one blank control (ddH2O) were used for the LAMP reaction. If the color of the G. infula (positive control) tube changes from pink to yellow, while the negative control and blank control tubes remained pink, this indicates that the primer set has a good specificity.



Applicability Test of LAMP Method

To further validate the applicability of LAMP primer set I in Table 2, we simulated the mushroom processing and human digestion processes. Boiled and digested G. infula and G. infula mixture were used for testing.

Firstly, G. infula and Morchella esculenta were mixed in a mass ratio of 1:1, 1:9, and 1:99 to prepare the G. infula mixture. Following that, the G. infula and M. esculenta mixture was boiled at 100°C for 10 min. Finally, DNA extraction and LAMP reaction were conducted, and changes in the color of the solution were observed after the reaction.

The artificial gastric solution was composed of 0.05 g potassium chloride, 0.42 g sodium chloride, and 0.32 g pepsin and topped up with 100 ml water. Following that, 1 mol/l hydrochloric acid was used to adjust the pH to 3.0 (Minekus et al., 2014). The boiled G. infula and G. infula mixture (G. infula and M. esculenta mixed in a mass ratio of 1:1, 1:9, and 1:99) were incubated in an artificial gastric solution at 37°C for 4 h. Then, DNA extraction and LAMP reaction were conducted and changes in the color of the solution were observed after the reaction.




RESULTS


Specificity Analysis

In this study, DNA from G. infula and 11 other species (including closely related species, morphologically similar species, and other poisonous and edible mushrooms) were used as templates. Table 1 shows the species information. Primer set I in Table 2 was used for the LAMP experiment. Figure 3 and Table 3 show the specificity validation results, where only the reaction tube no. 1 (G. infula) showed significant color change (from pink to yellow), proving that successful amplification occurred with the designed primers. The other 11 negative control and blank control tubes remained pink, showing no cross reaction occurred. In this experiment, we carried out three replicates and each replicate showed the same result. This further proved that the LAMP primer set in this experiment only amplified the DNA of G. infula. There was no nonspecific amplification of closely related species, morphologically similar species, and other poisonous and edible mushrooms. To further validate the specificity of primer set I, the control primer set II in Table 2 was used for the LAMP control experiment of G. infula and closely related species. Three replicates were conducted in the control experiment. As shown in Figure 4 and Table 4, besides the blank control and No. 4' (Suillus placidus) tube that did not show a color change, other samples (1' G. infula, 2' Helvella crispa, and 3' G. gigas) were positive. This showed that the primer set II in Table 2 can amplify other non-target species in addition to G. infula and was not suitable for LAMP testing for G. infula.
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FIGURE 3. The specificity results of the LAMP primer set I of Gyromitra infula. The specificity of primer set I was tested with Gyromitra infula and 11 other related species. 1. Gyromitra infula; 2. Helvella crispa; 3. Gyromitra gigas; 4. Suillus placidus; 5. Inocybe rimosa; 6. Amanita virgineoides; 7. Suillus bovinus; 8. Gyromitra esculenta; 9. Verpa bohemica; 10. Peziza badia; 11. Morchella esculenta; 12. Helvella macropus; 0. ddH2O.




TABLE 3. Specificity results of the LAMP primer set I of Gyromitra infula.
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FIGURE 4. The test results of the LAMP primers set II. The specificity of primer set I was further tested through the control primer set II. The LAMP samples included Gyromitra infula and 3 other non-target species. 1'. Gyromitra infula; 2'. Helvella crispa; 3'. Gyromitra gigas; 4'. Suillus placidus; 0. ddH2O.




TABLE 4. The test results of the LAMP primers set II.
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Sensitivity Analysis

The lowest DNA concentration detected is known as sensitivity. Therefore, the genomic DNA concentration of G. infula was serially diluted 10-fold from 10 ng/μl to 1 fg/μl (Table 5) for the LAMP reaction, and color changes after the reaction were observed. Three replicates were performed in the sensitivity experiment. As shown in Figure 5 and Table 5, tubes 1 and 2 changed from pink to yellow. The limit of detection of the LAMP reaction was 1 ng, which was far lower than many conventional detection methods and sufficient to meet the actual detection needs with high sensitivity.



TABLE 5. Sensitivity results of the LAMP primers set of Gyromitra infula.
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FIGURE 5. Sensitivity results of the LAMP primers set I of Gyromitra infula. The minimum DNA concentration detected was evaluated by using a series of Gyromitra infula DNA dilutions. 1: 10 ng/μl; 2: 1 ng/μl; 3: 0.1 ng/μl; 4: 0.01 ng/μl; 5: 1 pg/μl; 6: 0.1 pg/μl; 7: 0.01 pg/μ; 8: 1 fg/μl; 0: ddH2O. The color changing to yellow indicated a positive reaction.




Applicability Analysis

In actual application, the tested mushroom materials usually undergo processing to a certain degree or are in some abnormal states. For example, humans often cook mushrooms before consumption. When poisonous mushrooms are accidentally ingested, the digestive fluid in the stomach will digest these mushrooms. After poisoning has occurred, only the vomit or feces of patients are usually obtained. These conditions may degrade the mushroom DNA to varying degrees. Therefore, to validate the applicability of the LAMP primer set in these situations, we simulated the cooking and human digestion processes of mushrooms by boiling and digesting mushrooms before LAMP testing. Results are shown in Tables 6 and 7 and Figures 6, 7. Except for the blank control, all samples were positive, showing that the LAMP primer set designed in this study can detect the target species (i.e., G. infula) from boiled and digested single and mixed mushroom species (G. infula content low up to 1%). The above applicability test results were all obtained on the basis of three repeated experiments.



TABLE 6. Applicability results of LAMP assay with boiled mushrooms.
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TABLE 7. Applicability results of LAMP assay with digested mushrooms after boiled.
[image: Table7]

[image: Figure 6]

FIGURE 6. Applicability results of LAMP assay with boiled mushrooms. Applicability analysis of the LAMP method established in this study was evaluated by using boiled mushrooms to simulate the processing of mushrooms. 1. Gyromitra infula. 2. 50% Gyromitra infula + 50% Morchella esculenta; 3. 10% Gyromitra infula + 90% Morchella esculenta; 4. 1% Gyromitra infula + 99% Morchella esculenta; 0. ddH2O.
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FIGURE 7. Applicability results of LAMP assay with digested mushrooms after boiled. Applicability analysis of the LAMP method established in this study was evaluated by using digested mushrooms after boiled to simulate the digestion of mushrooms. 1'. Gyromitra infula. 2'. 50% Gyromitra infula + 50% Morchella esculenta; 3'. 10% Gyromitra infula + 90% Morchella esculenta; 4'. 1% Gyromitra infula + 99% Morchella esculenta; 0. ddH2O.





DISCUSSION

Gyromitra infula is distributed in different regions of China in summer and autumn and is similar to some edible saddle mushrooms, such as Helvella macropus. Humans may confuse G. infula with them, thereby developing mushroom poisoning. The technology of LAMP can be used for rapid detection of G. infula and is a simple method. The species-specific amplification region is an essential challenge in designing efficient LAMP primer sets (Tomita et al., 2008). Schoch et al. (2012) amplified SSU, LSU, ITS, RPB1, RPB2, and MCM7 fragments during fungal molecular identification and found that ITS sequence was highly consistent in intraspecies, and significantly different in interspecies, and it was easy to conduct PCR amplification. Finally, they proposed using the ITS gene as the target gene fragment for fungal amplification. Subsequently, they obtained extensive support, and ITS was used for fungal DNA barcoding studies (Garnica et al., 2016; Badotti et al., 2017; Wang et al., 2019). Simultaneously, in consideration that sequences of many Gyromitra species are present in the NCBI GenBank database, we selected the ITS gene sequence as an amplification target to design G. infula LAMP-specific primer sets. In the selection of LAMP primer design sites, to ensure the specificity of the primers, there should be a certain number of mismatches between the sequence bases of the target species and the closely related species to reduce nonspecific amplification. For example, Xiong et al. (2020) found mismatch sites between Oncorhynchus mykiss and closely related species when designing LAMP primers for O. mykiss so that the primers were highly specific for O. mykiss. The G. infula LAMP primer set I designed in this study had some mismatches with other Gyromitra species at the 3' end of G.mol-F3/B3 and the 5' end of G.mol-F1c/B1c, showing that the G. infula LAMP primers designed in this study had high specificity. Whereas, the control primer set II presented non-specificity, and the main reason is there are not sufficient numbers of mismatches with closely related species, resulting in presence of binding sites with non-target species.

Recently, various LAMP visualizable detection methods have continuously emerged, and the most commonly used visualizable method is turbidimetry and colorimetry (Tomita et al., 2008; Denschlag et al., 2013). Turbidimetry is simple to operate and low-cost, but the sensitivity is low. Furthermore, it is difficult to see the results when the low reactant concentration (Njiru et al., 2008). Currently, colorimetry is widely accepted. Examples include methods with results that can be observed with the naked eye, such as the calcein fluorescence method, hydroxynaphthol blue/eriochrome black T staining method, pH indicator method. During the reaction, the reaction tubes do not need to be opened, which reduces aerosol contamination and false positive rate (Goto et al., 2009). In this study, the pH indicator method was used (Daskou et al., 2019, 2021; Shi et al., 2021), such that a chromogenic agent was added to the LAMP reaction system (such as Warm Start LAMP master mix), and the changes in the colorimetric result were used for interpretation to observe whether red-yellow color reaction occurred during product amplification. A yellow color means that the result is positive, that the target species DNA or the target species component is present in the tested sample. A red color means that the result is negative, that the target species DNA is absent. The pH indicator of phenol red was used as a dye in the reaction system. As LAMP amplification occurred, Bst conducted polymerization, and the number of protons in the reaction mix was changed, thereby changing the pH and causing the solution color to change from pink to yellow.

Currently, in addition to LAMP method established in this study, G. infula can be identified by other methods, such as traditional morphology identification, routine PCR, and so on. Extensive morphology features and professional mycologists are required to accurately identify species in traditional morphology method. Whereas, in mushroom poisoning incidents, the morphology of mushrooms will change greatly because of procession, such as cooking or digesting, which is hard to get correct identification results based on morphology. Moreover, compared to routine PCR, the LAMP method in this study has a higher specificity and sensitivity due to its specific primer set designed based on six specific binding sites of G. infula. Additionally, the LAMP method does not require complex heating and cooling processes, cumbersome electrophoresis, and ultraviolet observation, which have distinct advantages over routine PCR. Furthermore, although some other methods, such as real-time fluorescence PCR, PCR-restriction fragment length polymorphism (PCR-RFLP), and the liquid chromatography-mass spectrometry (LC–MS, used for the detection of toxins) might be used for identification of G. infula, they rely on expensive instruments, a long detection cycle, high detection costs, and high sample pretreatment, which are not suitable for application in resource-poor areas and on-site detection. Therefore, the present LAMP method with abovementioned advantages is superior to other methods and is suitable for identifying G. infula. However, we need to pay attention to controlling the content of the DNA template in the reaction system because the larger amount of DNA template can have an inhibitory effect on the LAMP reaction (Njiru et al., 2008; Wang et al., 2021) presumably due to the negative influence of polyphenols and polysaccharides contained in mushrooms (Newbury and Possingham, 1977; Fang et al., 1992).



CONCLUSION

In this study, we established a visual and rapid LAMP method for the identification of G. infula. The results showed that this method can accurately and specifically identify poisonous G. infula within 90 min. The test results can be directly observed with the naked eyes, which can be used for rapid onsite detection. Meanwhile, high sensitivity for the LAMP method with the detection limit of 1 ng was confirmed in this study. The method can be conducted without expensive and sophisticated instruments, which is suitable for resource-poor areas. Furthermore, the boiled and/or digested G. infula were successfully detected in this study, indicating its strong adaptability. Therefore, the LAMP method established in this study is accurate, visual, rapid, sensitive, adaptable, and low-cost for the identification of G. infula. Using our method, an on-site detection kit of G. infula can be developed for clinical treatment and forensic analysis. In the future, increasing methods that are more rapid, more efficient, simpler and more low-cost will be explored for identifying varied poisonous mushrooms, further used for diagnosis, targeted treatment and prevention of poisoning.
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Virulence and Antibiotic Resistance Genes in Listeria monocytogenes Strains Isolated From Ready-to-Eat Foods in Chile

Julio Parra-Flores1*†, Ondrej Holý2†, Fernanda Bustamante3, Sarah Lepuschitz4†, Ariane Pietzka4†, Alejandra Contreras-Fernández5, Claudia Castillo6, Catalina Ovalle6, María Paula Alarcón-Lavín1, Ariadnna Cruz-Córdova7†, Juan Xicohtencatl-Cortes7†, Jetsi Mancilla-Rojano7,8†, Miriam Troncoso9, Guillermo Figueroa9 and Werner Ruppitsch4*†

1Department of Nutrition and Public Health, Universidad del Bío-Bío, Chillán, Chile

2Science and Research Centre, Faculty of Health Sciences, Palacký University Olomouc, Olomouc, Czechia

3Environmental and Public Health Laboratory, Regional Secretariat of the Ministry of Health in Maule, Talca, Chile

4Austrian Agency for Health and Food Safety, Institute for Medical Microbiology and Hygiene, Vienna, Austria

5Food Quality Testing and Certification Laboratory, Universidad del Bío-Bío, Chillán, Chile

6School of Nutrition and Dietetics, Universidad del Bío-Bío, Chillán, Chile

7Intestinal Bacteriology Research Laboratory, Hospital Infantil de México Federico Gómez, Mexico City, Mexico

8Faculty of Medicine, Biological Sciences Graduate Program, Universidad Nacional Autónoma de México, Mexico City, Mexico

9Microbiology and Probiotics Laboratory, Institute of Nutrition and Food Technology, Universidad de Chile, Santiago, Chile

Edited by:
Yasser M. Sanad, University of Arkansas at Pine Bluff, United States

Reviewed by:
Yu Ding, Jinan University, China
Haiyan Zeng, Guangdong University of Technology, China

*Correspondence: Julio Parra-Flores, juparra@ubiobio.cl; Werner Ruppitsch, werner.ruppitsch@ages.at

†These authors have contributed equally to this work

Specialty section: This article was submitted to Food Microbiology, a section of the journal Frontiers in Microbiology

Received: 15 October 2021
Accepted: 13 December 2021
Published: 21 February 2022

Citation: Parra-Flores J, Holý O, Bustamante F, Lepuschitz S, Pietzka A, Contreras-Fernández A, Castillo C, Ovalle C, Alarcón-Lavín MP, Cruz-Córdova A, Xicohtencatl-Cortes J, Mancilla-Rojano J, Troncoso M, Figueroa G and Ruppitsch W (2022) Virulence and Antibiotic Resistance Genes in Listeria monocytogenes Strains Isolated From Ready-to-Eat Foods in Chile. Front. Microbiol. 12:796040. doi: 10.3389/fmicb.2021.796040

Listeria monocytogenes is causing listeriosis, a rare but severe foodborne infection. Listeriosis affects pregnant women, newborns, older adults, and immunocompromised individuals. Ready-to-eat (RTE) foods are the most common sources of transmission of the pathogen This study explored the virulence factors and antibiotic resistance in L. monocytogenes strains isolated from ready-to-eat (RTE) foods through in vitro and in silico testing by whole-genome sequencing (WGS). The overall positivity of L. monocytogenes in RTE food samples was 3.1% and 14 strains were isolated. L. monocytogenes ST8, ST2763, ST1, ST3, ST5, ST7, ST9, ST14, ST193, and ST451 sequence types were identified by average nucleotide identity, ribosomal multilocus sequence typing (rMLST), and core genome MLST. Seven isolates had serotype 1/2a, five 1/2b, one 4b, and one 1/2c. Three strains exhibited in vitro resistance to ampicillin and 100% of the strains carried the fosX, lin, norB, mprF, tetA, and tetC resistance genes. In addition, the arsBC, bcrBC, and clpL genes were detected, which conferred resistance to stress and disinfectants. All strains harbored hlyA, prfA, and inlA genes almost thirty-two the showed the bsh, clpCEP, hly, hpt, iap/cwhA, inlA, inlB, ipeA, lspA, mpl, plcA, pclB, oat, pdgA, and prfA genes. One isolate exhibited a type 11 premature stop codon (PMSC) in the inlA gene and another isolate a new mutation (deletion of A in position 819). The Inc18(rep25), Inc18(rep26), and N1011A plasmids and MGEs were found in nine isolates. Ten isolates showed CAS-Type II-B systems; in addition, Anti-CRISPR AcrIIA1 and AcrIIA3 phage-associated systems were detected in three genomes. These virulence and antibiotic resistance traits in the strains isolated in the RTE foods indicate a potential public health risk for consumers.

Keywords: Listeria monocytogenes, ready-to-eat foods, virulence, resistance genes, whole-genome sequencing, CRISPR-Cas


INTRODUCTION

Ready-to-eat (RTE) foods are defined as any food in a raw state or one that is handled, processed, mixed, cooked, or prepared and is consumed without any further processing (Monteiro, 2010). The RTE foods are a practical alternative to meet daily food needs; however, they are not exempt from contamination by biological hazards such as Salmonella spp., pathogenic Escherichia coli, and Listeria monocytogenes (Becker et al., 2019).

Listeria monocytogenes is a Gram-positive facultative anaerobic, ubiquitous, and persistent bacterium in food processing plants. Due to inadequate hygiene and manufacturing practices, this pathogen contaminates foods such as fresh or frozen fruits and vegetables, unpasteurized dairy products, sausages, and fish (Amajoud et al., 2018). Cheeses, sausages, meats, and fish are the most frequently associated with outbreaks of this pathogen worldwide (Kurpas et al., 2018; Ryser, 2021). L. monocytogenes causes listeriosis, a disease characterized by low morbidity but high mortality in those who are infected, and the most at risk groups are pregnant women, newborns, children, and older adults (Schlech, 2019). In Europe and North America, invasive listeriosis affects 0.3–0.6 persons per 100,000 inhabitants annually (Maertens de Noordhout et al., 2017; European Centre for Disease Prevention and Control [ECDC], 2018). In Chile, L. monocytogenes has been under mandatory laboratory notification and surveillance since 2005 (Bustamante et al., 2020). There were 97 cases in 2018 and 69 in 2019 with lethality of 22% and 26%, respectively (MINSAL: Ministerio de Salud Chile, Departamento de Estadísticas e Información en Salud [DEIS], 2019). Adults aged 65 and older and pregnant women were the most affected groups. Pregnancy was terminated in 50% of cases and abortion or fetal death was reported in 21% (MINSAL: Ministerio de Salud Chile, Departamento de Estadísticas e Información en Salud [DEIS], 2019). The RTE foods were the main source of infection associated with these listeriosis cases (MINSAL: Ministerio de Salud Chile, Departamento de Estadísticas e Información en Salud [DEIS], 2019).

The severity of L. monocytogenes infection is associated with several factors such as infecting dose, host immunity, and expression of virulence factors (adherence, invasion, immune modulator, intracellular survival, toxins, and mobile genetic elements), and the presence of CRISPR-Cas as a virulence regulator (Falavina dos Reis et al., 2011; Louwen et al., 2014; Pouillot et al., 2016; Buchanan et al., 2017; Kwon et al., 2020). In addition, there are other factors such as resistance to disinfectants and antibiotics, especially beta-lactams (Olaimat et al., 2018). The capacity to resist to adverse environmental conditions (heat and cold stress) allow the persistence and colonization throughout the food chain by forming contamination reservoirs that are difficult to control (Bolocan et al., 2016; Bucur et al., 2018). The Listeria species can be categorized into different serotypes according to the serological reactions of the listerial somatic antigen (O-antigen) and flagellar antigen (H-antigen) with specific antisera. L. monocytogenes can be classified into at least 13 serotypes (Orsi et al., 2011), three of them (1/2a, 1/2b, and 4b) are involved in over 95% of human clinical cases, and serotype 4b exhibits the strongest epidemiological association with human listeriosis (Maury et al., 2016; Lee et al., 2018).

Whole-genome sequencing (WGS) currently allows in silico generation of a wealth of information about pathogenic strains, including a more precise description of the taxonomic differences and similarities between them. The WGS technology is used to more precisely identify the pathogen and genotype it by multilocus sequence typing (MLST), clonal complex (CC) determination, core genome MLST (cgMLST), CRISPR-Cas, and serogrouping. WGS also enables the detection of antibiotic resistance and virulence genes, plasmids, and mobile genetic elements (MGEs); this information provides a more precise epidemiological relationship (Leopold et al., 2014; Ruppitsch et al., 2015a; Moura et al., 2017; Hurley et al., 2019; Kwon et al., 2020; Stessl et al., 2021). The use of WGS has been fundamental in the successful investigation of recent extensive outbreaks of L. monocytogenes in South Africa (2017–2018) and Germany (2018–2019) (Allam et al., 2018; Halbedel et al., 2020).

According to Chilean health authorities, RTE foods are the main source of infection associated with cases of this disease in Chile (MINSAL: Ministerio de Salud Chile, Departamento de Estadísticas e Información en Salud [DEIS], 2019). However, information about the diversity, pathogenicity, and virulence of L. monocytogenes in Chile is still limited and incomplete. Our study contributes to a better understanding of L. monocytogenes with respect to genotype diversity, virulence, antibiotic resistance, and cas genes by generating necessary and indispensable scientific evidence. Many of the evaluated foods in this study are marketed in the Americas. Therefore, given the need for updated information on this pathogen in Chile, we studied virulence factors and antibiotic resistance in L. monocytogenes strains isolated from RTE foods by in vitro and in silico testing using whole-genome sequencing (WGS).



MATERIALS AND METHODS


Samples

A total of 436 samples of retail RTE foods were analyzed; these are regarded as at risk foods sampled as part of sampling plan the Emerging Pathogens Program of the Health Authority in the Maule Region, Chile, and which are regulated by the Chilean Food Sanitary Regulations (RSA). Samples used for our study consisted of cheeses (n = 161), cooked meats (artisanal ham, pâté, sausages, and blood sausage) (n = 186), pre-processed fruits and vegetables (chopped fruit, fruit salads with strawberries, melon, and peaches, and leafy vegetable salads) (n = 22), and meals and mixed dishes with raw and/or cooked ingredients (n = 67).



Isolation of Listeria monocytogenes

Isolation was performed on the basis of the ISO 11290–1:2017 standard. Each 25 g food sample was inoculated in 225 mL half Fraser broth (Oxoid, Basingstoke, United Kingdom) as primary selective enrichment and homogenized in a stomacher (Seward 400, Radnor, PA, United States). Incubation was performed at 30 ± 1°C for 25 ± 1 h; the second enrichment consisted of 0.1 mL of the broth culture inoculated in 10 mL of full-strength Fraser broth, which was cultured at 37°C for 24 ± 2 h. A loopful of each of the half- and full-strength Fraser broths were plated on the Listeria chromogenic agar base according to Ottaviani and Agosti (ALOA) (Merck, Darmstadt, Germany). These plates were incubated at 37°C for 24–48 h. Five typical colonies from each ALOA agar plate were restreaked on tryptic soy agar supplemented with 0.6% yeast extract (TSA-YE) (Sigma, Darmstadt, Germany) as a non-selective medium, and these were incubated at 37°C for 24–48 h. Colonies from the TSA-YE were verified by Gram staining, catalase reactions, oxidase tests, carbohydrate utilization test, CAMP tests, and motility at 20–25°C. These colonies were stored for further study.



Detection of Listeria monocytogenes

Detection of L. monocytogenes was performed with the Vitek Immunodiagnostic Assay System (VIDAS) (bioMerieux Vitek Inc., Hazelwood, MO, United States) according to the manufacturer’s instructions. The equipment automatically measured and interpreted data, reporting detection as positive or negative according to the validated AOAC (Official Method of Analysis No. 2004.2) protocol for food matrices.



Whole-Genome Sequencing

Prior to WGS, a primary species identification from single colonies was performed by matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) (Bruker, Billerica, MA, United States) and MBT Compass IVD software 4.1.60 (Bruker) as described by Halbedel et al. (2020).

As for WGS, DNA was isolated from bacterial cultures with the MagAttract HMW DNA Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions for Gram-positive bacteria. The amount of input DNA was quantified on a Lunatic instrument (Unchained Labs, Pleasanton, CA, United States). Nextera XT chemistry (Illumina Inc., San Diego, CA, United States) was used to prepare sequencing libraries for a 300 bp paired-end sequencing run on an Illumina MiSeq sequencer. Samples were sequenced to achieve a minimum 80-fold coverage using recommended standard protocols by Illumina. The resulting FASTQ files were quality trimmed and de novo assembled with the SPAdes version 3.9.0. Contigs were filtered for a minimum of fivefold coverage and 200 bp minimum length with SeqSphere+ software v. 7.8.0 (Ridom, Münster, Germany) (Jünemann et al., 2013).



Serotype, Sequence Type, and Core Genome Multilocus Sequence Typing of Listeria monocytogenes

From the WGS of the L. monocytogenes strains, serotypes were determined by the sequence-specific extraction of targets using the L. monocytogenes 5-plex PCR Serogroup task templates of the SeqSphere+ v. 7.8.0 (2021-7) software with fragments from five DNA regions (lmo118, lmo0737, ORF2110, ORF2829, and prs as an internal amplification control) previously described by Doumith et al. (2004) and Lee et al. (2012).

The sequence type (ST) was determined with Task templates for available MLST schemes from the SeqSphere+ v. 7.8.0 (2021-7) software (Jünemann et al., 2013). The ST was confirmed in the strains with fragments from the seven housekeeping genes abcZ, bglA, cat, dapE, dat, Idh, and ihkA (Ruppitsch et al., 2015a; Moura et al., 2016) and with the profiles from the Institut Pasteur MLST Listeria database1.

The cgMLST was performed on the basis of the profile of 1,701 loci of cgMLST complex types (CTs) (Ruppitsch et al., 2015a) with Task templates for SeqSphere+ v. 7.8.0 (2021-7). We defined a cgMLST cluster as the group of isolates with less than10 different alleles among the studied strains. We used SeqSphere in the mode that ignored pairwise missing values and an unweighted pair group method with arithmetic mean to generate phylogenetic trees (Halbedel et al., 2020).



Antibiotic Resistance Profile

The disk diffusion method was applied based on the recommendations of the Clinical and Laboratory Standards Institute (Clinical and Laboratory Standards Institute [CLSI], 2018). The commercial antibiotic disks included 10 μg ampicillin (AMP), 10 μg penicillin (PEN), 25 μg sulfamethoxazole-trimethoprim (STX), 15 μg erythromycin (ERY), 30 μg vancomycin (VAN), tetracycline (TET) 30 μg, ciprofloxacin (CIP) 5 μg, and 30 μg chloramphenicol (CHL). The resistance/susceptibility profiles of the strains were characterized by measuring the zone of inhibition and interpreting the inhibition diameters according to the manufacturer’s instructions; Streptococcus pneumoniae ATCC 49619 was used as a reference. In addition, E. coli ATCC 25922 and L. monocytogenes ATCC 7644 were used as controls.



Virulence Genes Amplification

The method described by Aznar and Alarcón (2002) was used to amplify conserved regions of the three characteristic virulence genes listeriolysin O (hlyA) (Border et al., 1990), positive regulatory factor A (prfA) (Klein and Juneja, 1997), and internalin A (inlA) (Montero et al., 2015). The genomic DNA of the suspected strains was extracted and purified with the UltraClean Microbial DNA Isolation Kit (Mo Bio Laboratories, Qiagen, Carlsbad, CA, United States) and mixed with GoTaq Green Master Mix (Promega, Madison, WI, United States) in a thermocycler (Fermelo Biotec, China). Using an agarose gel imaging system, the amplified products were stained and visualized on 1.5% agarose gel with a 1.0 mg/mL ethidium bromide solution.



In silico Detection of Virulence and Antibiotic Resistance Genes

Virulence genes were established with the task template VFDB 2.0 feature in SeqSphere+ for WGS data (Chen et al., 2016). Thresholds were set for the target scanning procedure as a required identity ≥ 90% with the reference sequence and an aligned reference sequence ≥ 99%. The Comprehensive Antibiotic Resistance Database (CARD) was used with the default “perfect” and “strict” settings for the sequence analysis of antimicrobial resistance genes (Jia et al., 2017). The Task Template AMRFinderPlus 3.2.3 available in the Ridom SeqSphere+ 7.8.0 software was used with the EXACT method at the 100% setting together with the BLAST alignment of protein sequences against the AMRFinderPlus database (Feldgarden et al., 2019).



In silico Detection of Plasmids and Mobile Genetic Elements

The PlasmidFinder 2.1 and MobileElementFinder 1.0 tools were used to detect plasmids and MGEs. The selected minimum identity was 95 and 90%, respectively2 (Carattoli et al., 2014; Johansson et al., 2021).



Bioinformatic Search of CRISPR-Cas Loci

The search for and characterization of CRISPR arrays and their association with Cas proteins was determined with CRISPRCasFinder and CRISPRminer (Couvin et al., 2018; Zhang et al., 2018), which are available at https://crisprcas.i2bc.paris-saclay.fr and http://www.microbiome-bigdata.com/CRISPRminer. The following parameters were used: 18–55 bp repeated sequence length, 25–60 bp spacer length, 0.6–2.5 spacer sequence size as a function of repeated sequence size, and 60% maximum percentage similarity between spacers. Phages associated with sequence spacers were also determined with the CRISPRminer program (Zhang et al., 2018).

The CRISPR systems were determined with the CRISPRmap program (Lange et al., 2013). The CRISPRTarget program was used to determine the protospacer adjacent motif (PAM) sequences associated with each repeated sequence of the identified arrays.




RESULTS


Prevalence of Listeria monocytogenes

In total 3.1% (14/436) of samples were positive for L. monocytogenes when using the VIDAS system. In terms of food group, the highest positivity, 36% (8/22), occurred in pre-processed fruits and vegetables, followed by 5.9% (4/67) for prepared meals and dishes, 1.1% (2/186) for cooked meats, and 0% (0/161) for cheese and fresh cheese (Table 1).


TABLE 1. Positivity of Listeria monocytogenes in risk food groups.
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Fourteen strains were isolated from the positive samples and confirmed as L. monocytogenes by MALDI-TOF MS.



Core Genome Multilocus Sequence Typing, Sequence Type, Complex Type, Clonal Complex, and Serotype From Whole-Genome Sequencing of Listeria monocytogenes

Whole-genome sequencing using cgMLST grouped the strains into two clusters and nine unrelated complex types (CTs) (Figure 1). In addition, the 14 strains were grouped in 10 STs and 9 CCs using average nucleotide identity (ANI), ribosomal MLST, and cgMLST complex type (CT).
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FIGURE 1. Minimum spanning tree (MST) of 14 Listeria monocytogenes strains from ready-to-eat foods isolated in Chile. L. monocytogenes strains with ST1, ST3, ST5, ST7, ST8, ST9, ST14, ST193, ST451, and ST2763 are of clinical and food origin. Calculation of the MST is based on the defined core genome multilocus sequence typing (cgMLST) scheme consisting of 1,701 target genes from Task templates for SeqSphere+ v. 7.8.0 (2021-7). Isolates are represented as colored circles according to the classical MLST. Black numbers are in accordance with the allelic difference between isolates. Isolates with closely related genotypes are marked as Cluster.


The dominant serotype was 1/2a in seven strains, of which three strains were identified as ST8 (CC8, CT8068, and CT8004), one ST7 (CC7 and CT8064), one ST14 (CC14 and CT8065), one ST193 (CC193 and CT8063), and one ST 451 (CC11 and CT4117).

Furthermore, the serotype 1/2b was found in five strains, one ST3 (CC3 and CT8066), one ST5 (CC5 and CT8052), and three new STs. One strain showed serotype 4b (ST1, CC1, and CT 8007), and one strain was serotype 1/2c (ST9 (CC9 and CT5231) (Table 2). A new ST was identified as ST2763 (CC5 and CT8006) in the three strains, and was uploaded to the Institute Pasteur MLST Listeria database.


TABLE 2. Identification of L. monocytogenes strains by matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) and whole-genome sequencing (WGS).
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Antibiotic Resistance Profile and in vitro Detection of Virulence Genes

Most of the strains 78% (11/14) were susceptible to all the antibiotics; only the MRL-19-00656, MRL-19-006573, and MRL-19-00662 strains were resistant to ampicillin.

Regarding the virulence genes, all strains in the present study amplified hlyA, prfA, and inlA genes (Table 3).


TABLE 3. Detection of putative virulence genes and antibiotic resistance profile of L. monocytogenes strains.
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In silico Detection of Virulence and Antibiotic Resistance Genes

The virulence factor database (VFDB) was used to evaluate the 33 major virulence gene. All the strains had the following genes: bsh (bile resistance), clpCEP (stress protein), hly (toxin-listeriolysin O precursor), hpt (metabolic adaptation), iap/cwhA, inlA, inlB, and ipeA (invasion), lspA (peptidase), mpl, plcA, plcB (exoenzyme), oat, pdgA (immune evasion), and prfA (regulation) (Figure 2). Only the MRL-19-00675 genome strain exhibited the Listeria pathogenicity island 3 (LIPI-3). A mutation in position 2054 (G:A) of inlA gene was found in the MRL-19-00658 strain, known as premature stop codons (PMSC) type 11. A new mutation in position 819 of the inlA gene was encountered in the MRL-19-00662 strain, which was not identified because this mutation (deletion of A) has not yet been described in the literature or in the inlA PMSC profiles of the Institut Pasteur MLST Listeria database (see Text Footnote 1).
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FIGURE 2. Distribution of virulence genes present in 14 L. monocytogenes strains isolated from ready-to-eat foods. Green boxes indicate the presence of the gene and black boxes its absence.


Furthermore, genes associated with biofilm formation such as cheY, inlL, prfA, actA, lmo0673, and lmo2504 were identified in all the strains; these genes play an important role in the survival and persistence of L. monocytogenes. The bapL, recO, and luxS genes were not found in any strain. The antimicrobial fosX, lin, norB, and mprF resistance genes were identified in all L. monocytogenes strains. These genes confer resistance to fosfomycin, lincosamides, quinolones, and cationic peptides that disrupt the cell membrane such as defensins. Regarding the genes that confer resistance to tetracycline, the tetA and tetC genes were detected and tetM and tetS were absent in all the strains. In addition, the arsBC and bcrBC genes were identified in all strains, which confer resistance to stress, and the clpL gene, which confers resistance to disinfectants.



Detection of Plasmids and Mobile Genetic Elements

Plasmids were found in 85% (12/14) of the strains. Inc18(rep25) was detected in eight strains, Inc18(rep26) in three, and N1011A in one. In addition, the ST2763 harbored the Inc18(rep25) and rep3(rep32) plasmids (Table 4).


TABLE 4. Plasmids identified in Listeria monocytogenes strains by plasmidFinder tool.
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The MGEs (insertion sequences, transposons) were found in only nine strains. The most frequent MGEs were ISLmo3, ISLmo5, ISLmo7, ISLmo9, ISLmo8, ISS1N, cn_8625_ISS1N, CN_12410_ISS1N, and CN_8566_ISS1N (Supplementary Table 1).



CRISPR-Cas Loci

Genome analysis showed the presence of CRISPR-Cas systems in 71% (10/14) of the genomes. These systems consist of at least one array; however, between two and five arrays can be observed in 50% (5/10) of the genomes in different positions. The arrays had among 3 repeated sequences and 2 spacers and up to 28 repeated sequences and 27 spacers (Table 5).


TABLE 5. CRISPR-Cas systems identified in L. monocytogenes genomes.
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Using the CRISPRmap program, the repeated sequences and the associated cas genes enabled to determine the identified CRISPR systems to type II-B (Figure 3 and Table 1). In two of the arrays, only one cas-associated gene was identified; in contrast, the rest of the genomes showed sequences that encoded up to 16 proteins associated with these CRISPR-Cas systems.
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FIGURE 3. CRISPR-Cas systems identified in L. monocytogenes genomes. The identified systems belong to the CRISPR-Cas type II-B system, and some genomes show more than one array.


The analysis of the spacer and PAMs enabled us to associate them to sequences corresponding to different bacteriophages, which are associated with the Listeria genus (Supplementary Tables 2, 3).

The bioinformatics analysis of the genomes enabled the detection of protein sequences associated with the AcrIIA1 and AcrIIA3 Anti-CRISPR systems in the three studied genomes MRL-19-00657, MRL-19-00658, and MRL-19-00660 (Table 6), which are associated with phages present in these genomes.


TABLE 6. Anti-CRISPR elements.
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DISCUSSION

Listeria monocytogenes persists as a relevant public health and food safety risk due to its ubiquity, persistence under adverse environmental conditions, and pathogenicity (Hurley et al., 2019; Chen et al., 2020a).

In the present study, general positivity for L. monocytogenes in RTE foods was 3.1% (14/436). Positivity for L. monocytogenes in RTE foods in different countries has been reported as 5.5% in China (Li et al., 2018), 7.5% in Chile (Bustamante et al., 2020), 11.9% in Uruguay (Braga et al., 2017), 8.5% in Turkey (Sanlibaba et al., 2018), and 13.5% in Poland (Szymczak et al., 2020). Bustamante et al. (2020) reported prevalence values of 17.5, 8.6, and 8.5% in prepared meals and dishes, pre-processed fruits and vegetables, and cooked meats, respectively. Furthermore, positivity for L. monocytogenes was 0% in dairy products and cheeses, which concurs with the present study, and this situation is noteworthy because dairy products and cheeses have been associated in recent years with many outbreaks in Europe and the United States (Fretz et al., 2010; Amato et al., 2017; Martínez-Rios and Dalgaard, 2018; Churchill et al., 2019). Therefore, a better understanding of the ecology and biology of L. monocytogenes that focuses on virulence factors and stress response would further improve the control of this important foodborne pathogen (Ryser, 2021).

The L. monocytogenes strains in the present study revealed that ST8 was the most prevalent ST from samples of RTE vegetables and pork pâté. The ST8 has been found in different RTE foods such as meats, salmon, cooked meats, fried rice and noodles, and vegetables (Wang et al., 2015; Ziegler et al., 2018; Chen et al., 2020b). In addition, ST8 has been responsible for cases of human listeriosis in Canada, Italy, Switzerland, and Germany (Knabel et al., 2012; Mammina et al., 2013; Althaus et al., 2014; Ruppitsch et al., 2015b; Halbedel et al., 2020), and it has been considered to have high pathogenic potential (Fagerlund et al., 2016). Different authors state that L. monocytogenes ST 8 is one of the most persistent STs in RTE food processing plants; hence, there is a permanent risk of food recontamination by this pathogen (Knudsen et al., 2017). The second most prevalent was ST2763 (CC5), which is a new ST found in the present study and isolated in meats and RTE prepared dishes. There was a diverse distribution of the other STs, including ST1, ST3, ST5, ST7, ST9, ST14, ST193, and ST451, which have been isolated in outbreaks, clinical cases, and different foods (Althaus et al., 2014; Amajoud et al., 2018; Cabal et al., 2019; Ulloa et al., 2019; Halbedel et al., 2020). Six of the fourteen L. monocytogenes strains belonged to serogroup IIa (serotype 1/2a; ST7, ST8, ST193, and ST451), six to serogroup IIb (serotype 1/2b; ST3, ST5, ST14, and ST2763), one to serogroup IVb (serotype 4b; ST1), and one to serogroup IIc (serotype 1/2c; ST9). These four serotypes have been associated with more than 98% of reported cases of listeriosis worldwide (Gorski, 2021).

The treatment for listeriosis includes antibiotics such as ampicillin, tetracyclines, amoxicillin, and sulfamethoxazole (Thønnings et al., 2016). In the present study, 11 isolates were susceptible to all the antibiotics, while only 3 exhibited resistance to ampicillin. This is a cause for concern because previous reports in Chile have indicated the susceptibility of L. monocytogenes to ampicillin and also because ampicillin and amoxicillin are currently used to treat this infection (Seoane, 2013; Kumaraswamy et al., 2018). Several authors have encountered resistance to ampicillin in L. monocytogenes strains isolated from raw and cooked meats and fish products with a prevalence between 6 and 83% (Yucel et al., 2005; Jamali et al., 2013; Arslan and Baytur, 2019; Bustamante et al., 2020; Maćkiw et al., 2020). Emerging resistance to penicillin in clinical strains poses a major public health concern because penicillin is the standard treatment for human listeriosis (Martínez et al., 2001). Therefore, the fact that we detected ampicillin-resistant L. monocytogenes strains in the present study should alert authorities and food manufacturers to the latent risk associated with the consumption of these RTE foods contaminated by this pathogen.

We found the presence of resistance genes with mechanisms of antibiotic efflux (norB), antibiotic target alteration (mprF), and antibiotic inactivation (lin, fosX). In addition, our study reported genes that confer resistance to tetracycline (tetA and tetC). Wilson et al. (2018) reported that all strains displayed the resistance gene to fosfomycin (fosX); however, they did not detect any genes associated with tetracycline (tetA) or erythromycin (ermABC). This differs from our study in which the fosX and tetA genes were identified. Mafuna et al. (2021) encountered resistance genes in strains such as fosX, lin, mprF, and norB, and they reported an increasing global trend of resistance genes present in the food chain. L. monocytogenes is currently considered to be intrinsically resistant to fosfomycin because of the lack of expression in the membrane transport systems and a natural resistance to lincomycin due to the ribosomal protection of an ATP-binding cassette F (ABC-F) protein (Mota et al., 2020).

However, there was a difference in our study between the prediction of resistance genes and antibiotic susceptibility testing, which is due to the existence of intrinsic resistance according to some authors (Cox and Wright, 2013); in addition, the resistance genes are ancient and predate the use of antibiotics (Kashuba et al., 2017; Peterson and Kaur, 2018). Gygli et al. (2019) reported that the possible discrepancy between gene detection by WGS and antibiotic susceptibility testing of Mycobacterium tuberculosis strains could arise because the clinical concentrations established to classify it as resistant have cutoff scores that are too high, thus misclassifying strains as susceptible. Aljahdali et al. (2020), found a positive concordance between the presence of resistance genes and resistance phenotypes in various in Salmonella strains; however, they also observed that some strains with beta-lactamase resistance genes were still phenotypically susceptible to amoxicillin-clavulanic acid. Therefore, the difference between genotype and phenotype in these strains could be due to exceptional mutations that reduce gene expression and can confer susceptibility to antimicrobial agents used in susceptibility tests. With the discovery of varied antimicrobial resistance genes and gene transfer mechanisms, non-genetic mechanisms mediated by small molecules can alter the phenotypic susceptibility to antibiotics of bacterial cells (El-Halfawy and Valvano, 2012).

The presence of resistance genes to quaternary ammonium, stress, and biofilm formation have been described as key factors for the adaptation and survival in food processing plants (Horlbog et al., 2018). We identified the bcrBC cassette in three ST2763 strains and one ST5 strain, which were all serotype 1/2b associated with persistence and resistance to benzalkonium chloride, a common disinfectant used in the food industry (Cooper et al., 2021). In addition, the clpL gene was detected in one ST3 strain and one ST9 strain both isolated from RTE vegetables. This gene has been identified as an important predictor of heat resistance of L. monocytogenes (Pöntinen et al., 2017).

All our strains amplified the three evaluated virulence factors in vitro and confirmed by detection of these genes in silico. Among these strains, the most studied virulence genes are hlyA, prfA, and inlA. The hlyA gene encodes listeriolysin O, which allows pore formation for pathogen entry into the cells; it is only present in virulent species of Listeria spp. and is widely used to assess the presence of the virulence factor in L. monocytogenes isolated in RTE foods (Churchill et al., 2006; Abdollahzadeh et al., 2016). The PrfA protein is indispensable for virulence gene expression (including the prfA gene) in pathogenic species of L. monocytogenes, and it depends on environmental conditions such as high temperature and stress (Aballa et al., 2019). Internalin A (inlA) was found in all the studied isolates and is considered relevant because it participates in the adherence process between the bacteria wall and the intestinal cells (Drolia and Bhunia, 2019). Recent studies have focused on the presence of premature stop codons (PMSC) in the inlA gene, which results in impaired virulence; this type of mutation is more frequent in food isolates than in clinical cases (Van Stelten et al., 2010; Ferreira da Silva et al., 2017). Only one isolate in our study showed a PMSC with a type II mutation (G:A) in position 2054, generating a truncated internalin of 684 amino acids as describe recently (Van Stelten and Nightingale, 2008). However, we detected a new mutation in the MRL-19-00662 strain (ST3, CC3, and serotype 1/2b) in position 819 (deletion of A), resulting in a truncated internalin of 273 amino acids, which has not yet been reported in the literature. Nine strains in our study have pathogenic potential; it was confirmed that the prevalent STs, such as ST1 (CC1) and ST9 (CC9), are associated with listeriosis outbreaks in Chile and have persisted over time (Cantinelli et al., 2013; Montero et al., 2015; Toledo et al., 2018; Cabal et al., 2019; Ulloa et al., 2019).

A characteristic trait of Listeria plasmids is the presence of many MGEs encoding transposases, such as insertion sequences (IS) and transposons, and other recombinases that are determinants in the dissemination of adaptive foreign DNAs and resistance (Kuenne et al., 2010). The most common plasmids were inc18(rep25), inc18(rep26), and rep3(rep26), and only one strain showed N1-011A. The plasmid incompatibility group inc18 is naturally found in Streptococcus and Enterococcus spp. (Zhu et al., 2010) and encodes a variety of resistance to antibiotics due to their overuse in environmental and food settings (Kohler et al., 2018). In addition, plasmid N1-11A has been found in RTE seafood processing plants in France and in the food chain in South Africa: it is associated with the resistance to disinfectants such as benzalkonium chloride (Mafuna et al., 2021).

CRISPR-Cas systems are acquired immunity systems that allow bacteria and archaea to acquire exogenous material from bacteriophages and plasmids (Hupfeld et al., 2018). The CRISPR-Cas systems is a possible involved in the regulation of gene expression, including virulence genes, which have been described in a number of pathogens (Louwen et al., 2014). It was possible to determine that the repeated sequences and associated cas genes in the studied L. monocytogenes strains corresponded to type II-B systems and that the presence of the cas8b and cas9 genes allowed their classification in subtype B. However, the arrays could be related to one cas gene, likewise in the systems that only show sequences that encode for cas3 and cas2. Kuenne et al. (2013) studied CRISPR-Cas in three different loci of L. monocytogenes strains. CRISPR-Cas locus 1 was characterized by a single CRISPR matrix, locus 2 belonged to type I-B, and locus 3 was classified as type II-A. CRISPR-Cas locus 1 was previously found as being associated with the presence of a tracrRNA, which is suggested to control virulence in L. monocytogenes strain 1/2a EGD-e during growth in macrophages; however, it is still unknown how this track RNA could control virulence (Mraheil et al., 2011). Louwen et al. (2013) showed that the ability to translocate through intestinal walls was suppressed when deleting cas9 in Campylobacter jejuni isolates, which affected virulence. The same authors reported that supplementing C. jejuni isolates with cas9, which does not have a CRISPR-Cas system, significantly increased virulence in this pathogen This can also be associated with the array size because those in which these genes are absent have smaller arrays.

As for the spacer sequences, they provide us with the history of the invasive elements to which the bacterium has been subjected because these sequences are associated with exogenous material. For arrays identified in the present study, spacers were related to sequences corresponding to bacteriophages that specifically infected the Listeria genus. Therefore, those bacteria that have this information are able to evade infection by these bacteriophages, unlike those that do not. The phages have also been able to develop strategies in response to CRISPR-Cas, such as the Anti-CRISPR proteins, which were identified in the genomes under study. It has been determined for L. monocytogenes that the prophages show anti-Cas9 proteins such as AcrIIA1, which successfully blocks and inactivates Cas9 (Osuna et al., 2020). These proteins were identified in 36% of the genomes in the present study that showed CRISPR-Cas systems. Even though these strains show systems that allow the acquisition of exogenous material and the possibility of evading infection by bacteriophages, the presence of these phages with Anti-CRISPR proteins evade these immunity mechanisms acquired by the bacteria and thus counteract the acquired immunity (Hynes et al., 2018).



CONCLUSION

Listeria monocytogenes strains isolated from RTE foods exhibited multiple virulence factors and antibiotic resistance factors after in vitro and in silico analyses. It is therefore necessary to perform continuous genomic surveillance on these foods because of the risk associated with L. monocytogenes contamination and their consumption by populations at risk.
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A carbon tetrachloride-induced acute liver injury mouse model is used to study the regulation of gut microbiota and hepatoprotective effect of polysaccharides from Flammulina velutipes (FVPs). The hepatoprotective effect of the FVPs leads to reduced levels of serum aspartate transaminase (AST), alanine aminotransferase (ALT), triglyceride (TG), total cholesterol (TC), total bile acid (TBA) content, and change in liver histopathology. Their anti-oxidant activity is exhibited by decreased levels of hepatic malonaldehyde (MDA) and protein carbonyl (PC) content and increased catalase (CAT) and superoxide dismutase (SOD) content. The anti-inflammatory ability of the FVPs is reflected in a decrease in pro-inflammatory cytokines (including IL-6, IL-1β, and TNF-α). 16S rRNA sequencing shows that the FVPs change the composition of the gut microbiota. A subsequent metabolomics analysis of the gut bacteria (UHPLC–MS/MS-based) revealed that fatty acid biosynthesis, tryptophan metabolism, and metabolism of xenobiotics by cytochrome P450 play important roles in the hepatoprotective effect. This study provides a potential way to modulate gut microbiota and manage liver diseases using natural products.
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INTRODUCTION

Acute liver injury is a type of abnormal liver function that can be induced by certain medicines, alcoholism, viral hepatitis, toxins, and hepatic ischemia reperfusion injury (Zhu et al., 2019). Acute liver injury is a potential factor in liver fibrosis, hepatitis, cirrhosis, and liver cancer and can ultimately lead to terminal liver failure (Liu et al., 2014). Oxidative damage induced by reactive oxygen species (ROS) has been shown to play the main role in the development of acute liver injury (Liu et al., 2018).

Carbon tetrachloride (CCl4) can be biotransformed to ROS via the hepatic cytochrome P450 system, and so CCl4-induced mouse models are extensively used to evaluate the effect of hepatoprotective medicines (Zou et al., 2016). A growing amount of evidence suggests that gut microorganisms hold the balance in the contributions natural products make to hepatoprotection (Meng et al., 2018). Gut dysbiosis increases the permeability of the gut barrier, allowing translocated bacteria and leaked gut-derived products to reach the liver via the portal vein. This increases the level of oxidative stress and inflammation in the liver and threatens its healthy function (Meng et al., 2018). Although many hepatoprotective drugs have been developed, the majority of them have adverse effects, such as liver fibrosis and even liver failure (Wang et al., 2019; Zhou et al., 2021). Hence, there is increased demand for effective natural products that can protect the liver and reverse gut dysbiosis to use as alternatives to therapeutic agents.

The edible mushroom Flammulina velutipes (also known as enokitake or golden mushroom) is cultivated worldwide for its flavor and nutritional value (Fang et al., 2017). Flammulina velutipes polysaccharides (FVPs) exhibit a multitude of pharmacological effects. For example, they have been found to show potentially very promising anti-microbial, anti-oxidant, anti-inflammatory, and immunoregulation effects, etc (Dong et al., 2017; Zhang et al., 2018). More specifically, in the context of acute liver injury, FVPs have been reported to have hepatoprotective effects (Pang et al., 2007; Zhang et al., 2018). However, the hepotaprotective effect of FVPs with microbiological and metabolomic changes in gut have not been explored.

In this study, a CCl4-induced acute liver injury mouse model is used to evaluate the hepatoprotective effect of newly-harvested FVPs. The study focuses on the oxidative stress and inflammation levels in the liver and is supported by gut microbiota and fecal metabolomics analyses. The aim is to improve our understanding of the symptomatic relief function of the FVPs with respect to CCl4-induced acute liver injury.



MATERIALS AND METHODS


Preparation of the FVPs

Flammulina velutipes polysaccharides were harvested from the fruitbodies of F. velutipes using hot water (100°C for 6 h). A solid–liquid ratio of 1:20 (w/v) was employed. After centrifugation, the supernatant was added to ethanol (3 volumes of ethanol to 1 volume of supernatant) and the resulting precipitate collected. The Sevage method was used to deproteinate the precipitate. After dialysis, the deproteinated part was applied to diethylaminoethyl cellulose (Sigma, United States) at a flow rate of 3.0 ml/min. The column was then eluted with distilled water, 50 mM, 150 mM, and 1 M NaCl successively at flow rates of 10 ml/min. After assessment of their hepatoprotective effects, the 50 mM NaCl eluted part was gathered and lyophilized as FVPs for further research (Xu et al., 2021b).

The monosaccharide composition of the FVPs was determined via liquid chromatography (Agilent 1200, United States). The FVPs were passed through a Shiseido C18 column at room temperature at a flow rate of 1 ml/min. The saccharides were analyzed using the standard method outlined by the National Renewable Energy Laboratory (CO, United States): hydrolysis with dilute sulfuric acid together with calibration using standard solutions of xylose, rhamnose, fucose, mannose, arabinose, galactose, galacturonic acid, glucose, glucuronic acid, and ribose (Xu et al., 2021a). The weight-average (Mw) and number-average (Mn) molecular weights of the FVPs were determined via high-performance gel permeation chromatography, as previously described in the literature (Xu et al., 2021a). Fourier transform infrared (FT-IR) spectra of the FVPs were captured using an FT-IR microscope (model iN 10, Thermo Nicolet Corp.; Madison, WI, United States) fitted with a liquid nitrogen-cooled mercury-cadmium-telluride detector (Xu et al., 2021b).



Liver Injury Model and Treatment

Male C57BL/6 mice (32 in number, aged 6–7 weeks with an average weight of 17.03 ± 0.25 g) were purchased from Chengdu Dssy Experimental Animals Co., Ltd (Chengdu, China). They were housed in a specific pathogen-free environment (25°C; cycles of 12 h light followed by 12 h dark) with ad libitum access to food and water.

The mice were randomly assigned to one of four groups (n = 8 per group): (1) Normal group (with standard diet); (2) Control group (CCl4 with standard diet); (3) LFVPs group (CCl4 with standard diet plus 100 mg/kg FVPs); and (4) HFVPs group (CCl4 with standard diet plus 200 mg/kg FVPs). The experiment lasted 2 weeks. Mice were gavaged with FVPs or normal saline once daily for 14 days. Shortly after the last treatment (2 h), the mice in the Control, LFVPs, and HFVPs groups were injected intraperitoneally with CCl4 (0.2% CCl4/olive oil mixture) at a rate of 5 ml/kg bodyweight (Zhu et al., 2019). The mice in the Normal group were injected intraperitoneally with the same dose of olive oil. On day 15, the mice were sacrificed via anesthesia to yield specimens for subsequent analysis.



Biochemical Assays

Blood samples were harvested from the coeliac arteries of the mice. The blood was centrifuged and the serum analyzed to determine its aspartate transaminase (AST), alanine aminotransferase (ALT), total cholesterol (TC), triglyceride (TG), and total bile acid (TBA) content (Yang et al., 2015).

Hepatic tissues were collected, homogenized in saline, and centrifuged. The supernatant was then analyzed spectrophotometrically for superoxide dismutase (SOD), catalase (CAT), IL-1β, IL-6, TNF-α, myeloperoxidase (MPO), malonaldehyde (MDA), and protein carbonyl (PC). All the commercial assay kits employed were obtained from the Nanjing Jiancheng Bioengineering Institute (Nanjing, China; Lykkesfeldt, 2007).



Histology

Fresh liver tissues were cut into 5 mm pieces and fixed in 10% neutral buffered formalin at room temperature for 24 h. They were then dehydrated using a graded series of ethanol solutions before being embedded in paraffin. The tissues were cut into 5–6 μm sections and stained with hematoxylin–eosin (HE). They were then observed using a microscope (Leica Microsystems, Wetzlar, Germany) at magnifications of 100× and 400× (Sun et al., 2017).



Gut Microbiota Analysis

Samples of the mice’s intestinal contents were collected from colon immediately after sacrifice. The cetyltrimethylammonium bromide/sodium dodecyl sulfate extraction method was employed to obtain the total DNA from the intestinal content. The extracted DNA was subjected to 16S amplification using primers designed to incorporate both the Illumina adapters and a sample barcode sequence, allowing directional sequencing that covers the variable region V4 [primers: 515 F (GTGCCAGCMGCCGCGGTAA) and 806 R (GGACTACHVGGGTWTCTAAT)]. Phusion® High-Fidelity PCR Master Mix (New England Biolabs, United States) was used for the PCR reactions (Lee et al., 2018).

Sequencing libraries were produced using an Ion Plus Fragment Library Kit 48 rxns (Thermo Scientific, United States) according to the manufacturer’s recommendations. Libraries were sequenced on an Ion S5TM XL platform and 400/600 bp single-end reads were generated. The data were based on sequenced reads and operational taxonomic units (OTUs). UPARSE software (v7.0.1001) was used to carry out the analysis. Sequences that have similarities ≥97% are regarded as the same OTUs. The Silva database1 was employed to annotate the taxonomic information based on the Mothur algorithm (Xu et al., 2021b).



Measurement of Fecal Metabolomics

After the intestinal contents had been harvested from colon, each specimen was disposed with liquid nitrogen. The homogenate was resuspended with pre-chilled 80% methanol and 0.1% formic acid, respectively. After centrifugation, the supernatant was diluted with LC–MS grade water until the concentration of the methanol was 60%. The samples were then filtered (0.22 μm filter) and then injected into the LC–MS/MS system for analysis.

LC–MS/MS was performed using a Vanquish UHPLC system (Thermo Fisher) coupled with an Orbitrap Q ExactiveTM series mass spectrometer (Thermo Fisher). The samples were processed using a Hypersil Gold column (100 mm × 2.1 mm, 1.9 μm) at a flow rate of 0.2 ml/min in a 16-min linear gradient. The positive polarity mode consisted of eluent A (0.1% FA in water) and eluent B (methanol). The negative polarity mode consisted of eluent A (5 mM ammonium acetate, pH 9.0) and eluent B (methanol). The solvent gradient applied was as follows: 2% B, 1.5 min; 2–100% B, 12.0 min; 100% B, 14.0 min; 100–2% B, 14.1 min; 2% B, 16 min. The mass spectrometer was used in positive/negative polarity mode using a spray voltage of 3.2 kV, capillary temperature of 320°C, sheath gas flow rate of 35 arb, and auxiliary gas flow rate of 10 arb.

The LIPID MAPS® structure database,2 Human Metabolome database,3 and Kyoto Encyclopedia of Genes and Genomes (KEGG) database4 were employed to annotate the metabolites. Partial least squares discriminant analysis (PLS-DA) was carried out using MetaX. Univariate analyses (t-tests) were carried out to determine the levels of statistical significance (p-values). Metabolites with VIP scores > 1, value of p < 0.05, and fold-changes ≥2 or ≤0.5 were considered to be significantly different (Xu et al., 2021b).



Data Analysis

The data were analyzed statistically via one-way ANOVA tests followed by Tukey tests. The software package SPSS v22.0 was employed (IBM, Chicago, IL, United States). Numerical values are expressed in the form mean ± SD and p < 0.05 was taken to imply statistical difference.




RESULTS AND DISCUSSION


Molecular Weights, Monosaccharide Composition, and IR Analysis of the FVPs

The Mw and Mn values of the FVPs were found to be 2,779,371 and 7,555 g/mol, respectively, and their monosaccharide composition is shown in Table 1. The FT-IR spectrum obtained for the FVPs is shown in Figure 1.



TABLE 1. Monosaccharide composition of the FVPs.
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FIGURE 1. Fourier transform infrared (FT-IR) spectrum of the Flammulina velutipes polysaccharides (FVPs).


The large IR absorption peak at 3,419 cm−1 suggests the possible presence of double bonds, amidogen, and phenyl rings. The band at 2,925 cm−1 is probably due to –CH2 antisymmetric stretching vibrations. The presence of carbonyl groups is suggested by the peaks at 3,419 and 1,634 cm−1. The strong absorption at 3,100–3,500 and 1,403 cm−1 indicates the presence of amidogen. The bands around 1,077 cm−1 indicate the possible existence of ether groups.



Amelioration of the Clinical Symptoms of CCl4-Induced Liver Injury

A number of free radicals can be generated from CCl4 including trichloromethyl which is produced when CCl4 is metabolized by cytochrome P450 (He et al., 2016). The trichloromethyl radical and oxygen work together to damage microsomal lipids in the liver and phospholipid molecules in hepatocyte membranes, initiating lipid peroxidation (Guo et al., 2015). The damage caused to the structure of the hepatic cellular membranes increases their permeability allowing ALT and AST to infiltrate into the blood. In addition, large amounts of TG and TC are deposited in the hepatocytes, leading to an increase in the TG and TC content of the serum (Lykkesfeldt, 2007).

Results of biochemical assays are presented in Figure 2. We first note that the average body weight of the mice whose livers had been injured by CCl4 was significantly less than that of the healthy mice (Figure 2A). However, the body masses of those treated with FVPs (especially those in the HFVPs group) were significantly improved (p < 0.05) due to their improved physical condition.
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FIGURE 2. Effect of treatment with FVPs on (A) body weight and content of certain biochemicals in the serum: (B) aspartate transaminase (AST), (C) alanine aminotransferase (ALT), (D) total bile acid (TBA), (E) triglyceride (TG), and (F) total cholesterol (TC). The data are presented in the form: mean ± SD (with eight mice per group). The symbols # and ## represent significance levels of p < 0.05 and p < 0.01 compared to the Normal group, respectively. Similarly, * and ** represent p < 0.05 and p < 0.01 compared to the Control group, respectively.


The AST, ALT, TG, TC, and TBA contents of the serum are all significantly increased due to CCl4 intoxication (compared to healthy mice) which are showed in Figure 2. However, pretreatment with the FVPs significantly reduced these elevated serum levels in a dose-dependent manner. That is, the higher dose group (200 mg/kg BW) experienced stronger hepatoprotective effects.

The histopathological changes that occurred in the liver tissues of the mice are presented in Figure 3 and Supplementary Table 2. In the Normal group, the liver cells are arranged in an orderly manner from the central vein and their nuclei are prominent and cytoplasm uniform. Treatment with CCl4 can be seen to induce extensive liver damage. The damage is characterized by inflammatory cell infiltration and serious cellular degeneration. However, the state of the malignancy is strongly ameliorated in the HFVPs group as shown by the reduction in the number of large vacuoles formed and extent of the inflammatory infiltration and cellular degeneration.

[image: Figure 3]

FIGURE 3. Effect of FVPs treatment on liver morphology. (HE-stained tissue images at magnifications of 100× and 400×) Yellow arrow: edema and degeneration of hepatic cells. Blue arrow: Hepatocyte steatosis. Green arrow: necrosis of liver cells. Red arrow: proliferation of fibroblasts.




Effect of FVPs on Hepatic Antioxidant Activity

Antioxidant enzymes such as SOD and CAT play important roles in scavenging ROS. SOD first catalyzes the conversion of O2− to H2O2 and then CAT scavenges the H2O2 to form O2 and H2O, thus inhibiting lipid peroxidation (Miranda et al., 2000; Valko et al., 2007). When lipid peroxidation does occur, the terminal product is MDA. Hence, the MDA level can be used to assess the extent of the injury caused by peroxidation (Abuja and Albertini, 2001). Similarly, PC is the oxidative product of amino acid side chains and can be used as an effective indicator to assess the degree of protein oxidative injury (Dalle-Donne et al., 2003).

The results obtained for the four indicators mentioned above are showed in Figure 4. As can be seen, the administration of CCl4 significantly decreases the activity of SOD and CAT and leads to the accumulation of MDA and PC in the liver (p < 0.01). However, pretreatment with FVPs resulted in a notable elevation of SOD and CAT activity and reduction in the amount of MDA and PC produced among the CCl4-treated groups. Thus, the FVPs are able to attenuate the liver damage induced by CCl4 administration. In addition, the higher dose of FVPs manifested a better anti-oxidant ability (p < 0.01).

[image: Figure 4]

FIGURE 4. Effect of FVPs on hepatic antioxidant activity. The bar charts show the results obtained for the hepatic content of (A) superoxide dismutase (SOD), (B) catalase (CAT), (C) malonaldehyde (MDA), and (D) protein carbonyl (PC; as measured using ELISA kits). The data are presented in the form: mean ± SD (with eight mice per group). The symbols # and ## represent significance levels of p < 0.05 and p < 0.01 compared to the Normal group, respectively. Similarly, * and ** represent p < 0.05 and p < 0.01 compared to the Control group, respectively.




Effect of FVPs on Hepatic Inflammation

The damage caused by oxidative stress leads to the release of inflammatory mediators, e.g., IL-1β, IL-6, and TNF-α (Khan et al., 2019). MPO activity can also be used to indicate the degree of inflammation as it serves as a marker to evaluate the level of neutrophilic infiltration (Chen et al., 2020).

The IL-6, IL-1β, TNF-α, and MPO contents were all increased after CCl4 was administered to the Control group (p < 0.01) which were showed in Figure 5. Furthermore, treatment with FVPs markedly weakened the production of the pro-inflammatory cytokines (IL-6, IL-1β, and TNF-α) in a dosed manner, as was the MPO level. The higher dose of FVPs (200 mg/kg BW) substantially enhanced the anti-inflammatory effect.

[image: Figure 5]

FIGURE 5. Effect of FVPs on hepatic inflammation. The bar charts show the results obtained for the hepatic content of (A) IL-1β, (B) IL-6, (C) TNF-α, and (D) myeloperoxidase (MPO; as measured using ELISA kits). The data are presented in the form: mean ± SD (with eight mice per group). The symbols # and ## represent significance levels of p < 0.05 and p < 0.01 compared to the Normal group, respectively. Similarly, * and ** represent p < 0.05 and p < 0.01 compared to the Control group, respectively.




Gut Microbiota Analysis

More and more studies have shown that the gut microbiota is involved in liver disease pathogenesis as the composition of the gut microbiota will significantly influence the nature of the gut-derived products that are leaked (Krishnan et al., 2018; Yip et al., 2018). To investigate whether changing the gut microbiota can facilitate any of the metabolic improvements involved in the treatment of mice with FVPs, the intestinal contents of the mice were collected and analyzed to reveal the nature of their gut microbiota. The results are shown in Figure 6.
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FIGURE 6. (A) Venn diagram showing the number of operational taxonomic units (OTUs) in the Normal, Control, and HFVPs groups. (B) Principle coordinate analysis (PCA) plot used to evaluate the beta diversity parameters. Each point represents an individual specimen. (C) Microbial composition of the Normal, Control, and HFVPs groups at the genus level (top 20). (D) Heatmap of the significant differences in the gut microbiomes in the Normal, Control, and HFVPs groups at the genus level (obtained using the Metastats method). The data are presented in the form mean ± SD (n = 6).


The mice in the Normal, Control, and HFVPs groups share 543 OTUs which are showed in Figure 6A. Treatment with FVPs led to 235 unique OTUs appearing in the gut microbiota of the treated mice.

The Shannon and Simpson indices can be used to evaluate the diversity of the bacterial communities and the ACE and Chao1 indices can be used to gauge their richness. The values of these indices calculated for three of the experimental groups of mice are showed in Table 2. The table implies that the high-dose FVPs treatment had little effect on the alpha diversity of the gut microbiota compared with Control group. Principle coordinate analysis (PCA) plot to evaluate the beta diversity parameters of gut microbiota is showed in Figure 6B. The specimens of three groups did not separate completely reflecting they shared some of same composition of gut microbiota.



TABLE 2. Alpha diversity evaluated using the ACE, Chao1, Simpson, and Shannon indices.
[image: Table2]

The microbial composition in the Normal, Control, and HFVPs groups at the phylum level is illustrated in Figure 6C. In agreement with published studies, the species dominating the gut microbiota in this study are Bacteroidetes and Firmicutes. These species matter as they play a role in the body’s energy-balance mechanism as they affect energy transformation, nutrient absorption, and glucose metabolism (Turnbaugh et al., 2006). The Firmicutes/Bacteroidetes ratio is significantly reduced to 0.7462 ± 0.2439 after CCl4 intoxication, while Normal group is 0.8792 ± 0.3129. But this ratio is raised to 1.1602 ± 1.4553 in the groups treated with HFVPs (Supplementary Table 3). This implies that the FVPs may have the ability to raise the number of calories absorbed from the food by changing the composition of the gut microbiota.

Significantly different gut microbiomes in the Normal, Control, and HFVPs groups at the genus level is revealed in Figure 6D. Lactobacillus has been reported to have a hepatoprotective effect by inhibiting β-glucuronidase productivity of the intestinal microflora (Han et al., 2005). The abundance of Lactobacillus is significantly reduced after treatment with CCl4 (compared to the Normal group). However, the administration of FVPs elevates the abundance of Lactobacillus in the gut. The increment in Ruminococcus could independently indicate the occurrence of significant liver fibrosis (Boursier et al., 2016). According to the heatmap in Figure 6D, Ruminococcaceae shows increase in the Control group compared with the Normal group. However, the FVPs lower the abundance of Ruminococcaceae. An increase in Bacteroides suggests the potential occurrence of nonalcoholic fatty liver disease (Meng et al., 2018). This applies to the Control group, but the FVPs substantially help mitigate the situation according to Figure 6D. We also found that the abundance of Atopostipes and Sporosarcina are both significantly different in the two-by-two comparison of Normal, Control, and HFVPs groups. CCl4 treatment elevated the abundance of Atopostipes and Sporosarcina in gut, and HFVPs effectively reduced them. But the role of Atopostipes and Sporosarcina in gut is rarely studied, especially in the gut microbiota involved in liver disease. Atopostipes and Sporosarcina perhaps will be the biomarker for hepatoprotective gut microorganisms, which still need further study.



Metabolite Analysis

Gut microbiota mediate metabolic activity by digesting various dietary compounds and supplying micronutrients. On the other hand, dietary compounds also influence the growth and metabolic activity of gut microbiota and therefore have potential health effects (Farag et al., 2020).

Clear separations between the Normal and Control groups are showed in Figures 7A,B. This implies that treatment with the toxin CCl4 changes the normal gut microbiota metabolites in mice. There was also some changes in PCA plots between Control and HFVPs group, reflecting HFVPs had effects on gut microbiota metabolites in liver injury mice. In total, 1,793 metabolites were detected and the heatmaps show they are independent and unique in the metabolome dimensions (Figures 7C,D). Between the Normal and Control groups, 182 metabolites were upregulated and 412 were downregulated. In the HFVPs and Control groups, 106 metabolites were upregulated and 212 were downregulated. Supplementary Table 1 gives further information on the 318 metabolites that changed significantly in the HFVPs group compared with the Control group.
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FIGURE 7. (A) Principle coordinate analysis plots of the fecal metabolites in the Control, Normal, and HFVPs groups in positive mode. (B) PCA plots of the fecal metabolites in the Control, Normal, and HFVPs groups in negative mode. (C) Hierarchical clustering plots of the significantly changed metabolites in the Control and Normal groups. (D) Hierarchical clustering plots of the significantly changed metabolites in the Control and HFVPs groups.


The KEGG database was employed to analyze the top 20 enriched pathways related to the significantly different metabolic changes between the Control and HFVPs groups, giving the results shown in Figure 8. As can be seen, the most enriched pathways include those related to steroid hormone biosynthesis, tryptophan metabolism, cancer pathways, xenobiotics metabolism by cytochrome P450, aldosterone synthesis and secretion, and insulin resistance.

[image: Figure 8]

FIGURE 8. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment plot of the significantly changed metabolites in the Control and HFVPs groups.


The induction of fatty acid biosynthesis and transportation leads to intrahepatic lipid accumulation, which contributes to the development of nonalcoholic fatty liver disease (Buzzetti et al., 2016). Myristic acid (Com_17487_neg) and stearic acid (Com_38_neg) are saturated fatty acids that are enriched in the fatty acid biosynthesis pathway. These are downregulated in the HFVPs group, which helps improve liver function. Xanthurenic acid (Com_11899_pos), indole (Com_1868_pos), and kynurenic acid (Com_5832_neg) are tryptophan-derived bacterial metabolites enriched in the tryptophan metabolism pathway. It has been found that indole, and other tryptophan-derived bacterial metabolites, attenuate the expression of pro-inflammatory cytokines in macrophages and also modulate the inflammatory response in hepatocytes (Krishnan et al., 2018). The downregulation of xanthurenic acid (Com_11899_pos), indole (Com_1868_pos), L-Tryptophan (Com_185_pos), and kynurenic acid (Com_5832_neg) in the HFVPs group may result from the more consumption for anti-inflammatory effect, such as inhibition release of IL-6, IL-1β, and TNF-α in liver.

The metabolites aflatoxin M1 (Com_14447_pos) and aflatoxin B1 (Com_23988_pos) that are enriched in the metabolism of xenobiotics by cytochrome P450 pathway are downregulated in the HFVPs group. As the CCl4 is biotransformed to ROS via the hepatic cytochrome P450 system, the lower level of the metabolism of xenobiotics by cytochrome P450 pathway may contribute to the hepatoprotective effect of the FVPs (Qi et al., 2014).

Overall, the bacterial metabolites in the HFVPs group might protect the liver from the effects of CCl4 intoxication via the fatty acid biosynthesis, tryptophan metabolism, and xenobiotic metabolism by cytochrome P450 pathways, etc.




CONCLUSION

The results show that treatment with FVPs attenuates the level of hepatic injury by promoting antioxidant and anti-inflammatory effects. Furthermore, our analysis of the gut microbiota and bacterial metabolites illustrates that the FVPs change the composition of the gut microbiome and regulate certain bacterial pathways associated with fatty acid biosynthesis, tryptophan metabolism, and metabolism of xenobiotics by cytochrome P450 to protect the liver from the toxic effects of CCl4. Our study thus provides a deeper understanding of the hepatoprotective effects and modulation of bacterial metabolites brought about by treatment with FVPs.
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On September 21, 2019, the Shenzhen and Dongguan Centers for Disease Control and Prevention received notification of a large cluster of suspected gastroenteritis involving primarily children who sought medical care at hospitals throughout two adjacent cities in China, Shenzhen, and Dongguan. A joint outbreak response was promptly initiated across jurisdictions in a concerted effort between clinical microbiologists, epidemiologists, and public health scientists. Concurrently, multiplex PCRs were used for rapid laboratory diagnosis of suspected cases; epidemiological investigations were conducted to identify the outbreak source, complemented by near real-time multicenter whole-genome analyses completed within 34 h. Epidemiological evidence indicated that all patients had consumed egg sandwiches served on September 20 as snacks to children and staff at a nursery in Dongguan, located near Shenzhen. Salmonella Enteritidis was isolated from case-patients, food handlers, kitchenware, and sandwiches with kitchen-made mayonnaise. Whole-genome single-nucleotide polymorphism (SNP)-based phylogenetic analysis demonstrated a well-supported cluster with pairwise distances of ≤1 SNP between genomes for outbreak-associated isolates, providing the definitive link between all samples. In comparison with historical isolates from the same geographical region, the minimum pairwise distance was >14 SNPs, suggesting a non-local outbreak source. Genomic source tracing revealed the possible transmission dynamics of a S. Enteritidis clone throughout a multi-provincial egg distribution network. The efficiency and scale with which multidisciplinary and integrated approaches were coordinated in this foodborne disease outbreak response was unprecedented in China, leading to the timely intervention of a large cross-jurisdiction Salmonella outbreak.

Keywords: Salmonella, serotype Enteritidis, outbreak response, genomic epidemiology, whole-genome sequencing, metagenomics, single-nucleotide polymorphism


INTRODUCTION

Salmonellosis is among the most common foodborne infections in China (Liu et al., 2018), with Salmonella enterica serotype Enteritidis (S. Enteritidis) being identified as the most prevalent serotype among laboratory confirmed nontyphoidal Salmonella infections (Ran et al., 2011). Globally, S. Enteritidis from shell eggs has been well recognized as the causative agent of large-scale foodborne outbreaks (Lu et al., 2004; Janmohamed et al., 2011; Hormansdorfer et al., 2017). In the United States, despite long identified as a major vehicle for S. Enteritidis infections (Braden, 2006), outbreaks associated with shell eggs have continued to occur, including a nationwide outbreak that triggered a recall of 500 million eggs (Kuehn, 2010). Food products of egg origin used as an ingredient during preparation, such as mousse cake (Zhou et al., 2015) and egg sandwiches (Wei et al., 2014; Guo et al., 2015), were frequently implicated as sources of S. Enteritidis infections.

In recent years, the depth and breadth of foodborne outbreak investigations have been greatly enhanced by the use of whole-genome sequencing (WGS) analyses, by offering the ultimate subtyping resolution delivered by interrogating entire bacterial genomes (Deng et al., 2016). As a result, WGS has increasingly complemented traditional epidemiological studies during foodborne outbreak investigations to provide definitive genomic evidence linking suspected food sources to infections (Gymoese et al., 2017; Ford et al., 2018; Ung et al., 2019), with real-time applications also being developed (Jackson et al., 2016; Ribot et al., 2019). In several multijurisdictional and international Salmonella outbreaks, WGS has been successfully utilized for elucidating transmission dynamics and traceback investigations of S. Enteritidis outbreak strains associated with shell eggs (Dallman et al., 2016; Inns et al., 2017; Pijnacker et al., 2019), including near real-time settings (Inns et al., 2015). More recently, the trend toward the adoption of culture-independent foodborne pathogen detection, the use of metagenomics in foodborne outbreak settings has also garnered considerable interest (Forbes et al., 2017).

During September 2019, a cluster of suspected foodborne illnesses involving primarily young children have been reported at hospitals throughout two adjacent cities, Shenzhen and Dongguan, within the Guangdong province of China. We describe a rapid cross-jurisdiction foodborne outbreak response between the Shenzhen, Dongguan and Guangdong Centers for Disease Control and Prevention, coordinated with an unprecedented efficiency and scale in China, and complemented by a multicenter effort to conduct near real-time whole-genome and metagenomics analyses to establish the possible links between S. Enteritidis strains isolated from case-patients, food handlers, kitchenware, and the egg sandwiches that were implicated as the source of outbreak. Genomic source tracing was conducted to elucidate the transmission dynamics of the outbreak-associated S. Enteritidis clone in China.



MATERIALS AND METHODS


Multidisciplinary and Integrated Public Health Emergency Response

A rapid cross-jurisdiction foodborne outbreak response was jointly coordinated by the Shenzhen, Dongguan and Guangdong Centers for Disease Control and Prevention, through a multicenter effort to conduct epidemiological investigation, laboratory diagnoses, near real-time whole-genome and metagenomics analyses, genomic source tracing, and stipulate intervention strategies, as summarized in Figure 1. Epidemiological investigations and analyses began on September 22 and were conducted by the Dongguan and Shenzhen CDCs. Dongguan CDC was also responsible for the on-site field investigation at the nursery, as well as the collection of samples from food (n = 19), the environment (n = 7), food handlers, and kitchen staff (n = 11). Samples from case-patients were collected by hospital physicians in Shenzhen (n = 46) and Dongguan (n = 30). Rapid diagnostic testing using a FilmArray GI panel multiplex PCR was performed at Shenzhen CDC. Bacterial culture, isolation, and identification were performed by Dongguan and Shenzhen CDCs during September 22–26. On September 26 and the ensuing 34 h, bacterial isolates were sent to Beijing Institute of Microbiology and Epidemiology (n = 14) and the Guangdong CDC (n = 52) for whole-genome sequencing, whereas metagenomic samples were sequenced by Shenzhen CDC (n = 30). Following the identification of the implicated food source, a traceback investigation was conducted by Shenzhen CDC and Shenzhen Agricultural Product Quality and Safety Inspection and Testing Center. All results generated were collated at Shenzhen CDC for data and bioinformatics analyses.
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FIGURE 1. An overview of the multidisciplinary and integrated public health response framework. In the current Salmonella Enteritidis outbreak, the three CDCs (Shenzhen, Dongguan, and Guangdong) played a central role in coordinating a multicenter effort to conduct epidemiological investigation, laboratory diagnoses, near real-time whole-genome and metagenomics analyses, and genomic source tracing to stipulate intervention strategies.




Epidemiological Investigation

On-site investigation included interviews with school and kitchen staff, inspections of kitchen and dining areas of the canteen, reviewing surveillance video recordings, procedures of food preparation, and meal serving records. Demographic data, onset of illness, clinical symptoms, and food consumption histories were obtained through structured questionnaires collected at hospitals. During and immediately following the investigation period, the nursery was suspended from operation; pending detailed review of food preparation procedures at the nursery canteen. Standard epidemiological investigation procedures were followed, for which a summary workflow is provided as Supplemental Material (Supplementary Figure S1). A case was defined as a person with acute onset of three or more episodes of diarrhea and/or vomiting in a 24-h period, accompanied by fever >37°C or abdominal pain, who has consumed foods prepared by the nursery canteen since September 18. Active case finding was conducted by raising public health alerts to healthcare providers in an effort to identify additional persons throughout both cities whom met the case definition.



Pathogen Identification

Samples collected (n = 113) included rectal swabs or stool samples from case-patients (n = 76) and food handlers (n = 11), food samples (n = 19), and kitchenware (cutting boards, serving plates, refrigerator, and mayonnaise mixing bowl; n = 7) from the nursery canteen. Stool samples from 10 cases with severe symptoms were processed using the FilmArray GI panel (BioFire Diagnostics, Salt Lake City) multiplex PCR as previously described (Hu et al., 2020). All samples were enriched and screened for common foodborne pathogens including Salmonella, Shigella, Vibrio parahaemolyticus, Vibrio cholerae, Staphylococcus aureus, Escherichia coli O157:H7, enterotoxigenic Escherichia coli, enteropathogenic Escherichia coli, enteroinvasive Escherichia coli, enterohemorrhagic Escherichia coli, Bacillus cereus, group A Streptococcus, and Listeria monocytogenes, as previously described (Hu et al., 2008). Food samples were sliced into small pieces aseptically, and 25 g was diluted in 225 ml enrichment broth and homogenized. Samples were enriched in selenite cystine broth (SC) at 35°C for 18–24 h, and a loopful then streaked into Hektoen Enteric (HE) agar plates, which were incubated at 35°C for 18–24 h. A minimum of five suspected colonies were picked and subjected to biochemical (Vitek 2 and bioMérieux) and serological tests for identification.



Whole-Genome Sequencing and Metagenomic Analysis

DNA extraction was performed using the Qiagen QIAamp DNA Mini Kit (QIAGEN, Hilden, Germany) according to manufacturer’s instructions. Whole-genome and metagenomics sequencing were conducted in near real-time at sequencing facilities from multiple cities in China. WGS of outbreak isolates were performed at Beijing Institute of Microbiology and Epidemiology using Ion S5 or at Guangdong CDC using Illumina MiSeq, while historic strains from the Guangdong province were sequenced using Illumina MiSeq or BGISEQ-500. Metagenomics sequencing was conducted by BGI in Shenzhen using MGISEQ-2000. All sequencing data with uniform output formats were quality controlled and analyzed using same bioinformatics pipelines at Shenzhen CDC. Briefly, over 1GB of clean data were generated for each whole-genome sequenced isolate (>100x coverage, WGS) or metagenomics sample on average. Short-read sequence data were deposited in the NCBI Sequence Read Archive (BioProject PRJNA565566, accession numbers provided in Supplementary Table S1). Core-genome single-nucleotide polymorphisms (core-SNPs) were identified by the Snippy pipeline v4.3.81 using S. Enteritidis reference genome P125109 (accession number: NC_011294) as previously described (Jiang et al., 2020). SNPs located in repetitive and recombinogenic regions were removed prior to phylogenetic analysis. Repetitive regions in the reference genome were identified using TRF v42 and self-alignment by BLASTn, and recombinogenic regions were identified using Gubbins v2.3.4 (Croucher et al., 2015). The maximum likelihood trees were constructed based on non-repetitive and non-recombinogenic core-SNPs using IQ-TREE (Nguyen et al., 2015). Genomic source tracing was conducted by interrogating S. Enteritidis genomes (n = 241,991) from the Enterobase (Assessed September 2019; Zhou et al., 2020)3 for closely related strains (<10 core-genome multilocus sequence typing alleles differences) for inclusion into phylogenetic analysis. Pair-end libraries with short DNA fragments were constructed for whole-genome shotgun metagenomic sequencing by BGI in Shenzhen using MGISEQ-2000. After quality control, metagenomic sequencing reads were analyzed using Kraken v2.0.8 (Wood et al., 2019) for taxonomic classification and abundance estimates of S. enterica present in samples.




RESULTS


Epidemiological Investigation

Between September 20 and 22, a total of 254 cases of gastroenteritis were reported in Shenzhen and Dongguan, Guangdong province, China. Preliminary investigation indicated that only those who were either children or staff from a local nursery school in Dongguan located near the city border with Shenzhen had become sick. Of 157 persons who met the outbreak case definition during initial epidemiological investigation and active case finding, demographic data and exposure questionnaires were obtained for 121 case-patients and were included in this study. The age range of cases was 2–61 years, which included young children (age 2–6; n = 116), teaching staff (n = 3), and relatives of teaching staff who consumed leftovers brought home (n = 2), with a male to female ratio of 61–39%. Predominant clinical manifestations included fever (98.4%), diarrhea (89.3%), abdominal pain (87.6%), and vomiting (79.3%). One case presented with severe diarrhea, vomiting, and a fever of 39°C was admitted to intensive care unit, none died. The distribution of cases over 3 days (September 20–22) from the epidemic curve suggested a point-source outbreak with a single incubation period, which peaked on September 21 between 4 am and 8 am with 54 cases (Figure 2).
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FIGURE 2. Epidemic curve of the Salmonella Enteritidis outbreak associated with the consumption of egg sandwiches in a nursery school, Shenzhen and Dongguan, Guangdong province, 2019.


On-site investigation conducted on September 22 found that the disease prevalence among children attending full-day classes and half-day classes at the nursery were 25.84% (116/449) were 0 (0/18), respectively, which was significantly different (χ2 = 4.88, p < 0.05). Children from half-day classes were picked up at noon and subsequently were not given lunch and afternoon snacks. Combined with the time distribution of the cases, it is considered that the lunch or afternoon snack in the nursery canteen on September 20 may have led to the outbreak. Different foods were provided for teaching staff and children at the nursery, and no sandwiches were served for teaching staff on September 20. However, three sick teaching staff and two of their relatives who consumed leftovers sandwiches brought home developed symptoms of gastroenteritis and were eventually identified as cases. Interviews conducted found that mayonnaise containing raw eggs was spread directly on to bread, made into sandwiches, and served without heating. Based on these epidemiological findings, egg sandwiches served to children on September 20 as afternoon snacks were implicated as the suspected food source of the outbreak.



Pathogen Identification

From a total of 113 samples, 66 were positive for S. Enteritidis, which were isolated from case-patients (n = 58), food samples (n = 4), food handlers (n = 2), and the mayonnaise mixing bowl (n = 2). Of the 10 samples tested by the FilmArray GI panel multiplex PCR, nine were found to be positive for Salmonella, while only seven samples had suspected colonies on HE plates. Using the Vitek 2 rapid diagnostic system, suspected colonies were identified to be Salmonella species, while serological testing has been determined as serotype Enteritidis.



Whole-Genome and Metagenomic Analysis

The phylogenetic relationships inferred by WGS SNP-based cluster analysis between all sampled isolates were concordant with epidemiological findings. A maximum likelihood tree was constructed to visualize that all outbreak-associated isolates were genetically closely related to each other (Figure 3A). From a total of 860 core-SNPs identified, all outbreak-associated S. Enteritidis isolates differed by pairwise distances of one SNP or less and clustered together, including isolates from sandwiches, the mayonnaise mixer, and case-patients (SNP distance matrix provided in Supplementary Table S2). In conjunction with epidemiological analyses, the kitchen-made mayonnaise used as an ingredient of egg sandwiches was determined to be the source of the outbreak. In comparison, the minimum distance between historic isolates from the Guangdong province (n = 81) and any of the outbreak-associated isolates was 14 SNPs, larger than the common threshold (≤3 SNPs) used for delineating outbreak clusters (Taylor et al., 2015), suggesting a non-local outbreak source. From the preliminary metagenomics analysis of patient fecal samples conducted, 300–197,790 reads (median: 3,967) were assigned to S. enterica, with species-specific abundances for S. enterica ranked within top 10 of all abundances for 50% of samples (n = 15), ranging from 0.01 to 5.69% (median 0.19%) per sample (Figure 3B).
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FIGURE 3. Whole-genome and metagenomic analysis of Salmonella Enteritidis outbreak isolates and historical isolates. (A) Maximum likelihood tree of outbreak isolates (n = 66) and historical isolates from Guangdong (n = 81) between 2017 and 2019. Colored circles in the tree tips indicate isolate source. (B) Distributions of species-specific abundances (top) and number of reads assigned to Salmonella enterica among metagenomics samples (n = 30).




Genomic and Epidemiological Source Tracing

To further elucidate the possible origins of a non-local outbreak source, a genomic source tracing analysis conducted using the Enterobase (Zhou et al., 2020). A S. Enteritidis clone that shared the same SNP genotype (pairwise distance ≤ 2 SNP between genomes) with isolates from the current outbreak (Figure 4A) was found throughout a multi-provincial egg distribution network in China (n = 8), thereby revealing the possible transmission dynamics (Figure 4B). This clone appeared to have originated from an egg producer in the Hebei province, with a possible transmission chain that included intermediary distributors in the Liaoning province, before being sold at wholesale markets in Dongguan, Guangdong province, which in turn gave rise to the current disease outbreak in Dongguan. With the assistance from the State Administration for Market Regulation (SAMR), epidemiological traceback investigation revealed and confirmed that eggs used for mayonnaise production in this outbreak were purchased from the Dalingshan market, Dongguan, which was sourced from an egg distributor in Anshan, Liaoning Province, for a Hebei chicken farm.
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FIGURE 4. Possible transmission dynamics of the Salmonella Enteritidis clone throughout a multi-provincial egg distribution network in China. (A) Maximum likelihood tree of outbreak isolates (n = 66), historical isolates (n = 5, SNP distance < 22), and Enterobase isolates (n = 8, cgMLST loci difference < 10). Colored circles in the tree tips indicate geographical origins corresponding to the map in the right panel. (B) Inferred transmission dynamics for the possible origins of a S. Enteritidis clone implicated in the current outbreak. This clone appeared to have originated from an egg producer in the Hebei province, with a possible transmission chain that included intermediary distributors in the Liaoning province, before being sold at wholesale markets in Dongguan, Guangdong province, which in turn gave rise to the current disease outbreak in Dongguan.





DISCUSSION

This is the first report of a S. Enteritidis outbreak that affected a large number of children in China, which was met with an unprecedented outbreak response in the country, both in scale and speed, involving the use of multidisciplinary and integrated approaches.

A noteworthy aspect of the current outbreak was the swift identification of the outbreak source to be the kitchen-made mayonnaise used within egg sandwiches on September 20. This was achieved by conducting quick laboratory diagnoses, concurrently with exhaustive epidemiological, laboratory, and genomic investigations (Figure 1). First, the large number of sick individuals who were young children under the constant care of family members had promptly sought medical care and underwent rapid laboratory diagnosis based on the use of multiplex PCR. This has helped guiding the epidemiological investigation by limiting its scope in the early stages of the outbreak. Second, the detailed review of food preparation protocol and record of meals served has allowed the accurate pinpointing of mixing bowl that was used during mayonnaise preparation. Third, through food and environmental sample, collection, including food samples kept from before the outbreak had occurred, has allowed prompt bacterial culture and isolation to confirm the vehicle of disease transmission and whole-genome analysis. Finally, by applying whole-genome SNP-based cluster analysis in near real-time, we were able to rapidly establish the confirmatory link between S. Enteritidis isolated from case-patients, food handlers, kitchenware, and the mayonnaise used in sandwiches to provide the crucial confirmation for the outbreak source. However, the relatively short duration of outbreak has not allowed time for genetic mutations to occur among isolates, which could have been useful for determining the direction of transmission between food handlers and food source. Nonetheless, this highlighted the advantages of complementing traditional epidemiological investigations with WGS analysis to present definitive genomic evidence linking suspected food sources to infections. In this investigation, an unprecedented multicenter genome sequencing effort was deployed in three different cities in China (Shenzhen, Guangzhou, and Beijing) using three different sequencing platforms to complete whole-genome sequencing for all isolates within 34 h.

Based on the further observation that the minimum pairwise distance between the genomes of historic isolates and outbreak-associated isolates was at least 14 SNPs, which indicated a non-local outbreak source, we performed a genomic source tracing analysis by comparing existing genome sequences from one of the largest the public domain for Salmonella genomes, the Enterobase (Zhou et al., 2020). The subsequent finding of a match with a S. Enteritidis clone throughout a multi-provincial egg distribution network in China was unexpected. However, without cooperation from the egg producer, intermediary distributors, and wholesalers, we were unable to obtain actual samples or isolates. In addition, we proactively pursued the relevant CDCs from these regions for further information and isolates, but none could be obtained. Some prospective outbreaks from these geographical areas have been identified and examined, but none could be matched. Therefore, we could not further establish the definitive transmission pathway in the supply chain. The lack of data sharing and communication channels is a common problem of foodborne disease investigations and surveillance in China. Currently, no enforcement agency in China has vested jurisdictional authority for compliance from food producers and sellers during foodborne disease outbreaks, which has hindered efforts to prevent subsequent outbreaks (Tang et al., 2015). Nonetheless, we have illustrated from the current study as an example that it is indeed possible to collaborate in a foodborne outbreak investigation to achieve a successful outcome.

The potential utility of metagenomics analysis in a large outbreak situation to guide investigation efforts was also explored. Given that S. enterica was detected in all stool samples tested, the metagenomics approach could potentially serve as an effective rapid screening tool when combined with epidemiological evidence to assist in time-sensitive outbreak situations. One powerful advantage of the metagenomics approach is the use of direct sequencing from patient specimens (Forbes et al., 2017), which would significantly shorten the turnaround time by eliminating the need for days of bacterial culture to obtain pure isolates, as in the case for WGS. Indeed, several studies have examined the use of metagenomics for investigating severe foodborne outbreaks of Salmonella serotype Heidelberg (Huang et al., 2017) and Shiga-Toxigenic E. coli (STEC) O104:H4 (Loman et al., 2013), and explored the potential for additional applications such as the rapid identification of virulence and resistance genes, respectively. These studies, along with our findings, suggest a promising potential of metagenomics to accurately identify the causative agents from outbreaks. Challenges remain, however, including limitations related to sensitivity issues, computational intensiveness, and high costs (Allard et al., 2018; Besser, 2018) that have precluded its routine use thus far (Armstrong et al., 2019).

Salmonella Enteritidis outbreaks have continued to occur worldwide despite frequent report and many possible intervention strategies have been suggested. The current outbreak has highlighted the importance of basic kitchen hygiene in disease prevention, and the food safety challenges posed by practice of using raw egg-based ingredients in food preparation, especially in a nursery setting. This can be achieved by strengthening the food safety training and supervision for food service providers and/or caterers at nurseries, such as the use of pasteurized egg products or avoid recipes using raw eggs, which should be fully cooked. Hygiene measures included hand washing and the use of gloves before handling food, whereas raw and cooked foods are processed and stored separately to avoid cross-contamination. The implementation of effective and basic food safety education as a public health priority would reduce the opportunities of recurring S. Enteritidis outbreaks.

In this cross-city Salmonella outbreak, we illustrated the importance of efficient public health intervention that was facilitated through close collaboration and coordination between primary care physicians, epidemiologists, microbiologists, and bioinformaticians across jurisdictions and agencies, which successfully limited the scale and propagation of a large disease outbreak. By using multidisciplinary and integrated approaches in an effective and efficient manner that was unprecedented in China, our experience could potentially serve as a pragmatic model for public health responses to large-scale outbreaks of infectious diseases in the future.
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Mining novel specific molecular targets and establishing efficient identification methods are significant for detecting Pseudomonas aeruginosa, which can enable P. aeruginosa tracing in food and water. Pangenome analysis was used to analyze the whole genomic sequences of 2017 strains (including 1,000 P. aeruginosa strains and 1,017 other common foodborne pathogen strains) downloaded from gene databases to obtain novel species-specific genes, yielding a total of 11 such genes. Four novel target genes, UCBPP-PA14_00095, UCBPP-PA14_03237, UCBPP-PA14_04976, and UCBPP-PA14_03627, were selected for use, which had 100% coverage in the target strain and were not present in nontarget bacteria. PCR primers (PA1, PA2, PA3, and PA4) and qPCR primers (PA12, PA13, PA14, and PA15) were designed based on these target genes to establish detection methods. For the PCR primer set, the minimum detection limit for DNA was 65.4 fg/μl, which was observed for primer set PA2 of the UCBPP-PA14_03237 gene. The detection limit in pure culture without pre-enrichment was 105 colony-forming units (CFU)/ml for primer set PA1, 103 CFU/ml for primer set PA2, and 104 CFU/ml for primer set PA3 and primer set PA4. Then, qPCR standard curves were established based on the novel species-specific targets. The standard curves showed perfect linear correlations, with R2 values of 0.9901 for primer set PA12, 0.9915 for primer set PA13, 0.9924 for primer set PA14, and 0.9935 for primer set PA15. The minimum detection limit of the real-time PCR (qPCR) assay was 102 CFU/ml for pure cultures of P. aeruginosa. Compared with the endpoint PCR and traditional culture methods, the qPCR assay was more sensitive by one or two orders of magnitude. The feasibility of these methods was satisfactory in terms of sensitivity, specificity, and efficiency after evaluating 29 ready-to-eat vegetable samples and was almost consistent with that of the national standard detection method. The developed assays can be applied for rapid screening and detection of pathogenic P. aeruginosa, providing accurate results to inform effective monitoring measures in order to improve microbiological safety.

Keywords: novel target gene, Pseudomonas aeruginosa, pangenome analysis, PCR, ready-to-eat vegetables


INTRODUCTION

Pseudomonas aeruginosa is a common cause of severe nosocomial infections. Patients with metabolic or hematological diseases or patients with malignant immunodeficiency or tumors are especially susceptible to P. aeruginosa infection, as are patients in intensive care units (Namaki et al., 2022). Pseudomonas aeruginosa is also the most common cause of ventilator-associated pneumonia and burn wound infections, both of which have a mortality rate of >30% (Kidd et al., 2015). Respiratory tract infection with P. aeruginosa is a major determinant of the severity of lung disease and is associated with significant incidence rate and mortality of cystic fibrosis (CF; Crull et al., 2018; Mesinele et al., 2022).

Pseudomonas aeruginosa is widely distributed in water, plants, soil, and humid natural environments, and easily contaminates different kinds of food (Oliver et al., 2015). In addition to being frequently found in bottled mineral water and tap water, P. aeruginosa has also been tested positive in ready-to-eat vegetables (Naze et al., 2010; Pelegrin et al., 2021; Ruiz-Roldán et al., 2021). Studies found the ready-to-eat vegetables that were a potential-although rare-vector for colistin- and carbapenem-resistant P. aeruginosa, the contamination rate of P. aeruginosa has reached 17.5% or 34% (Cai et al., 2015; Hölzel et al., 2018; Kapeleka et al., 2020; Junaid et al., 2021). That is to say, P. aeruginosa is a major contaminant of fresh vegetables, which might be a source of infection for susceptible persons within the community (Rahman et al., 2022). Transmission of P. aeruginosa along the food chain could cause gastrointestinal infections (Fakhkhari et al., 2022). More importantly, P. aeruginosa is the dominant spoilage bacteria and has the strongest spoilage potential in vegetable that are stored under aerobic conditions (Dharmarha et al., 2019; Jin et al., 2021). Additionally, the shelf life of ready-to-eat vegetables is seriously affected by P. aeruginosa, which will cause great economic losses (Godova et al., 2020). All told, the presence of P. aeruginosa in ready-to-eat vegetables causes food spoilage, reduced shelf life, and economic loss. Therefore, it is necessary to trace the occurrence of potential pollution of this pathogen, so as to provide a scientific basis for ensuring the safety of ready-to-eat vegetables.

Currently, the standard gold method for detecting P. aeruginosa in food is the conventional culture method, which is labor-intensive, expensive, and time-consuming (Zhou et al., 2020; Chon et al., 2021). Especially when the number of samples is large, it takes a long time to isolate and identify P. aeruginosa from ready-to-eat vegetables by traditional methods (Gharieb et al., 2022). In addition, the traditional culture method determines P. aeruginosa according to the green pigment produced by the strain. This method will lead to wrong judgment in actual inspection: one case is that some strains of P. aeruginosa do not produce this pigment, which leads to missed inspection. Another situation is that P. fluorescens produces the same pigment as P. aeruginosa, which makes it impossible to distinguish and cause false positive (Schroth et al., 2018; Junaid et al., 2021). For a long time, scientists have been committed to establishing a rapid and sensitive method for the detection of P. aeruginosa, but each method has its advantages and disadvantages (Tang et al., 2017). DNA fingerprinting and 16S DNA-based analyses were used to identify the harm of plant derived P. aeruginosa to humans and animals, which is complex and requires very professional inspectors (Ambreetha et al., 2021). Biosensor method and 16r RNA gene amplicon sequencing, which had high detection efficiency, were used to analyze P. aeruginosa of food microorganisms, but these methods need complex pretreatment (Zhong et al., 2020; Wind et al., 2021). Illumina whole gene sequencing has great advantages in accuracy, was used to analyze the distribution of P. aeruginosa after pasteurized milk, but it takes a lot of testing costs (Maske et al., 2021). Furthermore, 25 articles mentioned health risks from consuming fresh produce by antimicrobial-resistant bacteria, but none quantified the risk (Rahman et al., 2022). When the concentration of P. aeruginosa reaches a certain value, it may have the risk of colonization, so it is necessary to quantify its concentration (Kwok et al., 2021). Therefore, it is necessary to develop rapid, accurate, simple, and efficient diagnostic techniques or tools for the detection of P. aeruginosa in food, so as to monitor the pollution status and provide scientific basis for the prevention and control of foodborne P. aeruginosa.

PCR has been widely employed as a rapid and specific method for the detection of P. aeruginosa in a variety of foods and processing environments because of its high specificity, sensitivity, time savings, and easy operation. The target genes oprL and oprI have been used for the molecular detection of P. aeruginosa in burn patients. This approach is a valuable technique for the early and precise detection of P. aeruginosa (Jami Al-Ahmadi and Zahmatkesh Roodsari, 2016; Mapipa et al., 2021). A sensitive method has been developed to detect Pseudomonas pseudomallei from the soil with PCR by targeting specific flagellin genes (Tungpradabkul et al., 2005). However, most of the reported PCR-based methods for identifying and characterizing P. aeruginosa target bacterial virulence genes or 16S and 23S rRNA genes, which provide a limited number of targets (Wei et al., 2015; Wang et al., 2016). With the maturity of whole-genome sequencing technology and the increasing gene pool of new strains, some of the original targets cannot cover the detection of new themes. Therefore, it is vital to mine novel target genes with high species specificity for more accurate and efficient pathogen detection.

With the advancement of sequencing techniques, numerous genomes of P. aeruginosa and other Pseudomonas species have been described. Several novel specific target sequences, such as those of gyrB, ecfX, fliC, and algD, have been identified and applied to distinguish P. aeruginosa from other Pseudomonas spp. (Taee et al., 2014; Heidari et al., 2018; Wang et al., 2020; Khademi et al., 2021). The tremendous increase in the availability of bacterial genome sequences is allowing researchers to investigate and query pangenomes (Freschi et al., 2018).

Pangenome analysis has become a representative discipline for studying the entire repertoire of gene families in the genomes of pathogenic bacterial clades, which not only provides the whole set of genes shared by Pseudomonas species but also can also be applied in interspecies differentiation analysis to mine species-specific genes in order to use a wealth of genome data (Hilker et al., 2014).

In short, for the detection of P. aeruginosa, traditional methods are time-consuming and laborious, and the experimental conditions of immunological methods are limited, while the sensitivity and accuracy of the existing molecular methods need to be considered. There is an urgent need for novel specific molecular detection targets of P. aeruginosa in order to establish a rapid and efficient detection method. Exactly, the explosive development of whole gene sequencing technology has made mining targets become convenient. Therefore, we aimed at mining novel specific target gene sequences of P. aeruginosa based on the pangenome analysis and established high-specificity and high-sensitivity PCR and quantitative real-time PCR (qPCR) methods based on these targets. Furthermore, the established methods were applied to the detection of actual samples of ready-to-eat vegetables to master the pollution of P. aeruginosa in ready-to-eat vegetable industry, so as to provide a scientific basis for reducing pollution. The flowchart of the experimental method involved in this study is shown in Figure 1.
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FIGURE 1. The flowchart of the experimental method involved in this study.




MATERIALS AND METHODS


Screening Species-Specific Novel Target Genes for Pseudomonas aeruginosa

Genomic sequences of 1,000 P. aeruginosa strains and 1,017 other common foodborne pathogen strains were retrieved from the NCBI Genome Database (last accessed on November 30, 2019). The specific information for the sequences is provided in Supplementary Table S1. Pangenome analysis was used to identify P. aeruginosa species-specific genes. The research involved the evaluation of nucleotide sequence dissimilarity between P. aeruginosa and non-P. aeruginosa sequences (Pang et al., 2019). In brief, all nucleic acid sequences downloaded from the NCBI database were annotated using Prokka v1.11 (Seemann, 2014). Then, the output of Prokka was used to construct a pangenome by Roary v3.11.2 (Page et al., 2015), with a BLASTP identity cutoff of 85%. The absence/existence profile of all genes across strains was converted into a 0/1 matrix with a local script. The matrix was then used to identify P. aeruginosa species-specific genes, which were screened according to the following criteria: 100% presence in target species strains and 0% presence in all other bacterial species strains and non-P. aeruginosa strains. Then, these candidate targets were further screened against the nucleotide collection (nr/nt) databases using the online BLAST program1 and PCR verification to ensure specificity.



Specific Primer Design for PCR and Real-Time PCR

Primer Premier 6.0 software (PREMIER Biosoft International, Palo Alto, United States) was used to design primers targeting the screened conserved sequences of P. aeruginosa. Primers without hairpin structures or dimers and the highest rating score were selected. Their specificity was preliminarily verified by the NCBI Blast tool. Then, the primers listed in Table 1 were synthesized by Shanghai Sangon Company (Shanghai, China).



TABLE 1. Species-specific genes and primers for PCR and qPCR identification of P. aeruginosa.
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Bacterial Strains and Genomic DNA Extraction

This study used 134 bacterial strains (95 P. aeruginosa strains and 39 non-P. aeruginosa strains; Supplementary Table S2). They were purchased from the National Center for Medical Culture Collections (CMCC, Beijing, China), the American Type Culture Collection (ATCC, Manassas, VA, United States), and the China General Microbiological Culture Collection Center (CGMCC, Beijing, China). The other strains used in this study were part of our laboratory culture collection.

All strains were cultured in Luria-Bertani (LB) broth at 37°C. The bacterial cultures were then collected by centrifugation at 25°C and 12,000 × g for 5 min. Genomic DNA from these cells was extracted and purified using an EZNA Bacteria Genome Kit (Omega Bio-Tek Inc., Norcross, GA, United States) according to the manufacturer’s instructions. The concentration and purity of the DNA were estimated by agarose gel electrophoresis and by using a NanoDrop 2000c UV–Vis spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States). Extracted DNA was stored at −20°C until PCR and qPCR analysis.



PCR and Real-Time PCR Conditions for Pseudomonas aeruginosa Detection

The DNA extracted from bacterial strains was used for PCR and qPCR amplification. The PCR mixture consisted of 12.5 μl of 2 × Taq Master Mix (Vazyme, China), 1 μl of each primer (10 μM), 50 ng of DNA template, and sterile distilled H2O up to a final volume of 25 μl. PCR amplification was performed in a PTC-100 programmable thermal controller (MJ Research, Inc.), with an initial denaturation step of 98°C for 3 min, followed by 35 cycles at 95°C for 30 s, 58.0°C for 30 s, and 72°C for 30 s and a final extension step at 72°C for 10 min. The PCR products were separated by 2% agarose gel electrophoresis and visualized by ethidium bromide staining. All PCR assays in this study were conducted in triplicate.

For qPCR amplification, the total reaction volume was 20 μl, including 10 μl of TB Green™ Premix Ex Taq™ II (TaKaRa, Biotech, Dalian, China), 1 μl each of the forward and reverse primers (10 μM), 7 μl of sterile water, and 50 ng of the purified bacterial genomic DNA as a template. A LightCycler® 96 System (Roche, Switzerland) was used for thermal cycling, as follows: initial denaturation of DNA at 95°C for 30 s, followed by 40 cycles of denaturation at 95°C for 5 s and annealing at 55°C for 60 s. The qPCR assay was performed in triplicate with parallel analysis in 96-well plates. Sterile water was used in place of the DNA template as a negative control to ensure the absence of contaminants.



Specificity Evaluation of the Primers for PCR and qPCR Assays

All strains used for the verification of primer specificity in the PCR and qPCR assays were from our laboratory collection and are listed in Supplementary Table S2. Genomic DNA was extracted from 95 P. aeruginosa strains and 39 non-P. aeruginosa strains and used as a template to validate the specificity of the designed primers. One tube of PCR mixture was added to 2 μl of sterile distilled water instead of DNA template as a blank control. The PCR primer sets that could amplify a single target band with the expected length for the corresponding strains of P. aeruginosa that showed negative results for non-P. aeruginosa strains were considered species-specific primers and used for further evaluation. The reported toxA target gene, a major virulence factor in P. aeruginosa, was used in a comparative experiment (SN/T2206.12, 2016; Taee et al., 2014). The same experimental environment and strain sets and test set were maintained during the comparative experiment, only hanging the target to the toxA gene (Supplementary Table S4; Supplementary Figure S2).

Genomic DNAs from 63 P. aeruginosa strains and 32 other bacterial strains were used as a template for the qPCR amplification to evaluate the specificity of the qPCR assay. The qPCR assay was performed in triplicate with parallel analysis in 96-well plates (Supplementary Table S3).



Sensitivity and Interference Evaluation of Specific Primers Using Genomic DNA

Purified DNA of a known concentration extracted from P. aeruginosa ATCC 15442 was serially diluted 10-fold. Two microliters of diluted extracted DNA was used as a template in a 25 μl PCR. One tube of PCR mixture was added to 2 μl of sterile distilled water instead of DNA template as a blank control. The PCR results were analyzed, and the detection limit of the PCR was determined. Then, 2 μl of each dilution was used as the template for qPCR amplification. A Light Cycler® 96 qPCR system (Roche, Basel, Switzerland) was used for thermal cycling as follows: denaturation at 95°C for 60 s, followed by 40 cycles of denaturation at 95°C for 10 s and annealing at 60°C for 30 s. The data were analyzed using built-in software. All P. aeruginosa DNA was extracted for qPCR analysis in triplicate. The target gene with the best detection limit was selected for further study.

Pseudomonas aeruginosa ATCC 15442 and a common pathogen (Escherichia coli ATCC 25922) were used to validate the PCR assay’s accuracy and scope for interference. The strains were cultured in LB broth at 37°C for 18 h and then serially diluted (10-fold) with 8.5% sodium chloride solution. The density of P. aeruginosa cells was adjusted to 104 CFU/ml. Pseudomonas aeruginosa cultures were individually mixed with the interference testing strain at ratios of 1:103, 1:102, 1:10, 1:1, 10:1, and 102:1, and 103:1. Genomic DNA was extracted from the mixtures and used as a template for qPCR. Meanwhile, genomic DNA from P. aeruginosa cultures without the interference strain was used as the positive control template. The ability of the PCR assay to overcome interference was evaluated by 2.0% agarose gel electrophoresis.



Artificial Contamination Experiments

Pseudomonas aeruginosa ATCC 15442 was cultured in LB broth at 37°C for 18 h, and the cell concentration was estimated by plate counting. Tomato samples (10 g) sterilized with ultraviolet light were mixed with 89 ml of LB medium, and then, the mixtures were incubated at 37°C for 18 h. Next, 1 ml P. aeruginosa mixtures were added at final inoculum concentrations ranging from 100 to 108 CFU/g. Genomic DNA was extracted at the indicated time points from 1 ml samples and then analyzed by PCR and qPCR. The amplification system and procedure were performed as described in “PCR and Real-Time PCR Conditions for Pseudomonas aeruginosa Detection” section.



Detection of Pathogenic Pseudomonas aeruginosa in Samples of Ready-to-Eat Vegetables

A total of 29 ready-to-eat vegetable samples were collected from local markets in Guangdong Province, China, to validate the detection ability of PCR and qPCR. The ready-to-eat vegetables were sampled at random sites, and the samples were transported on ice to the laboratory for immediate analysis. The conventional culture method was used for testing based on the standard reference to detect P. aeruginosa in food for import and export (SN/T 2099-2008). Briefly, 25 g of each sample was randomly weighed, added to 225 ml of P. aeruginosa enrichment broth (SCDLP medium, Guangdong Huankai Co., Ltd., Guangzhou, China), and incubated at 37°C for 18 h. A loopful (approximately 10 μl) of the SCDLP enrichment culture was streaked into P. aeruginosa-selective agar plates (CN agar plates; Guangdong Huankai Co., Ltd., Guangzhou, China) and incubated at 37°C for 24 h. According to the manufacturer’s instructions, at least three presumptive colonies were selected to identify P. aeruginosa using the Bruker MALDI Biotyper identification system (MALDI, Bruker, Germany). Meanwhile, 1 ml of SCDLP broth enrichment culture was collected from each sample at 12 h. Genomic DNA was extracted from SCDLP broth enrichment cultures for PCR and qPCR.




RESULTS


Identification of Specific Target Genes for Pseudomonas aeruginosa

Pangenome analysis was used to mine novel molecular targets for detecting P. aeruginosa in this study. A total of four genes (Table 1) were identified as specific to P. aeruginosa according to nucleotide sequence similarity. These gene sequences were present in 100% of the target P. aeruginosa, which did not exist in non-P. aeruginosa sequences available in the NCBI bacterial database according to BLASTN online.

After filtering using PCR analysis, four novel P. aeruginosa-specific targets, including group_98983 (1,000/1,000), phzA2 (1,000/1,000), group_75393 (1,000/1,000), and group_88276 (1,000/1,000), specific for the P. aeruginosa genes were uniquely present in all target strains but not in nontarget strains (Table 2; Supplementary Figure S1). The particular target gene phzA2 encodes a phenazine biosynthesis protein, and the specific target genes group_98983, group_75393, and group_88276 encode hypothetical proteins without assigned functions.



TABLE 2. Specificity results for PCR primers using P. aeruginosa and other foodborne pathogenic strains.
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Diagnostic Specificity of the Novel Specific Primers

The results of specificity tests for the four PCR primer sets are shown in Table 2. These primers were prescreened with 95 P. aeruginosa strains and 39 non-P. aeruginosa strains. The four PCR primer sets showed perfect specificity for P. aeruginosa, and the bands of the four species-specific targets group_98983, phzA2, group_75393, and group_88276 exhibited separate fragments of 169, 325, 263, and 132 bp, respectively, which were obtained only with P. aeruginosa as the template. All the non-P. aeruginosa strains displayed negative results. The above four novel genes had a coverage rate of 100% among existing genes in the strains, while the detection rate of toxA genes was only 82.1% (78/95; Supplementary Figure S2).

The sensitivity of the genes specific to P. aeruginosa DNA was further evaluated. We used qPCR for further analysis based on the specific primers screened by the PCR method. As shown in Table 2, we selected the PA12, PA13, PA14, and PA15 primer sets for use. For accurate qPCR analysis, four primer sets were designed (Table 1). A total of 63 P. aeruginosa strains and 32 non-P. aeruginosa strains were used to verify the specificity of the qPCR primers, and the results are shown in Table 2. According to the Ct values and dissolution curves, all non-P. aeruginosa strains showed no amplification, while amplification was obtained for the target P. aeruginosa strains, indicating a high specificity of the primers with qPCRs.



Sensitivity Evaluation and Interference Evaluation of the Novel Specific Primers

The results regarding the specificity of the PCR assay with novel specific primers are shown in Supplementary Table S2. No product bands were obtained with the 39 non-P. aeruginosa strains tested, and no cross-reactivity was observed. To determine the detection limit of the novel assay, the initial concentration of DNA from P. aeruginosa ATCC 15442 was 65.4 ng/μl. The detection limits using the genomic DNA of P. aeruginosa with the PA1, PA2, PA3, and PA4 primer sets were 65.4 pg/μl, 65.4 fg/μl, 654 fg/μl, and 6.54 pg/μl, respectively (Figure 2).
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FIGURE 2. PCR detection sensitivity using dilutions of genomic DNA from Pseudomonas aeruginosa ATCC 15442. Lane M = DSTM 2000 marker (Dongsheng Biotechnology, Guangdong, China); lane N = negative control (double-distilled H2O); lanes 1–8 = 65.4 ng/μl, 6.54 ng/μl, 654 pg/μl, 65.4 pg/μl, 6.54 pg/μl, 654 fg/μl, and 65.4 fg/μl, 6.54 fg/μl, respectively. (A) Primer set PA1 (169 bp); (B) primer set PA2 (325 bp); (C) primer set PA3 (263 bp); and (D) primer set PA4 (132 bp).


DNA was then extracted from different dilutions of P. aeruginosa cultures and used as the template. Following PCR detection, cell concentrations ranging from 100 to 108 CFU/ml were used. The detection limits observed whole cells of P. aeruginosa with the PA1, PA2, PA3, and PA4 primer sets were 4.15 × 105 CFU/ml, 9.7 × 103 CFU/ml, 4.3 × 104 CFU/ml, and 4.3 × 104 CFU/ml, respectively (Figure 3).
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FIGURE 3. PCR detection sensitivity using dilutions of a pure culture of P. aeruginosa ATCC 15442. Lane M = DSTM 2000 marker (Dongsheng Biotechnology, Guangdong, China); lane N = negative control (double-distilled H2O); and lanes 1–8 = 2.07 × 108 CFU/ml, 2.07 × 107 CFU/ml, 1.85 × 106 CFU/ml, 4.15 × 105 CFU/ml, 4.3 × 104 CFU/ml, 9.7 × 103 CFU/ml, 1.4 × 102 CFU/ml, and 2 × 101 CFU/ml, respectively. (A) Primer set PA1 (169 bp); (B) primer set PA2 (325 bp); (C) primer set PA3 (263 bp); and (D) primer set PA4 (132 bp).


Standard curves were established based on the novel species-specific targets to quantify P. aeruginosa. As illustrated in Figures 4A–D, the four standard curves showed ideal linear correlations, with R2 values of 0.9901 for primer set PA12, 0.9915 for primer set PA13, 0.9924 for primer set PA14, and 0.9935 for primer set PA15. The detection limits were 103 CFU/ml for primer sets PA12 and PA15 and 102 CFU/ml for primer sets PA13 and PA14.
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FIGURE 4. Standard curves established by plotting cycle threshold (Ct) values against the log numbers of P. aeruginosa in pure culture. (A) Primer set PA12 in a range of 103–108 CFU/ml; (B) primer set PA13 in a range of 102–108 CFU/ml; (C) primer set PA14 in a range of 102–108 CFU/ml; and (D) primer set PA15 in a range of 103–108 CFU/ml.


Artificially contaminated tomato was used to evaluate the sensitivity, specificity, and reliability of the primer sets PA1, PA2, PA3, and PA4. The cell concentrations of P. aeruginosa added to tomato were 101–108 CFU/ml. Following PCR detection, cell concentrations of 104–106 CFU/ml were used (Figure 5). The detection limits of the PA1, PA2, PA3, and PA4 primer sets were 1.33 × 106 CFU/ml, 1.33 × 104 CFU/ml, 1.33 × 105 CFU/ml, and 1.33 × 105 CFU/ml, respectively.
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FIGURE 5. PCR detection sensitivity using dilutions of a pure culture of P. aeruginosa ATCC 15442 in spiked tomato lane M = DSTM 2000 marker (Dongsheng Biotechnology, Guangdong, China); lane N = negative control (double-distilled H2O); and lanes 1–8 = 1.33 × 108 CFU/ml, 1.33 × 107 CFU/ml, 1.33 × 106 CFU/ml, 1.33 × 105 CFU/ml, 1.33 × 104 CFU/ml, 1.33 × 103 CFU/ml, 1.33 × 102 CFU/ml, and 2 × 101 CFU/ml, respectively. (A) Primer set PA1 (169 bp); (B) primer set PA2 (325 bp); (C) primer set PA3 (263 bp); and (D) primer set PA4 (132 bp).


Furthermore, the optimized conditions for the qPCR assay were used to establish a standard curve for P. aeruginosa detection in artificially contaminated samples. The linear detection range of these methods was 1.33 × 102 CFU/g to 1.33 × 108 CFU/g (Figures 6A–D). The four standard curves showed ideal linear correlations, with R2 values of 0.9944 for primer set PA12, 0.9851 for primer set PA13, 0.9814 for primer set PA14, and 0.9853 for primer set PA13. The LOD values of the four novel species-specific targets were 1.33 × 104 CFU/g for primer sets PA12 and PA15, 1.33 × 103 CFU/g for primer sets PA13 and PA14. Compared with the endpoint PCR method, the qPCR method was more sensitive by an order of magnitude.
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FIGURE 6. Standard curves established by plotting cycle threshold (Ct) values against the log numbers of P. aeruginosa in pure culture from artificially contaminated tomatoes. (A) Primer set PA12 in a range of 104–108 CFU/ml; (B) primer set PA13 in a range of 103–108 CFU/ml; (C) primer set PA14 in a range of 103–108 CFU/ml; and (D) primer set PA15 in a range of 104–108 CFU/ml.


The susceptibility of the PCR and qPCR assay to interference by nontarget DNA was determined by mixing P. aeruginosa and non-P. aeruginosa strains (E. coli ATCC 25922) at different ratios. Only one clear band was generated for mixtures of all strains tested for the PCR assay. The brightness of the band was comparable to that obtained by analyzing a pure P. aeruginosa culture (Figure 7). All amplifications had similar cycle threshold (Ct) values (Figure 8), regardless of the target-to-interfering strain ratio, suggesting that the presence of non-P. aeruginosa strains (E. coli ATCC 25922) did not interfere with L. monocytogenes serotype 4c detection. This result indicated that even a high abundance of E. coli ATCC 25922 did not interfere with the detection of P. aeruginosa.
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FIGURE 7. PCR assays using primers targeting P. aeruginosa ATCC 15442 (4.6 × 104 CFU/ml) testing for interference with different concentrations of E. coli ATCC 25922. Lane M = DSTM 2000 marker (Dongsheng Biotechnology, Guangdong, China); lanes 1–5 = mixtures of Escherichia coli ATCC 25922 concentration mixed with 1.462 × 108 CFU/ml, 1.462 × 106 CFU/ml, 1.462 × 104 CFU/ml, 1.9 × 102 CFU/ml, 0 CFU/ml, respectively. (A) Primer set PA1 (169 bp) mixed with E. coli ATCC 25922; (B) primer set PA2 (325 bp) mixed with E. coli ATCC 25922; (C) primer set PA3(263 bp) mixed with E. coli ATCC 25922; and (D) primer set PA4 (132 bp) mixed with E. coli ATCC 25922.
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FIGURE 8. Assessment of interference with the real-time PCR-based detection of P. aeruginosa by coinfection with E. coli ATCC 25922. Detection of P. aeruginosa ATCC 15442 (4.6 × 104 CFU/ml) in the presence of E. coli ATCC 25922 (0, 1.9 × 102 CFU/ml, 1.462 × 104 CFU/ml, 1.462 × 106 CFU/ml, and 1.462 × 108 CFU/ml). (A) Primer set PA12 mixed with E. coli ATCC 25922; (B) primer set PA13 mixed with E. coli ATCC 25922; (C) primer set PA14 mixed with E. coli ATCC 25922; and (D) primer set PA15 mixed with E. coli ATCC 25922.




Application of the PCR Assay for the Analysis of Ready-to-Eat Vegetables

To verify the practicality and effectiveness of the developed PCR and qPCR methods, we next used these assays to detect P. aeruginosa in 29 unspiked ready-to-eat vegetable samples (Table 3). Among the 29 strains identified by the traditional MALDI (BRUKER, Germany) method, 14 ready-to-eat vegetable samples were positive. For species-specific targeting of group_98983 and group_88276 by the PCR and qPCR methods, the overall positive detection rate was 14/29, the same as that obtained with the traditional MALDI method. However, the PCR and qPCR methods with the species-specific target phzA2 and group_75393 were positive for 15 samples, consistent with the rate obtained by qPCRs. These results indicated that the four PCR primers and four qPCR primers designed by the novel species-specific target could be used to achieve the same positive detection results as the traditional MALDI method with the same initial inoculum. The established methods are accurate and reliable for the evaluation of actual samples of ready-to-eat vegetables.



TABLE 3. Test results for the detection of P. aeruginosa in ready-to-eat vegetable samples obtained using different methods.
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DISCUSSION

The identification of P. aeruginosa has traditionally relied on phenotypic and biochemical methods, which take a long time to perform and require extensive hands-on work by the technologist, both for setup and for ongoing evaluation. Genotype-based identification methods circumvent the problem of variable phenotypes to enable more accurate species identification. Recently, molecular techniques have been developed for detecting P. aeruginosa based on its virulence genes, such as toxA, ecfX, fliC, and oprL (Taee et al., 2014; Wang et al., 2019, 2020).

However, deficiency and mutation of some virulence factors in P. aeruginosa strains can result in false results because of existing pathogenic factors, which may cause a potential threat of food poisoning (Baloyi et al., 2021). Since numerous microbial genome sequences have been completed and published with the development of sequencing technology and bioinformatics, many researchers have focused on exploring and screening novel specific target markers that could replace some target genes with poor specificity.

In this study, we developed PCR and qPCR methods to detect P. aeruginosa in food. The methods aimed at new species-specific gene targets were particular and sensitive. Vegetables from retail markets and supermarkets were widely contaminated by P. aeruginosa and have resistant or reduced susceptibilities antibiotic (Rahman et al., 2022). Pseudomonas aeruginosa as spoilage organisms in the ready-to-eat vegetables was distinguished by its capability to persist in highly antibiotic-resistant biofilm accumulation, which seriously affects shelf life (Allydice-Francis and Brown, 2012). While P. aeruginosa is considered an opportunistic pathogen, several reports have indicated that the organism can also cause infections in healthy hosts (Mateu-Borras et al., 2022). In addition, there was evidence that environmental isolates were as virulent as clinical strains (Li et al., 2018; D’Souza et al., 2020). Previous studies have found that P. aeruginosa can highly contaminate vegetables, revealing the potential hazard of salad vegetables and the possibility of food-related outbreaks of disease (Abrahale et al., 2019; Perez-Diaz et al., 2019; Villagran-de La Mora et al., 2020). Therefore, rapid detection of pathogenic P. aeruginosa is crucial in the vegetable supply chain. The consumption of ready-to-eat vegetables contaminated by P. aeruginosa may seriously impact human health.

However, traditional detection methods for P. aeruginosa may cause false positives or missed positives and are considerably time-consuming. Automated systems such as VITEK 2, which walkway system that works on the principle of photometry, promise shorter turnaround times to detect P. aeruginosa, but these systems have a low rate of accuracy in the identification (Torrecillas et al., 2020; Bhalla et al., 2021; Miranda-Ulloa et al., 2021; Pintado-Berninches et al., 2021; Viedma et al., 2021). Immunological approaches use the highly specific binding between antigens and antibodies and facilitate qualitative or quantitative detection that is based on specific reactions resulted from antigen antibody binding (Rainbow et al., 2020). High-sensitivity detection has been reached by modern immunoassay approaches, but their relatively tedious procedures have limited further development (Bhalla et al., 2021; Miranda-Ulloa et al., 2021; Viedma et al., 2021). In addition, greatest drawback of immunofluorescence methods is a low signal-to-noise ratio, which may lower its detection specificity (Pintado-Berninches et al., 2021). Electrochemical analysis can use the electrochemical characteristics of materials for qualitative and quantitative detection, which is fast and sensitive, but it needs compact experimental equipment to complete the experiment (Sabat et al., 2021; Zuccarello et al., 2021). Matrix-assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF-MS) states an advanced technology and owns a very good application prospects in identifying P. aeruginosa (Wilhelm et al., 2021). MALDI-TOF-MS was used to accurately and rapidly identify the five high-risk clones of P. aeruginosa sequence ST111, ST175, ST235, ST253, and ST395, also was applied in P. aeruginosa drug resistance analysis such as carbapenemase (Mulet et al., 2021). MALDI-TOF-MS exhibits limited resolving power, and therefore does not supply sequence-based ID necessarily; microbial ID using MALDI-TOF-MS is based on spectral fingerprint patterns rather than the identity of each spectral peak (Ayhan et al., 2021).

The development of PCR-based detection methods for species-specific classification would provide an independent means for confirming species identity (Jami Al-Ahmadi and Zahmatkesh Roodsari, 2016). The current PCR detection methods for P. aeruginosa species target the virulence genes toxA or the 16S rRNA and 23S rRNA genes (Taee et al., 2014; Wang et al., 2016). With the development of sequencing technology and bioinformatics, many microbial genome sequences have been collected. Many researchers have sought to find new novel specific gene targets to replace the current target genes with poor specificity (Taee et al., 2014). Previously, specific target genes for P. aeruginosa was identified from sigma 70-factor sequences available from GenBank2 and then aligned using CLUSTALW software (Chowdhury and Garai, 2017; Wang et al., 2020). Neighbor-joining trees have been computed through the PHYLO_WIN graphical tool (Sánchez-Herrera et al., 2017). Specificity is the key to the success of conventional PCR, but it is also the most important reason for the failure of PCR detection. With the rapid development of whole-genome sequencing and bioinformatics, it has become more economical, convenient, and effective to identify specific targets by pangenome analysis than by using other molecular target screening methods. In this study, we used a large number of genome sequences (n = 2017) for pangenome analysis to identify specific gene targets of P. aeruginosa. According to the pangenome and PCR analyses, four novel P. aeruginosa-specific targets were 100% specific to the targeted P. aeruginosa genomes and did not detect nontarget P. aeruginosa genomes. However, the P. aeruginosa-specific targets reported in the previous studies, including ecfX, 16S rDNA, fliC, exotoxin A, oprI, algD, and oprL, were present in 99.7%, 96.8%, 96.7%, 95%, 99.5%, 89.4%, and 96.9% of the target strains, respectively (Table 4). Except for the fliC gene, which showed low specificity, all of the genes had very high specificity, especially the ecfX and gyrB genes, whose detection was not associated with false positive or false negative results (Tang et al., 2017). In addition, the detection limits of primer pairs (103–104 CFU/ml) corresponding to these new target genes are similar to those of existing molecular detection targets (Tang et al., 2017). Consequently, the specific target of P. aeruginosa obtained by this method has good specificity. Its sensitivity can meet the needs of existing molecular detection methods. Moreover, it can represent the unique detection target of pathogenic P. aeruginosa in ready-to-eat vegetables and their downstream products.



TABLE 4. Presence profile of novel and reported P. aeruginosa species-specific gene targets for target and nontarget strains.
[image: Table4]

The PCR assay developed in the current study combines four specific primer sets (PA1, PA2, PA3, and PA4) based on novel molecular markers (UCBPP-PA14_00095, UCBPP-PA14_03237, UCBPP-PA14_04976, and UCBPP-PA14_03627, respectively) and allows simultaneous identification of pathogenic P. aeruginosa. The minimum detection limits of the assays were 103–104 CFU/ml for P. aeruginosa when pure enriched cultures were analyzed, which are comparable to those for PCRs reported in previous studies (Tang et al., 2017). These observations indicated that the new PCR assay could be used to detect P. aeruginosa in samples more rapidly (the overall assay time, including 4–12 h of pre-enrichment, DNA extraction, and the PCR assay, was only 5–17 h) than by using the standard culture method (4–7 days).

We designed the primers PA1, PA2, PA3, and PA4 according to the targets UCBPP-PA14_00095, UCBPP-PA14_03237, UCBPP-PA14_04976, and UCBPP-PA14_03627, respectively. Real-time PCR methods were established on the basis of the above findings. The minimum detection limit of the qPCR assay for P. aeruginosa was 102 CFU/ml. The equations of the qPCR method showed good linearity. These values, comparable to those of most qPCR methods used for foods, were obtained without prior enrichment. Sarabaegi and Roushani (2019) reported a qPCR assay that detected a level of 2.7 × 102 CFU/ml for P. aeruginosa in water.

Similarly, Fortunato et al. (2021) used a qPCR method to detect P. aeruginosa in soil and manure with a detection limit of 104 CFU/g. Notably, the entire assay, including DNA extraction and qPCR, can be completed within 2 h. Compared with other assays, such as traditional culture and conventional PCR methods, the qPCR assay is more sensitive, more specific, time-efficient, and labor-saving.

We applied these methods to detect P. aeruginosa in actual samples of ready-to-eat vegetables, the results of which were consistent with the results of traditional culture methods. The positivity rate of P. aeruginosa was approximately 50% (n = 29), which was equivalent to that for fresh-cut fruits and vegetables (Savic et al., 2021). The positivity rate showed that the contamination of ready-to-eat vegetables by P. aeruginosa was significantly higher than that of other types of food, such as cooked meat products, cold ready-to-eat foods, and drinking water which was 6.25%, 17.65%, and 1.19%, respectively (Cai et al., 2015). This favorable rate of P. aeruginosa was due to dominant flora of vegetable plant saprophytic bacteria (Jin et al., 2021). Pseudomonas aeruginosa carried by water sources and raw materials may also cause contamination at all points in the sequence of vegetable irrigation, circulation, and clean vegetable processing in an open environment and eventually contaminate ready-to-eat vegetable products. It was found that P. aeruginosa strains from vegetables were genetically and functionally similar to clinical isolates in genetics and function (Ambreetha et al., 2021). Therefore, the development of rapid and sensitive detection methods for P. aeruginosa in ready-to-eat vegetables is of great significance to epidemiological research.

In this research, the methods of basic new specific molecular targets face two major limitations in practical application. On the one hand, with the increase of the number of test samples, false positive results may occur. On the other hand, this method belongs to the variable temperature nucleic acid amplification method, which needs to use a specific variable temperature amplification instrument to successfully complete the experiment. Although the method based on new specific targets can grasp the pollution level of P. aeruginosa in ready-to-eat vegetables, there are many uncertainties in the transmission mechanism of P. aeruginosa in the food chain. In subsequent experiments, we plan to analyze the serotype and evolutionary relationship of P. aeruginosa strains isolated from food samples in order to trace the way of P. aeruginosa contamination.



CONCLUSION

In conclusion, we successfully mined four novel specific target gene sequences of P. aeruginosa with high specificity and sensitivity used pangenome analysis. Based on these new targets, high-specificity and high-sensitivity PCR and qPCR assays were established for rapid detection of P. aeruginosa. Furthermore, the established PCR and qPCR methods were applied to the whole cell detection in practical samples of ready-to-eat vegetables. Comparing the positive results of P. aeruginosa in ready-to-eat vegetables, the detection method based on the new target is consistent with the detection method of standard culture and is not disturbed by nontarget bacteria in the detection environment. Hence, the developed assays based on the novel specific target can be applied for rapid screening and detecting P. aeruginosa in ready-to-eat vegetables, providing a scientific basis for the monitoring of foodborne P. aeruginosa.
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Insects are a component of the diet of different animal species and have been suggested as the major source of human dietary protein for the future. However, insects are also carriers of potentially pathogenic microbes that constitute a risk to food and feed safety. In this study, we reported the occurrence of a hemolytic orange pigmented producing phenotype of Lactococcus garvieae/petauri/formosensis in the fecal microbiota of golden lion tamarins (Leontopithecus rosalia) and feed larvae (Zophobas atratus). Feed insects were identified as a regular source of L. garvieae/petauri/formosensis based on a reanalysis of available 16S rRNA gene libraries. Pan-genome analysis suggested the existence of four clusters within the L. garvieae/petauri/formosensis group. The presence of cyl cluster indicated that some strains of the L. garvieae/petauri/formosensis group produced a pigment similar to granadaene, an orange cytotoxic lipid produced by group B streptococci, including Streptococcus agalactiae. Pigment production by L. garvieae/petauri/formosensis strains was dependent on the presence of the fermentable sugars, with no pigment being observed at pH <4.7. The addition of buffering compounds or arginine, which can be metabolized to ammonium, restored pigment formation. In addition, pigment formation might be related to the source of peptone. These data suggest that edible insects are a possible source of granadaene-producing lactococci, which can be considered a pathogenic risk with zoonotic potential.
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INTRODUCTION

Insects are a natural nutrient source of different animal species (Verbeke et al., 2015; Gasco et al., 2019). Moreover, insects are a dietary component of certain Asian and African countries. Globally, there is a search for alternative sources of protein to replace or substitute meat, and insects are an excellent source of essential nutrients, minerals, vitamins, and proteins (Raheem et al., 2019). This has led to considerable interest in edible and feed insects, such as crickets, grasshoppers, ants, and various beetle grubs, including mealworms, darkling beetle larvae, and caterpillars (Garofalo et al., 2019; Govorushko, 2019). Due to their short life cycles when reared and farmed, insects are considered a sustainable (Raheem et al., 2019), land-efficient alternative to animal-sourced foods (Parodi et al., 2018).

Despite several advantages of edible insects, large-scale production for food and feed will lead to novel challenges, including the possible transmission of biological hazards (Eilenberg et al., 2015; van der Fels-Klerx et al., 2018; Garofalo et al., 2019; Osimani and Aquilanti, 2021). Available data suggest that the insect microbiota is complex with marked variations in microbial load and diversity. Insect microbiota is stable and species-specific among the most popular edible insects, such as mealworm larvae and grasshoppers (Garofalo et al., 2019). Also, Tinker and Ottesen (2016) examined the composition and stability of the gut microbiota from the omnivorous cockroach (Periplaneta americana). Cockroaches hosted a diverse core gut microbiome that remained stable and resilient to drastic long-term dietary shifts. At the phylum level, the gut microbiota of wild P. americana was similar to lab-reared animals. Raw insects generally harbor high numbers of mesophilic aerobes (i.e., Micrococcus spp., Pseudomonas spp., Staphylococcus spp.), bacterial endospores or spore-forming bacteria (Bacillus spp., Clostridium spp., Paenibacillus spp.), Enterobacteriaceae, and lactic acid bacteria (Lactobacillaceae, Lactococcus spp.). Moreover, insects may serve as a host for Carnobacterium maltaromaticum. Psychrotrophic aerobes, fungi, and potentially harmful microorganisms (i.e., pathogenic, mycotoxigenic, and spoilage microbes) may also be present based on cultivation-dependent and -independent analyses (Shannon et al., 2001; Hernández-Flores et al., 2015; Stoops et al., 2016; Garofalo et al., 2017; Vandeweyer et al., 2017; Milanović et al., 2018; Wynants et al., 2018).

The presence of distinctive orange pigment-producing colonies during anaerobic cultivation targeted to isolate bifidobacteria from feces of golden lion tamarins (Leontopithecus rosalia) and their feed insects led us to further investigate and characterize the isolated strains. Pigment formation has been associated with the pathogenesis of some bacteria. Serratia marcescens produces a red pigment prodigiosin, which can contribute to the virulence of the strains, while Staphylococcus aureus is an example of a golden pigment staphyloxanthin producer (Liu and Nizet, 2009). According to the study by Liu et al. (2005), the loss of pigmentation translated to a significant decrease in virulence. In contrast, Zhang et al. (2018) observed that virulence of non-pigmented producing S. aureus strains was not reduced compared to pigment producers in a murine sepsis model, suggesting that pigment formation is not the only factor causing pathogenesis.

We identified the isolates as members of the Lactococcus garvieae/petauri/formosensis group using marker genes and genome comparison. Isolates were characterized biochemically, and the impact of environmental conditions, such as carbon and peptone source and pH, was determined. In this study, we suggest that isolates of L. garvieae/petauri/formosensis, which are well-known fish pathogens (Vendrell et al., 2006; Meyburgh et al., 2017; Shahi and Mallik, 2020), produce the orange pigment granadaene, which might add to the pathogenesis of these strains and their potential transmission from feed insect to mammalian gut microbiota and aquacultures.



MATERIALS AND METHODS


Ethics Statement

The sampling of primate feces was performed during routine daily procedures at Olomouc zoo (Czechia). The zoological institution has rigorous standards for animal welfare and is accredited by the European Association of Zoos and Aquaria. All procedures involving animals adhered to recommendations of the “Guide for the Care and Use of Animals” by the Czech University of Life Sciences Prague and to the legal requirements of the Czech Republic for the ethical treatment of non-human primates as well as in accordance with European Directive 2010/63/EU. The research protocol was approved by the Ethic and Animal Care Committee of the Czech University of Life Sciences Prague (protocol number: CZU/17/19).



Sampling and Cultivation Analysis of Fecal Samples and Feed Insects

In total, 21 fecal samples of a male (n = 17), a female (n = 3), and their offspring (n = 1) golden lion tamarins (L. rosalia) were collected to characterize the cultivable anaerobic bacteria and members of the family Bifidobacteriaceae. The male animal was in quarantine after transfer from France to Czechia during the sampling period; sampling was performed at Olomouc zoo in 2018–2019. Fecal samples were collected in tubes containing dilution buffer [5 g L–1 tryptone, 5 g L–1 nutrient broth no. 2, 2.5 g L–1 yeast extract (all Oxoid, United Kingdom), 0.5 g L–1 L-cysteine, and 1 ml L–1 Tween 80 (both Sigma-Aldrich, United States)] and glass pearls for homogenization. Media were prepared in an oxygen−free carbon dioxide environment and then sterilized. Feed insect samples, such as larvae Tenebrio molitor and Z. atratus, crickets, cockroaches, and grasshoppers, were used for cultivation analysis. Feed insects (10 g) were homogenized and transferred into tubes with dilution buffer (90 ml).

Wilkins–Chalgren Anaerobe agar supplemented with 5 g L–1 GMO-Free Soya Peptone (both Oxoid, United Kingdom), 0.5 g L–1 L-cysteine, and 1 ml L–1 Tween 80 (WSP) was used to determine total counts of anaerobic bacteria. Two selective media WSP-NORF containing mupirocin 100 mg L–1, norfloxacin 200 mg L–1 (both Oxoid), and 1 ml L–1 acetic acid (Sigma-Aldrich) and WSP-MUP (identical composition without norfloxacin) were used for bifidobacterial detection according to the study by Modrackova et al. (2021). Plates were incubated anaerobically using GENbag anaer (bioMérieux, France) at 37°C for 2 days.



Colony Isolation and Strain Identification

The isolation of putative Bifidobacterium spp. from cultivation media (n = 102) and consecutive subcultivation was performed using WSP broth under anaerobic conditions at 37°C for 1 day. The fructose-6-phosphate phosphoketolase (F6PPK) test with cetrimonium bromide for cell disruption (Orban and Patterson, 2000) was used to identify members of the Bifidobacteriaceae (n = 83).

Isolates were identified to the species level using matrix-assisted laser desorption/ionization mass spectrometry (MALDI-TOF MS) with ethanol-formic acid extraction procedure with HCCA matrix solution according to the instructions of the manufacturer (Bruker Daltonik GmbH, Bremen, Germany). Stock cultures of bacteria were stored at −80°C in 30% glycerol. Additional bifidobacterial identification and characterization were not the focus of this article.

Colonies with orange pigmentation (n = 16) that were isolated from WSP medium without antibiotics were grown in WSP broth under anaerobic conditions at 37°C for 1 day and were also identified to the species level using MALDI-TOF MS. DNA was isolated using PrepMan Ultra (Applied Biosystems, United States) according to the instructions of the manufacturer and stored at −20°C. Primers fd1 (5′-AGAGTTTGATCCTGGCTCAG-3′) and rP2 (5′-ACGGCTACCTTGTTACGACTT-3′) were used for PCR reaction to amplify 16S rRNA gene (Weisburg et al., 1991). PCR products were purified with E.Z.N.A. Cycle Pure Kit (Omega Bio-Tek, United States) and were Sanger sequenced by Eurofins Genomics (Germany). The obtained sequences were processed in Chromas Lite 2.5.1 (Technelysium Pty Ltd., Australia), BioEdit (Hall, 1999; Hall et al., 2011) with ClustalW algorithm (Thompson et al., 1994), and compared with EZBioCloud1 and NCBI2 databases.



Culture Collection Strains and Culture Conditions

Lactococcus garvieae B18, which did not produce pigment and had been isolated from the stool of an infant, was obtained from strain collection of the Department of Microbiology, Nutrition and Dietetics, CZU (Czechia). L. garvieae subsp. garvieae DSM 6783 = ATCC 49156 (originating from kidney of yellowtail), L. garvieae DSM 20064 (silage), L. garvieae DSM 20385 (raw milk), L. garvieae subsp. garvieae DSM 20684T = ATCC 43921T = NBRC 100934 (bovine mastitis), and L. petauri ATCC 159469T = DSM 104842T = LMG 30040T (oral abscess in a sugar glider) were obtained from DSMZ, and granadaene producing Streptococcus agalactiae LMG 15088 = ATCC 12386 [no exact information about an origin, group B streptococci (GBS) control strain for media testing] was obtained from LMG. All Lactococcus spp. and S. agalactiae strains were routinely cultivated in WSP broth. Their purity and identity were checked using phase-contrast microscopy and by MALDI-TOF MS.



Biochemical, Enzymatic, and Hemolytic Activity Characterization

Lactococcus spp. and S. agalactiae were initially grown anaerobically at 37°C for 24 h on Wilkins–Chalgren agar without the soya peptone addition. Production of acid connected to pH change, based on the ability to utilize carbohydrates, was determined by using API 50 CH kits (bioMérieux, France) after incubation at 37°C for 48 h. API 20 STREP kits (bioMérieux) were used to determine carbohydrate utilization and enzymatic assay after incubation at 37°C for 4 and 24 h. Enzymatic activity was assessed using API ZYM and Rapid 32 ID A kits (both bioMérieux) after incubation at 37°C for 4–4.5 h. All kits were used according to the instructions of the supplier. The ability of tested strains to induce hemolysis was tested on Tryptone Soya Agar and Columbia agar with 5% of sheep blood (both Oxoid) under aerobic and anaerobic conditions at 37°C for 24 h. All strains were tested at least in two or three biological replicates.



Impact of Nutrients and pH on Pigment Formation

The growth and cultivation characteristics, such as pigmentation of colonies, were determined at 20, 30, and 37°C under aerobic and anaerobic conditions. Commercial media Wilkins–Chalgren Anaerobe agar, Columbia agar, Brain Heart Infusion agar, Tryptone Soya agar, MRS agar, Rogosa agar (all from Oxoid), Granada agar (bioMérieux), and methotrexate-containing New Granada Medium (De la Rosa et al., 1992) without antibiotic supplementation were tested.

The formation of granadaene pigment was visually evaluated on modified agars containing additional substrates. D-Glucose (in final concentration 1, 2, 5, and 10 g L–1), D-mannose (2 or 4 g L–1), D-fructose, D-tagatose, D-galactose, D-ribose, D-mannitol, cellobiose, maltose, sucrose, trehalose, gentobiose, N-acetylglucosamine, amygdalin, arbutin, esculin, salicin, DL-lactic acid, and D-gluconic acid potassium salt (all in a concentration of 5 g L–1; Sigma-Aldrich) were added to the basic Wilkins–Chalgren agar that contains 1 g L–1 glucose. The pH of Wilkins–Chalgren agar (pH 6.4 after sterilization) was adjusted by the addition of acetic acid (Sigma-Aldrich) in a concentration to obtain a range from pH 4.1–5.1 (0.5 ml L–1 for pH 5.1, 1 ml L–1 for pH 4.7, 1.5 ml L–1 for pH 4.4, 2 ml L–1 for agar pH 4.1). To determine the impact of buffer capacity, 3-(N-morpholino)propanesulfonic acid hemisodium salt (11 g L–1; MOPS hemisodium salt, Sigma-Aldrich) and disodium hydrogen phosphate (8.5 g L–1; Penta, Czechia) were added to Wilkins–Chalgren agar together with glucose (5 g L–1). The addition of L-arginine (1 g L–1) was tested in combination with basic Wilkins–Chalgren agar containing D-glucose (1 g L–1). All used strains were cultivated under anaerobic conditions at 37°C, 24 h.

Moreover, strains were cultivated in basic Wilkins–Chalgren broth supplemented with additional D-glucose for final concentrations 1, 3, 5, or 10 g L–1, or D-mannose (2 or 4 g L–1). Supernatants were used for pH measurement using Checker Plus-pH HI98100 (Hanna instruments, Czechia) and metabolite analysis.



Metabolite Analysis Using High-Pressure Liquid Chromatography With Refractive Index Detection

Glucose, mannose, and lactate concentrations present in supernatants were quantified using a 1260 Infinity II (Agilent, Denmark) equipped with a refractive index detector and a Hi-Plex H column (Agilent). H2SO4 (5 mM) was used as eluent at a flow rate of 0.6 ml min–1 at a column temperature of 40°C. Chromatograms were processed with Chromeleon 7.20 (Thermo Scientific). External standards were prepared from 100 and 10 mM solutions (Sigma-Aldrich).



Bacterial Genome Sequencing and Comparative Genome Analysis

For bacterial genome sequencing, four strains, namely, LG4 and LG26 (originating from feces of golden lion tamarins), I4/6O (Z. atratus larvae), and B18 (stool of an infant) were selected. High-molecular-weight DNA was prepared using QIAGEN Genomic Tip/100 G (QIAGEN, Germany) according to the instructions of the manufacturer. SMRTbell template library was prepared according to the instructions from Pacific Biosciences (Menlo Park, CA, United States), following the Procedure & Checklist – Preparing Multiplexed Microbial Libraries Using SMRTbell Express Template Prep Kit 2.0. Briefly, for the preparation of 10 kb libraries 1 μg genomic DNA was sheared using g-tubes (Covaris, MA, United States) according to the instructions of the manufacturer. DNA was end-repaired and ligated to barcoded adapters applying components from the SMRTbell Express Template Prep Kit 2.0 (Pacific Biosciences). Reactions were carried out according to the instructions of the manufacturer. Samples were pooled according to the calculations provided by the Microbial Multiplexing Calculator. Conditions for annealing of sequencing primers and binding of polymerase to purified SMRTbell template were assessed with the Calculator in SMRT link (Pacific Biosciences). Libraries were sequenced on the SequelII (Pacific Biosciences), taking one 15 h movie per SMRT cell.

Long read genome assemblies were performed using the Microbial Assembly protocol included in SMRT link version 8.0.0 applying target genome sizes of 2.1 Mbp (strain B18), 2.4 Mbp (strains I4/6O and LG4), and 2.6 Mbp (strain LG26). All circular chromosomal contigs were adjusted to dnaA. Identification of dnaA was carried out using BLAST, and circularization and rotation were performed with the genomecirculator.py tool.3 Furthermore, up to five circular plasmids (strain I4/6O) were assembled and adjusted to their replication genes.

Strains were taxonomically assigned using the Type Strain Genome Server of the DSM (TYGS, Meier-Kolthoff and Göker, 2019; Meier-Kolthoff et al., 2021). We used EDGAR 2.3 (Blom et al., 2016) for pan-genome analysis and comparison to selected genomes of S. agalactiae. A total of 4 genomes were generated in this study (of strains LG4, LG26, I4/6O, and B18), 35 genomes assigned to L. garvieae, 2 genomes assigned to L. petauri (which were available at NCBI in the fall of 2020), and 10 genomes of S. agalactiae (Supplementary Table 1). L. garvieae ATCC 49156 (AP009332) was used as a reference genome. A phylogenetic tree based on the core genome using the 41 Lactococcus genomes employed in this study was calculated using EDGAR 2.3 (Blom et al., 2016). Briefly, core gene sets were generated using MUSCLE, and the alignments were concatenated to one alignment, which was used as input for tree construction employing the neighbor-joining algorithm as implemented in the PHYLIP package. A similarity matrix was deduced from ANI values (Supplementary Table 2) calculated within EDGAR 2.3 using parameters similar to JSpecies (Richter and Rosselló-Móra, 2009) with an all-against-all comparison. Genes assigned to cyl operon of S. agalactiae (Spellerberg et al., 2000) were extracted from an EDGAR comparison.


Quantitative PCR Analysis to Quantify Total Bacterial Counts

DNA was extracted from fecal and insect samples using the Fast DNA Spin Kit for soil (MP Biomedicals, France), which includes a bead-beating step, according to the instructions of the manufacturer.

The quantitative PCR (qPCR) was performed to determine the abundance of total bacteria for quantitative microbiota profiling (QMP) together with the 16S rRNA gene dataset (described below) using a Roche LightCycle 480 System (Hoffmann-La Roche, Switzerland). Each reaction constituted of 5 μl 2× SensiFAST SYBR No-ROX Mix (Bioline GmbH, Germany), 0.5 μl primer (10 μM), 1 μl of 10-fold diluted DNA, and 3 μl of water. Each sample was analyzed in duplicate. Reaction mixtures were heated to 95°C for 20 s and were subjected to 40 cycles of denaturation at 95°C for 5 s, annealing and extension at 60°C for 60 s, followed by melting curve analysis. In each run, a serial dilution of the corresponding standard was included using a linearized plasmid containing the gene of interest as a template. Correction factors to account for multiple 16S rRNA gene copies (n = 5) were used to estimate the cell numbers from gene copies (Stoddard et al., 2015).



16S rRNA Gene Amplicon Sequencing and Analysis

The microbial composition of fecal and intestinal insect microbiota was determined using 16S rRNA gene sequencing. For library preparation, a two-step PCR approach was used targeting the 16S rRNA gene V4 hypervariable region using the primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). Sequencing was performed with the Illumina MiSeq platform (Genetic Diversity Centre, ETH Zürich, Switzerland) with 2 × 250 bp read length using v2 chemistry.

16S rRNA gene datasets and libraries generated in previous studies (PRJNA390238, PRJNA418072, PRNJA476046; Supplementary Table 3) were analyzed using the same pipeline. Briefly, Illumina adaptors and gene-specific primers were removed using Atropos (Didion et al., 2017). Sequences were then processed using the DADA2 pipeline, which allows inference of exact amplicon sequence variants (ASVs) (Callahan et al., 2016). Briefly, reads were truncated after 170 and 160 nucleotides for the V4 region and after 260 and 250 nucleotides for the V3V4 region, for forward and reverse reads, respectively. Reads with expected error rates higher than 3 and 4 for the V4 region and 4 and 5 for the V3V4 region, for forward and reverse reads, respectively, were removed. After filtering, error rate learning and ASV inference and read pairs merging were performed on each sequencing run independently (nbase = 2 × 108, minOverlap = 40 nucleotides). ASVs from each run were merged and chimeric sequences were identified and removed using “consensus” method. An additional clustering step was performed using the collapseNoMismatch() function provided by the DADA2 package to confirm that ASVs generated from each run were not artificially identified as distinct. Taxonomy was assigned using GreenGenes 13.8 database (DeSantis et al., 2006) using the functions assign Taxonomy() and add Species() functions provided by the DADA2 package. A total of 914.021 reads was obtained with a mean of 39.143 reads and a median of 38.529 (Supplementary Table 3).





RESULTS AND DISCUSSION


Bifidobacteria and Other Cultivable Bacteria From Monkey Feces and Their Feed Insects

Fecal samples of a golden lion tamarin family collected during and after transport from France to Czechia, one male, a female, and a baby tamarin located at Olomouc zoo were analyzed for the presence of bifidobacteria. F6PPK-positive isolates belonging to the family Bifidobacteriaceae were the dominant bacterial group of cultivable anaerobes with counts of 8.76 ± 0.73 log CFU g–1 on WSP-MUP, 7.97 ± 0.98 log CFU g–1 on WSP-NORF media compared to total counts on non-selective WSP agar, 9.12 ± 0.60 log CFU g–1.

In total, 83 F6PPK-positive isolates were obtained and analyzed by MALDI-TOF MS, 16 isolates were identified to species level as Bifidobacterium adolescentis (n = 11), Bifidobacterium catenulatum/pseudocatenulatum (n = 4), and Bifidobacterium pseudolongum (n = 1). The rest of the isolates could not be taxonomically classified on genus and species level due to the limited number of Bifidobacterium spp. in the provider’s database and high species variability in primates (Modrackova et al., 2021). In insect feed samples, total anaerobic bacterial (7.62 ± 0.76 log CFU g–1) and bifidobacterial counts were lower (WSP-MUP 3.57 ± 1.84 log CFU g–1, WSP-NORF 4.32 ± 2.24 log CFU g–1). Out of the three F6PPK-positive isolates (n = 3), one isolate from Z. atratus larvae was identified as Bifidobacterium psychraerophilum.

Even though the medium for the total bacterial numbers was intended as a control medium, our interest was attracted by the orange colonies detected in five fecal samples of golden lion tamarin at counts around 8 log CFU g–1 (Figure 1) and 7 log CFU g–1 of Z. atratus larvae. Orange pigmented colonies were identified by MALDI-TOF MS as L. garvieae/petauri. Lactococcus spp. are important cultures in the dairy industry, various sub/species are able to colonize other various plant and animal environments (Kelleher et al., 2017). L. garvieae has been isolated from aquatic and terrestrial animals and from various food products, such as milk, meat, fish, vegetables, cereals, and feedstuffs (Gibello et al., 2016). This wide distribution is likely related to the ability of L. garvieae to adapt and survive in various environmental conditions (Ferrario et al., 2013; Gibello et al., 2016). The taxonomically very closed related L. petauri also produced a bright orange pigmented phenotype (Goodman et al., 2017).
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FIGURE 1. Occurrence of L. garvieae/petauri/formosensis in monkeys and feed insects. (A-C) Cell counts of L. garvieae/petauri/formosensis in male (A) and female (B) monkeys and feed insects (C) determined by QMP and cultivation at different sampling points. The minimal detection limit of QMP was around log 4 cells g–1. Orange-shaded columns indicate the presence of orange-pigmented colonies on WSP agar. No cell count, orange-pigmented colonies were detected, but cell counts were not recorded. (D-F) Reanalysis of available 16S rRNA gene datasets to determine the occurrence of L. garvieae/petauri/formosensis in two crickets and one mealworm species reared at different companies (D; Vandeweyer et al., 2017), of mealworms and their residues reared in different labs and countries (E; Vandeweyer et al., 2018), and of the cricket G. sigillatus during rearing and after processing (F; Wynants et al., 2018).




Identity of Pigment-Producing Lactococci Isolated From Feed Insects and Golden Lion Tamarins

Next, we further taxonomically assigned the isolates (n = 16) from monkey feces and insects with orange pigment production. Based on the sequence of the 16S rRNA gene, strains had similarities >99.15% to strains of L. petauri, L. garvieae, and L. formosensis, whose 16S rRNA gene sequences differed only in a few nucleotides. These observations indicate that 16S rRNA gene-based analysis did not allow reliable differentiation of lactococci on the species level, which was in accordance with MALDI-TOF MS identification. To enable additional taxonomic and functional characterization, three strains, LG4 and LG26, originating from feces of golden lion tamarins, and I4/6O from Z. atratus larvae, were selected for whole-genome sequencing, further genotyping and phenotyping characterization, and were compared to strain B18, which had been isolated from the stool of an infant, and to the public collection and type strains.



Persistence and Occurrence of Lactococcus garvieae/petauri/formosensis in Monkey Fecal and Insect Gut Microbiomes

As L. garvieae/petauri/formosensis were recovered from monkey feces and feed insects, we monitored their abundance in feces of the two adult animals by 16S rRNA gene sequencing and cultivation. Orange colonies (around 8 log cells g–1) were obtained from the male and female animals at five time points (Figure 1), while the relative abundance of ASVs assigned to Lactococcus (Lactococcus sp. ASV089, and L. garvieae ASV090 and ASV091) ranged from 0 to 1.9%, indicating that lactococci were recurrently detectable at fluctuating relative abundance levels. The absolute abundance in samples with detectable levels ranged from 5.3 to 7.7 log cells g–1 feces (Figure 1). Cell counts of L. garvieae/petauri/formosensis in feed larvae T. molitor and Z. atratus were 6.2 and 7.0 log cells g–1 constituting around 18.5 and 12% of the total microbiota. In cockroaches, L. garvieae/petauri/formosensis represented 0.02% of the microbiota (3.8 log g–1).

To compare the occurrence of L. garvieae/petauri/formosensis in feed insects to other studies, we additionally reanalyzed available 16S rRNA gene libraries using the same analytical pipeline. L. garvieae/petauri/formosensis were recovered from two crickets Gryllodes sigillatus and Acheta domesticus, and from the mealworm T. molitor at 0.3–3.2% relative abundance (reanalyzed from Vandeweyer et al., 2017). In G. sigillatus and the corresponding cricket feed, L. garvieae/petauri/formosensis were detected during rearing (Figure 1) with the relative abundance being reduced after drying, freezing, heating, and smoking (reanalyzed from Vandeweyer et al., 2018). Moreover, L. garvieae/petauri/formosensis were recovered from laboratory and industrially reared Hermetia and the residues (Figure 1; reanalyzed from Wynants et al., 2018).

Our results, together with other studies (Garofalo et al., 2017; Smith et al., 2017), strongly emphasize the colonization of feed insects with L. garvieae/petauri/formosensis, which might lead to a transfer to mammals. In agreement, L. petauri was isolated from an insectivorous sugar glider (Goodman et al., 2017).



Pigment-Producing Strains Are Hemolytic

An orange pigment contributes to pathogenesis of GBS (Liu and Nizet, 2009). This pigment is a cytotoxic lipid known as granadaene (Armistead et al., 2020a) and is composed of an ornithine rhamnolipid that contains a linear chain of 12 conjugated double bonds that are connected to the amino acid ornithine at one end and the sugar rhamnose at the other (Rosa-Fraile et al., 2006; Paradas et al., 2012). This pigment is considered as the hemolysin of S. agalactiae that likely contributes to virulence due to its broad-spectrum activity (Spellerberg et al., 2000; Nizet, 2002; Rosa-Fraile et al., 2014). Only granadaene-producing S. agalactiae LMG 15088 and the pigment-producing strains ATCC 159469T, LG4, LG26, and I4/6O showed β-hemolytic activity (Figure 2A), providing strong indication that selected strains of L. garvieae produce a similar granadaene like pigment.
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FIGURE 2. Effect of variable conditions on orange pigment formation. (A-C) Induction of hemolysis on Columbia agar with 5% of sheep blood (A), orange pigment formation on Wilkins–Chalgren agar (B), or Wilkins–Chalgren agar at levels with ≥3 g L–1 of D-glucose (C), all plates were cultivated under anaerobic conditions at 37°C; L. garvieae/petauri/formosensis (LG26, golden lion tamarin origin; I4/6O, insect origin; 159469T, oral abscess in a sugar glider; B18, infant origin), S. agalactiae (LMG 15088, unknown origin).


Lactococcus garvieae has been linked to human and animal diseases. The first documented occurrence of L. garvieae has been in ruminants with subclinical mastitis (Garvie et al., 1981). L. garvieae is also considered a fish pathogen (Vendrell et al., 2006; Meyburgh et al., 2017; Shahi and Mallik, 2020) and has been associated with endocarditis of humans, bacteremia, and pneumonia of pigs. Human L. garvieae infections have been related to the consumption or the handling of contaminated raw fish or seafood (Gibello et al., 2016), yet, whether pigment-producing strains contributed to the reported pathogenesis has not been investigated.



Comparative Genomics of Lactococcus garvieae/petauri/formosensis Group Strains

In S. agalactiae, the formation of granadaene and another GBS virulence factor, the pore-forming β-hemolysin/cytolysin, has been linked to the presence of the cyl operon (Spellerberg et al., 2000). Expression of the genes of the cyl operon is sufficient for granadaene production in heterologous bacterial hosts (Armistead et al., 2020b). We generated genomes of isolates LG4, LG26, I4/6O, and B18 to determine whether a similar operon would be present in pigment-producing Lactococcus spp. Strains had an average genome size of 2.41 ± 0.27 Mbp (Supplementary Table 1). The average GC content was 37.75 ± 0.44%. We used EDGAR, to identify and analyze the pan-genome, including all genomes publicly available in the fall of 2020.

The total number of coding sequences (CDS) ranged from 1959 to 2581, while the core genome encompassed 1106 CDS (16.1%). Based on TYGS analysis, I4/6O was identified as L. formosensis, while LG4, LG26, and B18 as L. petauri.

Both the phylogenetic tree (Figure 3) and ANI analysis (Supplementary Table 2), using S. agalactiae strains as an outgroup, identified four clusters with the L. garvieae, L. petauri, and L. formosensis isolates. The ANI between the different clusters was below 95%. Taken together, these data support the existence of three species within the L. garvieae/petauri/formosensis group; cluster II was represented by our isolate L. formosensis I4/6O, cluster III by L. garvieae isolates, including type strain DSM 20684T, and cluster IV by our isolates L. petauri ATCC 159469T, LG4, LG26, and B18 plus other L. garvieae isolates (Figure 3). There was no clear relationship between cluster assignment and origin of the individual strains.


[image: image]

FIGURE 3. Phylogenetic tree of L. garvieae/petauri/formosensis by core genomes. The phylogenetic tree was built using EDGAR and the neighbor-joining algorithm as implemented in the PHYLIP package with rerooting. The tree is based on the core genome of 50 genomes, comprising 478 core genes each, 23,900 in total. The phylogenetic tree was built from 178,713 AA-residues per genome, 8,935,650 in total. Multiple genome copies of one strain were compressed. Origin of strains was retrieved from NCBI’s genome server. With orange circles: strains that have confirmed pigment formation. With arrows: strains whose genomes were generated in this study.


A total of 51 genomes (Supplementary Table 1) were screened for the presence of cyl operons (Figure 4). Cyl operons were detected in LG4, LG26 (both cluster IV), and I4/6O (cluster II), but were not detected in B18 (cluster IV) (Figure 3). A cyl operon was present in genomes of the type strains L. petauri ATCC 159469 (cluster IV) and L. garvieae DSM 20684 (cluster III). These data indicate that few strains of L. garvieae/petauri/formosensis group can form granadaene; the ability to form granadaene did not relate to the phylogenetic relationship. The cyl operon, which is made up of 12 genes (cylX, cylD, cylG, acpC, cylZ, cylA, cylB, cylE, cylF, cylI, cylJ, and cylK), is unique to GBS (Rosa-Fraile et al., 2014). However, strains of L. garvieae/petauri/formosensis group lacked some of these genes (Figure 4).


[image: image]

FIGURE 4. Cyl operon in S. agalactiae and L. garvieae/petauri/formosensis. Analogs of the cyl operon of three pigment-producing S. agalactiae (Six et al., 2016, see below) in L. garvieae/petauri/formosensis were extracted using the genome browser function implemented in Edgar. Genes are not drawn according to scale.




Impact of Carbohydrate Source and pH on Granadaene Production

To further investigate granadaene production of lactococci, we compared biochemical profiles and the impact of environmental conditions on nine Lactococcus and one Streptococcus strain. Fermentation and enzymatic profiles of golden lion tamarin and insect isolates were similar to L. petauri ATCC 159469T. Strains produced acid from D-ribose, D-galactose, D-glucose, D-fructose, D-mannose, N-acetylglucosamine, amygdalin, arbutin, esculin, salicin, D-cellobiose, D-maltose, sucrose, D-trehalose, gentobiose, and D-tagatose (Supplementary Table 4). The utilization of D-mannitol by the strain ATCC 159469T was weak compared to LG4, LG26, and I4/6O. The insect strain I4/6O did not produce acid from sucrose and D-tagatose.

Strains LG4, LG26, I4/6O, and ATCC 159469T were able to produce orange pigment on Wilkins–Chalgren (Figure 2B), Columbia, Brain Heart Infusion, and Tryptone Soya agar at 20, 30, and 37°C, when incubated at aerobic and anaerobic conditions but not on MRS or Rogosa agar. In contrast, L. garvieae DSM 6783, DSM 20064, DSM 20385, DSM 20684T, strain B18, and S. agalactiae LMG 15088 grew but did not produce pigment in vitro. Granadaene-positive lactococci produced some orange pigment on Granada medium without antibiotics (De la Rosa et al., 1992), and not on commercial Granada agar. In contrast, S. agalactiae LMG 15088 produced clear orange pigment on both Granada agars.

These observations led us to compare media compositions to identify compounds impacting pigment formation. D-Glucose addition at levels ≥3 g L–1 or D-mannose addition (≥2 g L–1) to Wilkins–Chalgren medium inhibited pigment formation (Figure 2C) while reducing the pH in the supernatant to a value of about 4 (Supplementary Table 5). Similarly, fermentation of D-fructose, D-mannose, D-cellobiose, and D-trehalose (concentration of 5 g L–1 in Wilkins–Chalgren agar) suppressed pigment formation compared to other tested fermentable substrates (Table 1).


TABLE 1. Effect of different carbohydrates in Wilkins–Chalgren medium on the orange pigment formation.

[image: Table 1]
To further test the impact of pH, we added acetic acid to the Wilkins–Chalgren medium. Pigmentation was visible at pH 5.1 and 6.4 but not at pH 4.7 or less. The addition of the buffering compound MOPS (pKa 7.20) to the Wilkins–Chalgren medium restored pigment formation. The addition of L-arginine (≥1 g L–1) into Wilkins–Chalgren media containing glucose (≥3 g L–1) that commonly suppressed granadaene production also recovered pigment formation. Pigment-producing lactococci and S. agalactiae LMG 15088 were positive for arginine hydrolase, arginine dihydrolase, arginine iminidase, arylamidase, and glutamic acid decarboxylase activity (Supplementary Table 4). The release of alkaline molecules, such as ammonia, from arginine contributes to the acid resistance of lactic acid bacteria (Shabayek and Spellerberg, 2017). Likewise, amino acid decarboxylation is generally considered as among the biochemical systems allowing lactic acid bacteria to counteract acidic stress and obtaining metabolic energy (Laroute et al., 2016). Taken together, data strongly indicate the pH dependency of granadaene pigment formation in lactococci.



Impact of Peptide Source on Granadaene Production

For the formation of red-brick colonies of GBS in Granada medium, the presence of the peptide Ile-Ala-Arg-Arg-His-Pro-Tyr-Phe in the culture medium is essential. This peptide is produced only during the hydrolysis with pepsin of mammal albumin (Rosa-Fraile et al., 1999) and is a component of protease peptone (N3, Difco). In contrast, Lactococcus spp. isolated from monkeys (LG4, LG26) and feed insects (I4/6O), and L. petauri ATCC 159469T were able to produce the orange pigment on low sugar media in the presence of other types of peptones; gelatin peptone L92 (Wilkins–Chalgren agar), protease peptone L85 (Brain Heart Infusion agar), special peptone L72 (Columbia agar), or pancreatic digest of casein and enzymatic digest of soya bean (Tryptone Soya agar). Therefore, the production of granadaene by Lactococcus spp. is probably not connected to mammalian albumin (Rosa-Fraile et al., 1999), which might indicate adaptation to different hosts.

Interestingly, we detected also differences between the lactococci strains with cyl operon in the pigment production under the tested conditions. The type strains of L. garvieae DSM 20684 and L. petauri ATCC 159469 harbored the cyl operon, but with alterations in gene organization compared to isolates L. petauri (LG4 and LG26) and L. formosensis I4/6O (Figure 4). The orange pigment phenotype was observed by strains isolated from golden lion tamarin and insect origins, and L. petauri ATCC 159469T, but not by L. garvieae DSM 20684T.




CONCLUSION

In this study, we showed that L. garvieae/petauri/formosensis group encompasses at least four clusters. Strains from different clusters formed the orange pigment granadaene similar to S. agalactiae. Feed insects were identified as a regular source of L. garvieae/petauri/formosensis with a possible transfer to the gut microbiota of humans and animals, and also for aquacultures, where insects and their products are used for feeding. This study can provide further guidance on the identification and evaluation of risk factors, such as granadaene, that are associated with regular insect consumption to guarantee the safety of insects as food and feed sources in future diets.
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Staphylococcus aureus (S. aureus) is one of the main pathogens in different raw milk and dairy products, which may lead to economic losses. Staphylococcus aureus is a significant and costly public health concern because it may enter the human food chain and contaminate milk causing foodborne illness. This study aimed to investigate the prevalence, antimicrobial susceptibility and virulence genes of S. aureus in raw milks. In total, 125 raw milk samples collected from goat (n = 50), buffalo (n = 25), camel (n = 25), and yak (n = 25) were collected from 5 provinces in China in 2016. Out of 125 samples, 36 (28.8%) S. aureus were isolated (16 from goat, 9 from buffalo, 6 from camel, and 5 from yak). Out of 36 S. aureus, 26 strains (26/36, 72.2%) showed antibiotics resistance, and 6 strains isolated from goats were identified as methicillin-resistant S. aureus (MRSA). The antimicrobial resistance against Penicillin G, tetracycline and gentamicin was 50% (18/36), 41.7% (15/36), and 36.1% (13/36), respectively. 19 S. aureus (52.8%) were considered as multidrug resistant. The highest prevalence of resistant S. aureus was observed in goat milk (13/36, 36.1%). Among the 36 strains, 16 isolates harbored three or more resistant genes. The resistance genes were detected in 25 S. aureus, including 13 strains in goat, 5 strains in buffalo, 4 strains in camel, and 3 strains in yak. Among the 26 resistant strains, 61.5% of isolates harbored three or more resistant genes. The resistance genes were detected in 25 S. aureus, including 13 strains in goat milk, 5 strains in buffalo milk, 4 strains in camel milk, and 3 strains in yak milk. The most predominant resistance genes were blaZ (18/26, 69.2%), aac6′-aph2″ (13/26, 50.0%), and tet(M) (10/26, 38.5%). The mecA, ant(6)-Ia and fexA gene were only detected in S. aureus from goat milk. The most predominant toxin gene were sec (8/26, 30.8%). The majority of S. aureus were multidrug resistant and carried multiple virulence genes, which may pose potential risk to public health. Our findings indicated that the prevalence and antimicrobial resistance of S. aureus was a serious concern in different raw milks in China, especially goat milks.

Keywords: antimicrobial resistance, virulence genes, Staphylococcus aureus, public health, raw milk


INTRODUCTION

Staphylococcus aureus (S. aureus) is one of the main pathogens in mastitis of involved in intramammary infections in cows, goats, and sheep, which may lead to economic losses due to reduced milk production and poor milk quality (Aires-de-Sousa et al., 2007; Stapels et al., 2014). Contamination of raw milk with S. aureus has a highly potentially hazardous in China (Chao et al., 2015; Lan et al., 2017; Liu et al., 2017). Staphylococcus aureus can cause specific toxin-mediated conditions, such as scalded skin syndrome, staphylococcal food poisoning and toxic shock syndrome (Schmidt et al., 2017). Risk assessment for S. aureus in different raw milk samples should been conducted (Cortimiglia et al., 2015; Xu et al., 2015; Ding et al., 2016).

Staphylococcus aureus infections are related to the expression of virulence factors. Many potential virulence factors, such as enzymes and exotoxins, contribute to cause S. aureus diseases. Staphylococcus aureus can harbor different virulence genes encoding for enterotoxins, enterotoxin-like exfoliative toxin, toxic shock syndrome toxin-1 (TSST-1), and Panton-Valentine leukocidin (PVL) (Kot et al., 2016; Wang et al., 2016). Thermostable staphylococcal enterotoxins generally retain their biological activity after pasteurization treatment (Guimaraes et al., 2013). Staphylococcus aureus with toxin genes were present in about 60.0% of goat, ovine, caprine, and bubaline origin (Mork et al., 2010; Carfora et al., 2015). An efficient screening to detect the virulence genes in different raw milks is necessary.

The use of antibiotics in veterinary practice could cause the selection of antibiotic resistant S. aureus, which is a public health problem (Gomes and Henriques, 2016). Staphylococcus aureus is frequently resistant to antibiotics because it produces exopolysaccharide which forms a barrier to bacterial cell penetration by several antimicrobial agents (Johnston, 1998). Moreover, S. aureus can also develop acquired resistance to many other antimicrobial agents by carrying various resistance traits on plasmids or transposons (Chajecka-Wierzchowska et al., 2015). Some studies have reported that S. aureus which originated from goats, buffaloes, camels, and yak milks, showed high antimicrobial resistance patterns (Pamuk et al., 2012; Biswas et al., 2014; Cortimiglia et al., 2015; Redwan et al., 2016). Therefore, monitoring antimicrobial resistance in S. aureus from different raw milks is necessary to predict the risk on antimicrobial resistance of S. aureus, and to make decisions regarding antibiotic treatments on animals from a pre-harvest food safety standpoint.

The antimicrobial resistance and virulence characteristics of S. aureus from cow milk samples are well described. However, data regarding S. aureus from different raw milk samples in China are relatively limited. Therefore, the present work aimed to determine the prevalence, antimicrobial susceptibility and key virulence genes of S. aureus isolated from goat, buffalo, camel, and yak milk samples in China.



MATERIALS AND METHODS


Collection of Samples

A total of 125 raw milk samples were collected from 125 dairy farms located in China, including 25 goat milk samples from Shaanxi province, 25 goat milk samples from Shandong province, 25 camel milk samples from Xinjiang Uygur Autonomous Region, 25 buffalo milk samples from Guangxi Zhuang Autonomous Region, and 25 yak milk samples from Sichuan province, from April to June 2016 (Figure 1). All samples were collected from healthy animals by mechanical milking. The milking transferred into sterile bottles and transported immediately to laboratory at 4°C, for bacteriological analysis.
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FIGURE 1. Antibiotic resistance characteristics of 26 Staphylococcus aureus strains. Distribution of the number of antibiotics that the strains exhibit resistance.




Isolation and Identification of Staphylococcus aureus

To isolate and detect the S. aureus, each sample was diluted 10-fold in sterile peptone water and homogenized. Aliquots (1 mL) were placed onto Baird-Parker agar supplemented with 5% egg yolk and tellurite (Beijing Land Bridge Technology Ltd., Beijing, China). The plates were incubated for 24–48 h at 37°C. Colonies with typical black appearance and surrounded by a clear zone were enumerated as S. aureus.

Presumptive colonies were confirmed by polymerase chain reaction (PCR) (Bio-Rad S1000, United States) detection of the thermonuclease gene (nuc, S. aureus specific) (Supplementary Table 1). DNA of the strains was extracted using the InstaGene Matrix DNA extraction kit (Bio-Rad Laboratories, Hercules, California, United States) following the manufacturer’s instructions. The amplification conditions and reagents for the PCR assays were those described by Liu et al. (2017). Negative control (without DNA template) and positive control (S. aureus ATCC 6538) templates were included in all PCR assays. After identification, one to three colonies per sample were randomly selected for subsequent analysis. All strains were stored with sterile magnetic beads at −80°C until further analysis.



Antimicrobial Resistance Screening

Antimicrobial resistance of S. aureus were determined by the agar disc diffusion method according to Clinical and Laboratory Standards Institute [CLSI] (2018a,b). According to the frequency of antibiotical therapy for dairy mastitis in China, the antimicrobials used for susceptibility testing included 13 antimicrobial agents: Penicillin G (10U), amoxicillin-clavulanic acid (20/10 μg), tetracycline (30 μg), gentamicin (10 μg), oxacillin (1 μg), streptomycin (10 μg), cefoxitin (30 μg), erythromycin (15 μg), ampicillin (10 μg), chloramphenicol (30 μg), kanamycin (30 μg), clindamycin (2μg), and trimethoprim-sulfamethoxazole (1.25/23.75 μg) were used as antimicrobial agents (Oxoid, Basingstoke, United Kingdom). Staphylococcus aureus ATCC 6538 and E. coli ATCC 25922 were used as quality controls. The antimicrobial resistance experiment of S. aureus was repeated twice.



Antimicrobial Resistance Genes

All resistant strains were screened for antimicrobial resistance genes by PCR amplification. The information of all primers is shown in Supplementary Table 1. The primers were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China). The genes encoding penicillin (blaZ and mecA), cefoxitin (cfxA and mecA), aminoglycoside [aac6′-aph2″, ant(6)-Ia, ant(4′)-Ia], chloramphenicol (fexA and catA), tetracycline [tet(K), tet(L), tet(M) and tet(O)], erythromycin [erm(A), erm(B), erm(C), msr(A) and msr(B)], streptomycin [ant(6)-Ia], and oxacillin (mecA) resistance genes were detected by PCR. PCR products were electrophoresed in a 1.5% (m/v) agarose gels (Hydragene) with SYBR Safe DNA Stain (Invitrogen).



Detection of Virulence-Associated Genes

The detection of genes encoding staphylococcal enterotoxins (sea, seb, sec, sed, see, seg, seh, sei, sek, sel, ser, ses sej, and set), enterotoxin-like (selm, selo, selp, and selu), toxic-shock syndrome toxin (tst-1), exfoliative toxin genes (eta and etb), and Panton-Valentine leukocidin (pvl) was performed by PCR according to Wang et al. (2016). The target genes, primer sequences, and target fragment of PCR products are given in Supplementary Table 1.



Statistical Analysis

The data of prevalence and gene distribution between different categories of raw milks were analyzed using χ2-test and Fisher’s exact test with P < 0.05 considered as statistically significant in SPSS software (ver. 19.0, IBM Corp., Armonk, NY, United States).




RESULTS


Prevalence of Staphylococcus aureus

Out of 125 samples, 36 strains of S. aureus were isolated, including 10 strains (40%) of 25 goat milk samples from Shaanxi province, 6 strains (24%) of 25 goat milk from Shandong province, 9 strains (36%) of 25 buffalo milk samples from Guangxi Zhuang Autonomous Region, and 6 strains (24%) of 25 camel milk samples from Xinjiang Uygur Autonomous Region and 5 strains (20%) of 25 yak milk samples from Sichuan province.



Antimicrobial Susceptibility Testing

The 36 strains of S. aureus were tested for susceptibility against 13 antimicrobial agents by the disc diffusion method. A total of 26 strains (26/36, 72.2%) showed antibiotics resistance. 19 strains (19/36, 52.8%) showed resistance to at least three antimicrobial classes. Moreover, 4 strains (4/36, 11.1%) were resistant to 7 antibiotics tested, and 1 strain (1/36, 2.8%) was resistant to 9 antibiotics tested (Figure 1). Antimicrobial resistance was most frequently observed to penicillin G (18/36, 50%), followed by to tetracycline (15/36, 41.7%), gentamicin (13/36, 36.1%), ampicillin (12/36, 33.3%), erythromycin (9/36, 25%), cefoxitin (8/36, 22.2%), streptomycin (8/36, 22.2%), kanamycin (7/36, 19.4%), chloramphenicol (6/36, 16.7%), oxacillin (6/36, 16.7%), sulfamethoxazole-trimethoprim (3/36, 8.3%), clindamycin (1/36, 2.8%), and amoxicillin-clavulanic acid (0/36, 0) (Table 1). Among the 36 S. aureus, the antimicrobial resistance was frequently observed in S. aureus from goat milks (13/36, 36.1%), followed by buffalo milks (6/36, 16.7%), camel milks (4/36, 11.1%), and yak milks (3/36, 8.3%).


TABLE 1. Antibiotic resistance of Staphylococcus aureus strains isolated from different raw milks.
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Moreover, six strains isolated from goats were identified as methicillin-resistant S. aureus (MRSA). Only one S. aureus, which was isolated from goat milk, showed resistance to clindamycin. There was no sulfamethoxazole-trimethoprim-resistant, kanamycin-resistant, and streptomycin-resistant strains isolated from yak milk samples, and there was no chloramphenicol-resistant strains isolated from yak and camel milk samples.



Screening of Antimicrobial Resistance Genes

The results of antimicrobial resistance genes detection are presented in Figure 2 and Tables 2, 3. Among the 26 resistant strains, 96.2% of strains (25/26) harbored at least one resistant gene (Figure 2).


[image: image]

FIGURE 2. Antibiotic resistance genes of 26 Staphylococcus aureus strains. Distribution of the number of antibiotic resistance genes that the strains harbored.



TABLE 2. Antimicrobial resistance genes identified in S. aureus from different raw milks.
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TABLE 3. Distribution of antibiotic-resistance genes among resistant Staphylococcus aureus.
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As shown in Supplementary Table 2, the antimicrobial resistance genes were frequently detected in S. aureus from goat milks (13/13, 100%), camel milks (4/4, 100%) and yak milks (3/3, 100%). The most predominant resistance genes were blaZ (18/26, 69.2%), aac6′-aph2″(13/26, 50.0%), tet(M) (10/26, 38.5%), tet(L) (7/26, 26.9%), mecA (6/26, 23.1%), erm(C) (6/26, 23.1%), ant(4′)-Ia (6/26, 23.1%), cfxA (6/26, 23.1%), msr(B) (4/26, 15.4%), erm(B) (3/26, 11.5%), tet(K) (2/26, 7.7%), fexA (2/26, 7.7%), tet(O) (1/26, 3.9%), and ant(6)-Ia (1/26, 3.9%). The catA, erm(A) and msr(A) genes were not detected in S. aureus (Table 2). Moreover, the mecA, ant(6)-Ia and fexA gene were only detected in the S. aureus from goat milk. The tet(K) and tet(O) genes were only detected in camel and yak milks, respectively.

Moreover, all the penicillin G-resistant S. aureus carried blaZ gene, and all the oxacillin-resistant S. aureus carried mecA gene. The aminoglycosides-resistant strains (n = 17) harbored one or more resistant genes, including aac6′-aph2″ (10/17, 58.8%), ant(4′)-Ia (2/17, 11.8%), aac6′-aph2″ + ant(4′)-Ia (4/17, 23.5%), aac6′-aph2″ and ant(6)-Ia (1/17, 5.9%). The tetracycline-resistant strains (n = 15) harbored one or more resistant genes, including tet(M) + tet(L) (5/15, 33.3%), tet(M) (5/15, 33.3%), tet(K) (2/15, 13.3%), tet(L) (2/15, 13.3%), and tet(O) (1/15, 6.7%). The erythromycin-resistant strains (n = 9) harbored one or more genes, including erm(B), erm(C), msr(A), and msr(B). The erm(A) genes were not detected in erythromycin-resistant strains. The msr(B) gene was detected together with erm(B) and erm(C) in the same strains.



Distribution of Virulence Genes

As shown in Table 4, the predominant toxin genes were sec (8/26, 30.8%), followed by sea (3/26, 11.5%), seg (3/26, 11.5%), tst (3/26, 11.5%), sel (2/26, 7.7%), sed (1/26, 3.9%), sei (1/26, 3.9%), sej (1/26, 3.9%), and pvl (1/26, 3.9%). Thirteen virulence genes, including seb, see, seh, sek, ser, ses, set, selm, selo, selp, selu, eta, and etb, were not detected in S. aureus. Moreover, 42.3% of the strains (11/26) harbored at least one virulence gene. Among the 26 of S. aureus, 6 strains from goat milk samples harbored 17 virulence genes, 1 strain from buffalo milk samples harbored 1 virulence gene, 2 strains from camel milk samples harbored 3 virulence genes, and 2 strains from yak milk samples harbored 2 virulence genes.


TABLE 4. Virulence genes identified in Staphylococcus aureus strains isolated from different raw milk samples (n = 26).

[image: Table 4]




DISCUSSION

Staphylococcus aureus is one of the main pathogens in raw milk and dairy products, which may lead to economic losses (Aires-de-Sousa et al., 2007; Stapels et al., 2014). Staphylococcus aureus has a strong capability to produce a wide variety of enterotoxins (Liu et al., 2017). The enterotoxins produced by S. aureus are common causes of bovine mastitis pathogenesis and food-borne illnesses (Wang et al., 2016). However, little is known about the presence of S. aureus in goat, buffalo, camel, and yak milk in China. In the present study, the prevalence, antimicrobial susceptibility, and key virulence genes of S. aureus isolated from goat, buffalo, camel, and yak milk samples in China has been assessed.

The prevalence of S. aureus in different raw milk samples varies depending on the country. In our study, raw buffalo milk samples showed the highest prevalence of S. aureus (9/25, 36%), followed by goat milk (16/50, 32%), camel milk (6/25, 24%), and yak milk (5/25, 20%). These results are significantly higher than that in previous reports which have shown that the occurrence rate of S. aureus in buffalo milk was 17.5%, followed by goat milk (7.5%) and camel milk (3.4%) in Iran (Ebrahim and Forough, 2013), 31.43% in goat milk in Egypt (Elbagory, 2017), and 15% in camel milk in Sudan (Shuiep et al., 2009). In contrast, much higher occurrence rate of S. aureus was 43.1% in goat milk in Northern Italy (Cortimiglia et al., 2015), 54.02% in camel milk in Pakistan (Aqib et al., 2017), 47.36% in yak milk in India (Biswas et al., 2014), and 32% in camel milk in Kenya (Njage et al., 2013). Overall, the results indicate that S. aureus is common in different raw milks, including goat, buffalo, camel and yak milk in China. This suggests that more attention should be paid to explore the method of controlling S. aureus occurrence in goat, buffalo, camel, and yak milk.

The antibiotics resistance has correlation to many factors, including excessive use of antibiotics, spread of resistance, and the background antibiotic resistance levels (Hu et al., 2014; Low et al., 2016; Crofts et al., 2017). The poorly regulated use of antibiotics on dairy animals in the different raw milk production systems examined may be an important reason for the high antimicrobial resistance. In this study, the antimicrobial resistance was the frequently observed in S. aureus from goat milk (36.1%) and buffalo milks (16.7%). The results indicated that the antibiotics resistance of S. aureus isolated from goat milk in Shandong and Shaanxi province, buffalo milk in Guangxi Zhuang Autonomous Region were very serious in China, although less than raw cow milk (Liu et al., 2017). A high emission densities of the antibiotics in China were reported in Shandong province, Shaanxi province, and Guangxi Zhuang Autonomous Region (Zhang et al., 2015). It implied that the high antimicrobial resistance of S. aureus from goat and buffalo milk may be related to it.

In the current study, S. aureus showed a high percentage of antimicrobial resistance to penicillin G, tetracycline, gentamicin, and ampicillin. Similar findings were reported by Oliveira et al. (2011), who found that 100% of S. aureus from buffalo milks were resistant to penicillin G and ampicillin, and by Rola et al. (2015), who found that coagulase-positive staphylococcus isolated from goat milk were resistant to penicillin G and tetracycline, and by Njage et al. (2013), who found that S. aureus isolated from camel milk from Kenya showed a high percentage of antimicrobial resistance to ampicillin, gentamicin, and tetracycline. Moreover, a total of 26 strains (26/36, 72.2%) showed antibiotics resistance, and 19 strains (19/26, 52.8%) showed resistance to at least three antimicrobial classes in our study. Based on the high percentage of resistance, these antibiotics should be used with caution for mastitis caused by S. aureus in goat, buffalo, and camel milk in China.

MRSA has been identified as an emerging pathogen in livestock animals that is readily transferable to humans in contact with livestock (Liu et al., 2017). Numerous reports have described the prevalence of MRSA in bovine milk (Caruso et al., 2016; Basanisi et al., 2017), and the transmission of MRSA between people working on farms and dairy cattle (Antoci et al., 2013; Mole, 2013). On the contrary, little is known about the prevalence of MRSA in other ruminants (e.g., goats, camels, buffalo, yaks), although the consumption of milk from different animals species is more and more common. In the present study, 16.7% of S. aureus (6/36) isolated from goat milk were identified as methicillin-resistant strains (MRSA). The results showed that there is a high prevalence in goat milks. The prevalence of MRSA in Southern Italy was 1.23% in goat milk and sheep bulk tank milk (Caruso et al., 2016), 8.3% in cow milk samples and dairy products (Basanisi et al., 2017). Moreover, there was no MRSA strains detected in buffalo, yak, and camel milk samples in our study. There was difference in data regarding the prevalence of MRSA strains in buffalo milk samples. Pamuk et al. (2012) reported that 2.5% of the buffalo samples were contaminated with MRSA in Turkey. El-Ashker et al. (2015) found that 24.5% of S. aureus in buffalo milk were identified as MRSA in Dakahlia Governorate, Egypt.

In the present study, 42.3% of the strains (11/26) harbored at least one virulence genes, which was much lower than reported in other studies. Liu et al. (2017) found that 60.3% of S. aureus from cow milk harbored one or more virulence genes. Martins et al. (2017) found that 62.5% of S. aureus from sheep milk samples showed some toxin-encoding genes. There are also reports showing that 67% of the detected S. aureus exhibited at least one enterotoxin gene, many caprine, or ovine raw milk products may be contaminated with low levels of enterotoxigenic S. aureus (Merz et al., 2016). Liu et al. (2019) reported that 62 S. aureus (72.5%) carried virulence genes, including set, hlb, hld, lukED, ebp, clfA, and clfB. Moreover, the largest percentage of sec (31.8%) genes was found in our study. Several authors have also reported that enterotoxin genes sea and sec are the most common in S. aureus isolated from raw milk (Carfora et al., 2015; Liu et al., 2017). Staphylococcus aureus from different kinds of milk samples exhibited different virulence gene patterns. For goat milk, sec gene was the most frequent in the study, and also reported as the most common virulence genes in Brazil (Lyra et al., 2013; Cavicchioli et al., 2015; Salaberry et al., 2015). Other researchers have reported that the most prevalent enterotoxin genes were sec and sel from goat milk samples in Switzerland (Merz et al., 2016). For camel milk, the sec and pvl genes have been detected in the study. Njage et al. (2013) found that pvl gene was detected in S. aureus from raw and fermented camel milk from Kenya and Somali. However, three S. aureus from camel milk were positive for sec, seg, sei, sem, sen, and seo, respectively (Shuiep et al., 2009). Majority of S. aureus were co-carried many virulence genes in goat, yak, camle, and bufflo milk, and it may pose great potential risk to public health. In order to estimate the actual impact on public health, it was necessary to the detection of virulence genes in goat, buffalo, and camel milk samples.



CONCLUSION

In conclusion, the antimicrobial resistance and virulence genes of S. aureus in goat, buffalo, camel, and yak milk in China were assessed. Our data indicated that S. aureus, which exhibit a high percentage of antimicrobial resistant and carried multiple virulence genes, were commonly found in different raw milks, especially goat milk. Although the prevalence of MRSA in raw milk from china was low, MRSA may pose a potential threat for consumers of raw milk or dairy products made with raw milk and for people working or living in close contact with animals. Therefore, it was very important to monitor the usage of antimicrobial agents and the potential transfer of antimicrobial resistance genes in goat milk.
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The increasing number of studies reporting the presence of Salmonella in environmental water sources suggests that it is beyond incidental findings originated from sparse fecal contamination events. However, there is no consensus on the occurrence of Salmonella as its relative serovar representation across non-recycled water sources. We conducted a meta-analysis of proportions by fitting a random-effects model using the restricted maximum-likelihood estimator to obtain the weighted average proportion and between-study variance associated with the occurrence of Salmonella in water sources. Moreover, meta-regression and non-parametric supervised machine learning method were performed to predict the effect of moderators on the frequency of Salmonella in non-recycled water sources. Three sequential steps (identification of information sources, screening and eligibility) were performed to obtain a preliminary selection from identified abstracts and article titles. Questions related to the frequency of Salmonella in aquatic environments, as well as putative differences in the relative frequencies of the reported Salmonella serovars and the role of potential variable moderators (sample source, country, and sample volume) were formulated according to the population, intervention, comparison, and outcome method (PICO). The results were reported according to the Preferred Reporting Items for Systematic Review and Meta-Analyzes statement (PRISMA). A total of 26 eligible papers reporting 148 different Salmonella serovars were retrieved. According to our model, the Salmonella frequency in non-recycled water sources was 0.19 [CI: 0.14; 0.25]. The source of water was identified as the most import variable affecting the frequency of Salmonella, estimated as 0.31 and 0.17% for surface and groundwater, respectively. There was a higher frequency of Salmonella in countries with lower human development index (HDI). Small volume samples of surface water resulted in lower detectable Salmonella frequencies both in high and low HDI regions. Relative frequencies of the 148 serovars were significantly affected only by HDI and volume. Considering that serovars representation can also be affected by water sample volume, efforts toward the standardization of water samplings for monitoring purposes should be considered. Further approaches such as metagenomics could provide more comprehensive insights about the microbial ecology of fresh water and its importance for the quality and safety of agricultural products.
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INTRODUCTION

Salmonellosis is a cosmopolitan disease caused by Salmonella enterica, a major pathogen causing human foodborne illness worldwide (Majowicz et al., 2010; Hendriksen et al., 2011; European Food Safety Authority [EFSA], 2016; Tack et al., 2019). Salmonella species are estimated to cause 93.8 million cases of gastroenteritis worldwide annually, leading to 59,100 deaths (Majowicz et al., 2010; Roth et al., 2018). In the United States (USA), gastroenteritis caused by non-typhoidal Salmonella only was estimated to affect approximately one million people annually resulting in approximately US$ 3.7 billion medical costs (Majowicz et al., 2010; Batz et al., 2012). Salmonella was associated with 33% of the foodborne illness cases registered in 2018 in ten sites covering 15% of the USA population and has been cited as the second most prevalent foodborne pathogen, preceded only by Campylobacter spp. (Tack et al., 2019).

The microbiological condition of water used in agriculture, regardless of the source, is crucial for the safety of agri-food products. Salmonellosis outbreaks have been associated with the use of contaminated water in agricultural settings (Harris et al., 2003; Walsh et al., 2014; Liu et al., 2018). As the gastrointestinal tract of vertebrates is generally considered the natural habitat of Salmonella enterica, the use of recycled water from animal production systems is usually considered a major risk factor for produce contamination (Abulreesh, 2012). However, Salmonella occurrence in water sources might go beyond short-term accidental findings determined by the transient presence of bacteria as a result of scattered fecal contamination events. Viability mechanisms can enable Salmonella organisms to successfully survive in natural aquatic environments for several months (Domingo et al., 2000; Liu et al., 2018). In laboratory, however, Salmonella has been observed to survive for up to 5 years in phosphate-buffered solution at room temperature (Liao and Shollenberger, 2003).

Although Salmonella can survive in a wide range of pH (4.05–9.5) and temperature (7–48°C) under controlled laboratory conditions (Cox et al., 2014), the natural environment associated with irrigation water sources such as rivers or lakes may impose challenging conditions for the long-term viability of Salmonella. Variations in physicochemical properties (temperature, salts, pH, oxygen), nutrient availability, interaction with other microorganisms, and exposure to UV radiation (Wilkes et al., 2011; Wanjugi and Harwood, 2013) have been shown to reduce Salmonella viability in water over time, generally up to 30 days (Steele and Odumeru, 2004). On the other hand, the production biofilm can facilitate the survival of Salmonella in water and aquatic invertebrates, such as free-living protozoa and vertebrate hosts (Sha et al., 2011; Liu et al., 2018; Chen et al., 2019). Furthermore, re-introduction of Salmonella into irrigation ponds should be also considered, as previously demonstrated for Salmonella Newport (Li B. et al., 2015). Re-introduction events are usually caused by animal waste contamination through sewage discharges, rainfall, or associated surface run-off events. Therefore, natural or non-recycled water sources such as rivers and irrigation canals have been shown to act as reservoirs of viable Salmonella (Baudart et al., 2000; Li et al., 2014; Martínez et al., 2017) and play a critical role as contamination sources of Salmonella and other microbes to fresh produce (Hanning et al., 2009), circulating back to humans and other animals (Li B. et al., 2015).

Despite the increasing number of studies reporting the presence of Salmonella in natural aquatic environments, there is no agreement on its average frequency and relative serovar representation across water sources. Because of this knowledge gap and the great importance of water for the sustainability of food production worldwide, this meta-analysis aimed at determining the weighted average proportion and between-study variance of Salmonella frequency in non-recycled water environments and the role of putative moderators affecting both the frequency and relative representation of serovars.



MATERIALS AND METHODS

Three sequential steps were performed by the authors in order to obtain a preliminary selection from identified abstracts and article titles: Identification of information sources, Screening and Eligibility. The selected articles were finally included in the study.


Identification of Information Sources

The identification of putative information sources was guided by questions that were formulated according to the population, intervention, comparison, and outcome method (PICO) (Santos et al., 2007). The following questions were asked: What is the occurrence of Salmonella in aquatic environments? Are there differences in the presence of Salmonella between surface and groundwater? Which serovars are most prevalent in surface water? Which serovars are most prevalent in groundwater? Which serovars are present in both surface and groundwater? Are there differences in frequency and diversity of Salmonella serovars among countries? Could differences in the frequency and diversity of Salmonella be attributed to sample volume? Are there differences in presence and abundance related to seasonality?

A literature search was performed using Medical Subject Headings (MeSH) terms on Pubmed, Web of Science, and Embase databases. The search components are described below. The initial screening process was performed from April to November 2020. Further directed searches were carried out by checking the reference lists of relevant articles.

Search component 1 (SC1)—population: Water OR groundwater OR lake OR pond OR river.

Search component 2 (SC2)—intervention: Salmonella spp. OR Salmonella enterica OR Salmonella*.

After retrieving the search components results, the Boolean operator “AND” was used to combine SC1 and SC2.



Screening

The research considered only papers in English published between 2015 and 2020 and duplicate articles were excluded. Editorials, letters, and Ph.D. thesis were also excluded. Based on the title and abstract contents, only articles presenting proper identification of the serovars isolated from surface or groundwater sources were selected.



Eligibility

The eligibility assessment was performed after the complete analysis of the entire manuscript. For serotyping characterization, publications using the standard Kauffmann-Le Minor scheme were first selected, but some articles using serotyping through pulsed-field gel electrophoresis (PFGE) were also included. The exclusion of publications using rapid methods of Salmonella detection was justified by two key reasons. Firstly, publication reporting serovar identification provides more information for biological interpretation and therefore fit better the purpose of our study, as these publications can be used to respond all the focus questions. For instance, the assessment of the frequencies of Salmonella serovars could be biased by the inclusion of articles using primers targeting a small group of serovars. Secondly, although some rapid tests could provide higher sensitivity values for Salmonella detection compared to conventional microbiological culture (Cox et al., 2014), the comparative analysis could be biased by the large methodological variation represented by the numerous available tests, including commercial and in-house methods. Therefore, the publications considered in the present study described microbiological isolation methods performed according to standard methodologies such as BAM and AOAC, although minor differences existed, mainly in terms of types of media. Importantly, as the large number of serovars usually requires the use of a combination of culture media (Cox et al., 2014), there is possibility of bias in the comparative analysis of the serovars across the different studies. Finally, the results were reported according to the Preferred Reporting Items for Systematic Review and Meta-Analyses Statement (PRISMA) (Moher et al., 2015).



Risk of Bias Assessment

Possible sources of bias included study inclusion/exclusion criteria and the impact of missing data, missing primary results, the chosen database, date, language, number of articles, and article type selected for this study.



Statistical Analyses

Information regarding the identification of manuscripts (authors, publication year, country), total number of collected samples, number of positive samples, number of Salmonella serovars, sample source (superficial or ground water), and water sample volume were obtained and kept in excel spreadsheets. Frequencies of Salmonella serovars were calculated by dividing the number of positive samples of each serovar by the total number of collected samples. Spreadsheets containing the data used in this meta-analysis are available as Supplementary Material. Because of the existence of proportions outside the range of 0.2–0.8, the frequency values were logit-transformed before analysis. The summary effect size (i.e., the weighted average proportion) was obtained by fitting a random-effects model using the restricted maximum-likelihood estimator (RMLE), assuming there are within- and between-study variances across the studies. The estimates of summary proportions and their confidence intervals were visualized according to forest plot as proposed by Lewis and Clarke (2001). In order to assess the true variation in effect sizes (between-study variance), the study heterogeneity (τ2) was calculated and tested for significance according to Q-test at 95% probability. Heterogeneity was also quantified by I2 statistics as proposed by Higgins et al. (2003). When the effect sizes had high heterogeneity, we conducted a moderator analysis by means of meta-regression in order to investigate potential sources of systematic variation between the studies. Three potential moderators were investigated: (1) Sample source: surface water or groundwater; (2) Water sample volume: small (<999 mL) or large (≥1,000 mL); and (3) Sample origin: samples from countries with low (<0.8) or high (≥ 0.8) human development index (HDI), according to the latest Human Development Index Ranking (United Nations Development Programme [UNDP], 2020). We used China’s HDI for the reports from Taiwan. The analyses were performed using metafor package in R (Viechtbauer, 2010; RStudio Team, 2019; R Core Team, 2020). In addition, a decision tree was built by supervised machine learning using rpart package in R (Therneau et al., 2013), and the Pearson correlation coefficient between observed and estimated frequencies was calculated.

The influence of the moderators on the relative frequency of the reported Salmonella sorovars was verified with canonical correspondence analysis, using the vegan package in R (Oksanen et al., 2011). Diversity indexes Shannon and Pielou were also calculated for richness and evenness estimates, respectively.

The relative frequencies of serovars were submitted to cluster analysis of row and columns, based on binary distance and hierarchical clustering. Hierarchical clustering of the 26 articles condiering the relative frequencies of the serovars was built using average linkage was built from a binary distance matrix in R 4.11. The optimal number of clusters was defined according to the FOM (figure of merit) index using the clValid package in R (Brock et al., 2008). Heatmaps were obtained using the ComplexHeatmap package in R (Gu et al., 2016).




RESULTS


Literature Search

A total of 1,723 articles were identified at PubMed, 1,277 at Web of Science, and 2,194 at Embase, totaling 5,194 papers. Of these, 1,972 duplicates or triplicates were detected and excluded. A total of 3,222 remaining publications were obtained after the exclusion of redundant papers. Most articles (n = 101) were excluded for not informing the proper identification of serovars.

After titles and abstracts were read, 26 papers addressing both Salmonella and non-recycled environmental water were considered adequate and included in the present study (Figure 1). For statistical analysis, these 26 publications resulted in 29 observations as three papers reported Salmonella occurrence for both surface and groundwater.
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FIGURE 1. PRISMA flow diagram showing the sequential steps for articles selection and inclusion in the meta-analysis.


A total of 148 different serovars were reported. Of these, 139 originated from surface water, from which 123 serovars were reported only in this water source. A total of 25 serovars were reported in groundwater, including nine serovars that were exclusively reported in this source. Only 16 serovars were reported in both sources.

The United States was identified as the country with the highest number of papers reporting the identification of Salmonella serovars (13), followed by Canada (3), and Taiwan (2). The remaining articles originated from Burkina Faso, China, Croatia, Ghana, Mexico, Spain, Sri Lanka, and Uganda.

Table 1 presents the relative frequency ranges of Salmonella serovars observed in non-recycled surface water and groundwater. Only serovars that were reported in at least five different studies were included in this table. Supplementary Tables 1, 2 provide detailed information about the occurrence of all reported Salmonella enterica serovars in the 26 publications.


TABLE 1. Relative representation of Salmonella enterica serovars associated with surface and groundwater sources that have been reported in peer-reviewed scientific publications addressing the occurrence of Salmonella in aquatic environments between the years 2015 and 2020 (Only serovars reported in at least five different studies are considered).
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The frequency of Salmonella enterica in water samples varied from 1.14 (Stokdyk et al., 2020) to 100% (Maurer et al., 2015; Kovačić et al., 2017) as observed in Figure 2. The highest number of isolates reported in a single study (n = 247) was associated with surface water samples (Kadykalo et al., 2020), while the highest serovar diversity (35 different serovars) was observed by Jokinen et al. (2015).
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FIGURE 2. Frequency of Salmonella enterica serovars detected in non-recycled surface water (A) and groundwater samples (B) as per reported in 26 peer reviewed scientific publications between the years 2015 and 2020.


Considering groundwater only (Table 1), the relative frequency of Salmonella enterica varied from 3.85 to 100%. The higher number of isolates for this type of water (n = 26) was reported by Dekker et al. (2015). Except for Kovačić et al. (2017), which reported the occurrence of Salmonella Enteritidis in a single sample (100%), the highest frequency of Salmonella and the greatest diversity of serovars were observed in a study conducted in Sri Lanka (Mahagamage et al., 2020). Importantly, although the study from Kovačić et al. (2017) refers to a single sample related to an outbreak investigation, no minimum sample size was predetermined as inclusion criteria for the present meta-analysis and therefore that study has been included in the present investigation.

The Forest plot showing the summary effect size of the Salmonella proportions in water is shown in Figure 3. According to our results, Salmonella frequency in non-recycled water sources was 0.19 [CI: 0.14; 0.25]. Although a significant (P < 0.0001) and high heterogeneity (τ2 = 0.0711; I2 = 99.72%) was observed, only source was identified as a significant mediator (P < 0.10) in the meta regression analysis. The descriptive average frequencies were 31.97 and 20.85% in surface water and groundwater samples, respectively, as shown in Supplementary Tables 1, 2.
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FIGURE 3. Forest plot showing the summary effect size of proportions of Salmonella frequencies in non-recycled water sources using 26 selected articles and 29 observations. This summary effect size was obtained in R 4.11 (package metafor) by fitting a random-effects model using the restricted maximum-likelihood estimator (RMLE). Heterogeneity parameters and statistics are indicated in the model.


The decision tree (Figure 4) obtained by supervised machine learning resulted in a 0.48 Pearson correlation coefficient between observed and estimated frequencies. All three moderators (water source; HDI, and sample volume) were shown to affect Salmonella frequency in water but source was identified as the most relevant one. Estimate frequencies of 0.31 and 0.17% for surface and groundwater were obtained, respectively. Considering surface water only, samples from countries with lower HDI resulted in a higher Salmonella frequency (0.42) compared to developed regions (0.26). Sampling of small water volumes resulted in lower detectable Salmonella frequencies in both high and low HDI regions. The water sampling technique reported by the majority of the studies consisted of transporting determined volume of water to the laboratory for filtering. The use of less than 1 L water samples was reported by seventeen studies (65.38%), while other six studies (23.08%) described the use of 1–4 L water samples. Only two publications (7.69%) reported the use of in situ water filtration (10 L) by means of the modified Moore swab technique (MMS) (Allard et al., 2019; Callahan et al., 2019) and only a single study reported the use of in situ ultrafiltration (728 L) with commercial dialyzers (Stokdyk et al., 2020). Detailed information is shown in Supplementary Tables 1, 2.
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FIGURE 4. Decision tree predicting the frequency of Salmonella in non-recycled water sources in function of the moderator variables source (surface or groundwater), human development index (HDI) of the country from which the samples originated (high or low) and water sample volume (< 1 L or ≥ 1 L). The predictive algorithm has been built in R (package rpart) using meta-analysis data of 26 peer reviewed scientific publications between the years 2015 and 2020.


According to the canonical correspondence analysis, both HDI and sample volume significantly (P < 0.0001) affected the relative frequencies of the 148 Salmonella serovars across the studies. The hierarchical clustering of the 26 publications considering the relative frequencies of the 148 Salmonella serovars is shown in Supplementary Figure 1. Five distinct clusters were observed. The larger cluster (2) is comprised only by studies from countries with high HDI and the majority of these studies reported the use of water samples with less than 1 L. On the other hand, all but one (16) study in the Cluster 1 originated from countries with low HDI. Two manuscripts (17 and 25) were not grouped in any cluster.

The heatmap representing the relative frequencies of Salmonella serovars according to the cluster analysis of rows (y) and columns (x) is shown in Figure 5. Cluster 1 (x) included the 135 less representative serovars, while cluster 5 (x) was comprised the most frequent serovars: S. Newport and S. Typhimurium, which were identified in 19 and 16 studies, respectively. Other frequent serovars were grouped in Clusters 2 (S. Barelly, S. Mbandaka, S. 4,[5],12:i:-, S. Braenderup), 3 (S. Rubislaw, S. Muenchen, S. Give, S. Hartford) and 4 (S. Kentucky, S. Stanleyville). Considering that the relative frequencies of the Salmonella serovars across studies are affected by HDI and volume, individualized heatmaps according to these moderators are shown in Figures 6, 7, respectively. The higher frequencies of some serovars such as S. Rubislaw, S. Muenchen, S. Give, S. Hartford, S. Rissen, S. Saintpaul, and S. Thompson across studies from high HDI countries is shown in Figure 6. According to Figure 7, some serovars were more frequently observed in studies using larger water samples, such as S. Newport, S. Typhimurium, S. Mbandaka, S. Braenderup, and S. Kentucky. On the other hand, S. Agona, S. Derby, and S. Virchow were more frequently observed in some studies using small volume water samples (8, 16, 19) than in studies using greater water volume samples.
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FIGURE 5. Heatmap of the relative frequencies of Salmonella enterica serovars isolated from surface and groundwater sources as per reported in 26 peer-reviewed scientific publications between the years 2015 and 2020. The heatmap was built in R (package ComplexHeatmap).
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FIGURE 6. Heatmap of the relative frequencies of Salmonella enterica serovars isolated from non-recycled water sources according to the human development index (HDI) of countries associated with 26 peer-reviewed scientific publications between the years 2015 and 2020. The heatmap was built in R (package ComplexHeatmap).
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FIGURE 7. Heatmap of the relative frequencies of Salmonella enterica serovars isolated from non-recycled water sources according to the water sample volume used in 26 peer-reviewed scientific publications between the years 2015 and 2020. The heatmap was built in R (package ComplexHeatmap).


There were no differences (P > 0.05) in the diversity of Salmonella serovars across water sources, HDI and volume as measured by Shannon and Pielou indexes for richness and evenness, respectively.




DISCUSSION


Occurrence of Salmonella in Aquatic Environments

The overall weighted average proportion was 0.19 [CI: 0.14; 0.25] for positive water samples, suggesting that viable Salmonella organisms are frequently found in non-recycled water sources worldwide. The increasing number of human salmonellosis outbreaks associated with the consumption of fresh produce or industrialized plant-based products, including fruits, vegetables, legumes, grains, nuts, and seeds, has posed the question whether environmental water could play a role as potential Salmonella contamination source. The 127 peer-reviewed studies retrieved after the initial screening test of this systematic review confirms the increasing interest of the scientific community on this topic. These publications reported the occurrence of Salmonella from different aquatic environments under a wide range of conditions (Domingo et al., 2000; Bell et al., 2015; Li B. et al., 2015; Liu et al., 2018). Obviously, the capacity of Salmonella to survive and to adapt to challenging environmental conditions is a basic principle for the bacteria to fulfill their biological cycle (fecal-oral route of transmission), suggesting the existence of mechanisms to overcome stressors in aquatic and terrestrial microcosms. Long-term persistence of S. enterica in irrigation ponds has been previously reported (Greene et al., 2008; Luo et al., 2015), indicating that this pathogen is able to adapt to stressors in hydrological niches and highlighting the importance of assessing the quality of irrigation water regularly (Winfield and Groisman, 2003). However, little is known about the real ability of Salmonella to adapt and evolve in natural environments such as surface and groundwater sources.



Are There Differences in the Presence of Salmonella Between Surface and Groundwater?

The amount of true heterogeneity observed in our study, represented by the between-study variance and expressed by the parameter (τ2), (Borenstein et al., 2005) was large and statistically significant, indicating the existence of systematic differences in effects across 26 articles used in the present meta-analysis. Interestingly, the I2 parameter varies from 0 to 100% and allows comparisons of the estimated heterogeneity across different meta-analysis studies. In the case of the present study, the observed I2 value was 99.72%. Therefore, there is evidence that the variance is determined by the existence of importance variable moderators. That said, we highlight the limited number of moderators (n = 3) investigated in the present meta-analysis that could act as sources of heterogeneity, as reflected by the lack of important information across all studies in the meta-analysis, for instance, the proximity of the sampled water of potential contamination sources (agriculture, livestock, sewage), psychochemical properties of water that might play an important role in the survival of Salmonella and competing organisms, the presence of other contaminants, characterization of wildlife in the proximity of the water bodies, among others.

The fact that the source of water was identified as a significant moderator for Salmonella frequency according to the meta regression analysis and was also identified as the most relevant moderator in the regression tree corroborates the hypothesis that viable Salmonella is more frequently recovered from surface water sources than groundwater. This finding was expected, considering the greater exposure of surface water sources to contaminants in general. Indeed, surface water is more easily exposed to discharge of sewage, inadequate agricultural, livestock and industrial run-offs, climatic events and visit of wild animals (Bergholz et al., 2016; Karkey et al., 2016; Toro et al., 2016; Gu et al., 2019; Jechalke et al., 2019). The latter is particularly noteworthy, since a wide range of S. enterica serovars have been extensively reported in wildlife (Maurer et al., 2015; Toro et al., 2016; de Souza et al., 2020).

The lower frequency of Salmonella in groundwater compared with surface water (0.17 vs.0.31, respectively) observed in our study corroborates previous findings (Abulreesh, 2012; Gu et al., 2019). Underground reservoirs have long been considered excellent sources of drinking water to human and animal populations, mainly because it is naturally filtered by the soil underlying rock formations. Although they usually provide superior microbial quality associated with lower microbial loads, the belief that groundwater is pure and no treatment is needed before consumption has been questioned (Li et al., 2018; Liu et al., 2018; Stokdyk et al., 2020) by the increasing number of studies reporting Salmonella contamination in groundwater (Dekker et al., 2015; Li X. et al., 2015; Palamuleni and Akoth, 2015). There are several possibilities of contamination of groundwater, even though some of them are sporadic. Quality can be compromised by insufficient well depth or during construction (Liu et al., 2018) and well pollution may result from events such as improperly functioning sewer systems, contaminated stormwater and agricultural run-off, especially after storms and floods (Gu et al., 2019). Contamination events can be sporadic or one-off, nevertheless, the water sources can become compromised for longer periods (Dekker et al., 2015). Some experimental studies showed that Salmonella can remain viable for periods longer than 100 days in water, and that viability is mainly affected by ambient temperature (Domingo et al., 2000; Ibrahim et al., 2019).

Importantly, there was a considerably higher number of studies on the occurrence of Salmonella in surface water (n = 23) compared with groundwater (n = 6). Possibly, the greater interest in assessing surface water is related to its relevance and economic importance for both rural and urban settings worldwide. In fact, the majority of reports in the present study originated from regions where surface water sources have been commonly used for irrigation purposes in agri-food production systems.

In summary, the occurrence of Salmonella in groundwater should not be neglected. Further studies addressing Salmonella contamination in groundwater are warranted as they could be particularly important in regions where irrigation practices depend on this type of water, such as semiarid settings.



Which Serovars Are Most Prevalent in Surface Water and Ground Water?

Between 2015 and 2020, S. Newport was the most frequent serovar identified in both surface (464 isolates; 18.33%) and groundwater (20 isolates; 0.78%). Furthermore, Callahan et al. (2019) reported S. Newport as the most isolated serovar throughout the year. S. Newport infection rates have been stable over the decades, with approximately 750 confirmed cases per year in Europe (European Food Safety Authority [EFSA], 2016). Wild birds are considered important reservoirs as recurrent S. Newport outbreaks have been reported due to direct contamination of vegetables such as tomatoes, soil or irrigation water (Bell et al., 2015). The factors causing variations in S. Newport rates in the United States remain unknown (Crim et al., 2018).

Salmonella Typhimurium was the second most frequent serovar contaminating both surface water (9.56%) and groundwater (0.63%). This serovar has been one of the two leading serovars associated with human salmonellosis since 1990 (Herikstad et al., 2002). The persistence of this pathogen in freshwater microcosms has been associated with the expression of the hilA gene, a regulatory system for the expression of invasive Salmonella phenotypes, including the expression of the sspC, invF, and orgA invasion genes (Nutt et al., 2003). Therefore, it is possible that strains circulating in environmental water sources could present increased virulence.

S. Thompson, also a frequent serovar, has been associated with sporadic salmonellosis outbreaks every year in different countries (Friesema et al., 2012; Gaulin et al., 2017; Suijkerbuijk et al., 2017; Eun et al., 2019). Under laboratory conditions, a 3 ppm chlorine water treatment induced the viable but not cultivable state in S. Thompson (Highmore et al., 2018), raising concerns about the efficacy of chlorine-based treatment of water for human consumption. Therefore, S. Thompson may be a potential pathogen of treated water for human consumption.

S. Javiana, S. Kentucky, and S. Rubislaw serovars have been also identified as frequent serovars contaminating non-recycled water sources. These serovars have been shown to play a role in human salmonellosis. The number of cases of S. Javiana has been dramatically increasing in the USA in the last decades (Centers for Disease Control and Prevention [CDC], 2013). It is worth noting that drinking water has been reported as an important source of human infection by S. Javiana (Clarkson et al., 2010; Mukherjee et al., 2019). S. Kentucky is involved in approximately 100 cases of human salmonellosis yearly in the United States (Centers for Disease Control and Prevention [CDC], 2016). Although it is not one of the leading serovars causing human salmonellosis, there is increasing concern with the emergence of multidrug resistance particularly associated with this serovar (Milton et al., 2018; Al-Gallas et al., 2021a,b). On the other hand, S. Rubislaw has been mainly detected in environmental samples (Maurer et al., 2015), and various free-living animals (Potter et al., 2011; Rush et al., 2020; Hernandez et al., 2021).



Are There Differences in the Relative Frequency of Salmonella Serovars Among Regions?

According to our findings, there are indications that the origin of samples, as determined by the HDI index related to the country of origin, might contribute to both overall isolation frequency and relative distribution of Salmonella serovars. Based on the decision tree (Figure 4), the frequencies of Salmonella-positive samples in surface water were higher in countries with low HDI compared with countries with higher HDI (0.42 vs. 0.26, respectively). This finding could be explained by contamination events that are probably more frequent in developing regions as a result of improper sewage treatment and disposal. However, the opposite was observed for groundwater samples and frequency estimates were 0.069 and 0.26 for low and high HDI, respectively.

Further investigations should be conducted to address the differences in the relative frequencies of serovars between high and low HDI countries. Some serovars such as S. Muenchen, S. Give, S. Hartford, S. Rissen, S. Saintpaul, S. Rubislaw, and S. Thompson were highly frequent across studies from high HDI countries while others (S. Agona, S. Derby, S. Anatum) were more frequently observed in studies from low HDI countries. It is plausible to admit that the relative serovar frequencies across the regions depend on natural, social and economical drivers impacting the epidemiological and evolutionary aspects of Salmonella enterica, and therefore very difficult to be predicted.

Although meta-analysis indicated Salmonella Agona as a frequent serovar present in water samples from the low HDI countries included in our study, it is among the ten leading serovars associated with human salmonellosis in European countries, with 378–582 cases per year (Popa and Popa, 2021). Outbreaks of non-typhoidal salmonellosis associated with this serovar has been linked to fresh food consumption (Estrada-Acosta et al., 2014; Hassan et al., 2019; Ehuwa et al., 2021), such as papaya (Hassan et al., 2019) and tomato (Estrada-Acosta et al., 2014). Moreover, irrigation water is considered a major contamination source in agricultural settings (Estrada-Acosta et al., 2014). However, salmonellosis cases attributed to S. Agona have also been attributed to the consumption of contaminated processed foods such as peanut butter and infant formulae (Ehuwa et al., 2021).



Can Differences in the Frequency and Diversity of Salmonella Be Attributed to Sample Volume?

Interestingly, water sample volume was shown to significantly affect the relative frequency of Salmonella serovars across the different studies. According to the decision tree (Figure 4), higher frequency of Salmonella was seen in larger water samples (≥ 1 L) from both high and low HDI countries. In high HDI countries, the frequencies were 0.31 vs. 0.14, while in low HDI countries, a greater difference was observed (0.34 vs. 0.6). Although water sample volume has been referred as critical factor for the recovery of Salmonella enterica from water, there are no previous reports directly assessing the role of water sample volume on Salmonella isolation frequency. This meta-analysis study suggests that water volume might play an important role on the recovery of viable Salmonella serovars in environmental water. Moreover, the relative frequency distribution findings reported in our study and visualized as a heatmap (Figure 7) indicate a higher recovery frequency of public health relevant Salmonella serovars when large water samples are used (≥ 1 L), such as S. Typhimuiurm, S. Newport, and S. Enteritidis.

Important aspects indicate that the occurrence of S. enterica in natural water sources is underestimated. Firstly, a considerable number of the studies in our investigation (27.58%) reported using small-volume samples (<1 L), which may compromise the microbiological recovery. Although there is a consensus toward the use of larger water samples to detect microorganisms present in low densities (Bisha et al., 2011; McEgan et al., 2013; Sbodio et al., 2013), there is a lack of studies comparing the real effect of water volume on the recovery of Salmonella serovars. Furthermore, conventional microbiological isolation is limited in terms of detection of viable but non-culturable bacteria (VBNC), i.e., organisms presenting a very low metabolic rate or state of dormancy (Lin et al., 2016). Problems in VBNC Salmonella cultivation and identification have been well documented (Oliver, 2005; Morishige et al., 2017). This condition might be of particular importance for Salmonella organisms in natural water environments, as bacteria may be subjected to many stressors.

Considering how the number of viable organisms might affect the accuracy of the conventional culture method, alternative techniques have been proposed to overcome cost and logistic problems associated with the transport of large volumes of water to laboratories. Among these, the modified Moore swab (MMS) stands out as a high efficient and low operating cost method alternative for in situ filtration of large sample volumes (usually 10 liters or more) (Sbodio et al., 2013; Sharma et al., 2020; Sikorski and Levine, 2020).



Are There Differences in Presence and Abundance Related to Seasonality?

Due to the very limited number of publications with serovar identification covering long periods of time, no statistical analysis was performed to assess the relationship between S. enterica frequency and season or climatic condition. Seventeen of the twenty-six articles reported isolation of S. enterica from all or most of the samples collected during the entire experimental period. There is no substantial variation regarding the frequency of serovars throughout the different seasons of the year (Bell et al., 2015; Dekker et al., 2015; Jokinen et al., 2015; Maurer et al., 2015; Traoré et al., 2015; Afema et al., 2016; Bergholz et al., 2016; Falardeau et al., 2017; Topalcengiz et al., 2017; Harris et al., 2018; Ho et al., 2018; Santiago et al., 2018; Truitt et al., 2018; Callahan et al., 2019; Gu et al., 2019; Díaz-Torres et al., 2020; Stokdyk et al., 2020).

Four articles performed a single sampling per site (Hsu et al., 2015; Li B. et al., 2015; Kovačić et al., 2017; Allard et al., 2019). Despite having made multiple samplings from the same sites over time, one study still analyzed the data as a single set, because it focused on reporting the incidence of antibiotic resistance in the isolated strains and did not assess the variation of isolates over time (Kadykalo et al., 2020).

Two studies carried out in Colorado and Georgia (United States) showed higher isolation rates in different seasons, spring and autumn, respectively (Antaki et al., 2016; Ahlstrom et al., 2018). One study showed higher frequency in the rainy season, between spring and early summer (Song et al., 2018). Interestingly, Mahagamage et al. (2021) reported increased frequencies of S. enterica isolation from surface water in rainy seasons, while the contrary was observed for groundwater. Overall, the relationship between Salmonella isolation frequency and seasons of the year or dry or rainy period seems to depend on several local variables. Factors such as average temperature, predominant type of exploitation in the region (agriculture, livestock or industry), availability of water (scarcity or abundance, regardless of the season), type of source and location of the source (level of preservation or urbanization of the surroundings) seem to have a strong influence on water contamination levels throughout the year.

To better assess these relationships, it is necessary to include further studies on the effects of climatic factors over long periods of time.

In summary, this meta-analysis investigation established the expected frequency of Salmonella recovery from water samples. There is a higher recovery rate from surface water compared with ground water. The serovar representation across those samples can be affected by the investigated region and collected water sample volume, mainly for those serovars that are relevant in public health. Further conclusions about other putative important moderators were not possible because of the lack of information in the accessed studies. In this sense, we encourage longitudinal study designs and thorough serotyping that enable conclusions on seasonal variations or the effects of factors such as physicochemical parameters of water and special-temporal information. Furthermore, high throughput approaches such as metagenomics could provide invaluable information about complex relationships between Salmonella and other biotic factors. Given the importance of water quality for agri-food systems and the public health importance of Salmonella, it is extremely important to better understand this dynamics, so that more effective strategies to control and mitigate salmonellosis can be envisioned and designed.




DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



AUTHOR CONTRIBUTIONS

AR: literature search, data analysis, and manuscript writing. RF: conceptualization, literature search, data analysis, and manuscript writing. WP: data analysis and manuscript revision. LL: data analysis and manuscript writing. PG, AM-S, MT, and ES: manuscript writing and revision. JM: conceptualization and manuscript revision. CO: conceptualization, manuscript writing, and manuscript revision. All authors contributed to the article and approved the submitted version.



FUNDING

This study was funded by Conselho Nacional de Pesquisa e Desenvolvimento (CNPq, proc. 140910/2020-4) and Coordenação de Aperfeiçoamento de Pessoal de Nível Superior-Brasil (CAPES), finance code 001. CO holds a Research Productivity Fellowship (Level 1-D) granted by the Brazilian National Council for Scientific and Technological Development (CNPq, proc 313678/2020-0). This study was also supported by the Food and Drug Administration (FDA) of the U.S. Department of Health and Human Services (HHS) as part of an award received from the Joint Institute for Food Safety and Applied Nutrition (JIFSAN), University of Maryland. The contents are those of the authors and do not necessarily represent the official views of, nor an endorsement, by FDA, HHS, or the U.S. Government. For more information, please visit FDA.gov.



ACKNOWLEDGMENTS

We thank Conselho Nacional de Pesquisa e Desenvolvimento (CNPq) for providing scholarships to AR, LL, and CO.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.802625/full#supplementary-material

Supplementary Figure 1 | Hierarchical cluster analysis of 29 peer reviewed scientific publications between the years 2015 and 2020 considering the relative frequencies of reported Salmonella serovars. Hierarchical clustering using average linkage was built from a binary distance matrix in R 4.11.



REFERENCES

Abulreesh, H. H. (2012). “Salmonellae in the Environment,” in Salmonella - Distribution, Adaptation, Control Measures and Molecular Technologies, eds B. Annous and J. B. Gurtler (London: InTech), 765–785. doi: 10.5772/28201

Afema, J. A., Byarugaba, D. K., Shah, D. H., Atukwase, E., Nambi, M., and Sischo, W. M. (2016). Potential Sources and Transmission of Salmonella and Antimicrobial Resistance in Kampala, Uganda. PLoS One 11:e0152130. doi: 10.1371/journal.pone.0152130

Ahlstrom, C. A., Manuel, C. S., Den Bakker, H. C., Wiedmann, M., and Nightingale, K. K. (2018). Molecular ecology of Listeria spp., Salmonella, Escherichia coli O157:H7 and non-O157 Shiga toxin-producing E. coli in pristine natural environments in Northern Colorado. J. Appl. Microbiol. 124, 511–521.

Al-Gallas, N., Khadraoui, N., Hotzel, H., Tomaso, H., El-Adawy, H., Neubauer, H., et al. (2021a). Quinolone resistance among Salmonella Kentucky and Typhimurium isolates in Tunisia: first report of Salmonella Typhimurium ST34 in Africa and qnrB19 in Tunisia. J. Appl. Microbiol. 130, 807–818. doi: 10.1111/jam.14822

Allard, S. M., Callahan, M. T., Bui, A., Ferelli, A. M. C., Chopyk, J., Chattopadhyay, S., et al. (2019). Creek to Table: tracking fecal indicator bacteria, bacterial pathogens, and total bacterial communities from irrigation water to kale and radish crops. Sci. Total Environ. 666, 461–471. doi: 10.1016/j.scitotenv.2019.02.179

Al-Gallas, N., Belghouthi, K., Barratt, N. A., Ghedira, K., Hotzel, H., Tomaso, H., et al. (2021b). Identification and characterization of multidrug-resistant ESBL-producing Salmonella enterica serovars Kentucky and Typhimurium isolated in Tunisia CTX-M-61/TEM-34, a novel cefotaxime-hydrolysing β−lactamase of Salmonella. J. Appl. Microbiol. 132, 279–289. doi: 10.1111/jam.15211

Antaki, E. M., Vellidis, G., Harris, C., Aminabadi, P., Levy, K., and Jay-Russell, M. T. (2016). Low Concentration of Salmonella enterica and Generic Escherichia coli in Farm Ponds and Irrigation Distribution Systems Used for Mixed Produce Production in Southern Georgia. Foodborne Pathog. Dis. 13, 551–558. doi: 10.1089/fpd.2016.2117

Batz, M. B., Hoffmann, S., and Morris, J. G. (2012). Ranking the disease burden of 14 pathogens in food sources in the united states using attribution data from outbreak investigations and expert elicitation. J. Food Prot. 75, 1278–1291. doi: 10.4315/0362-028X.JFP-11-418

Baudart, J., Grabulos, J., Barusseau, J. -P., and Lebaron, P. (2000). Salmonella spp. and Fecal Coliform Loads in Coastal Waters from a Point vs. Nonpoint Source of Pollution. J. Environ. Qual. 29, 241–250. doi: 10.2134/jeq2000.00472425002900010031x

Bell, R. L., Zheng, J., Burrows, E., Allard, S., Wang, C. Y., Keys, C. E., et al. (2015). Ecological prevalence, genetic diversity, and epidemiological aspects of Salmonella isolated from tomato agricultural regions of the Virginia Eastern Shore. Front. Microbiol. 6:415. doi: 10.3389/fmicb.2015.00415

Bergholz, P. W., Strawn, L. K., Ryan, G. T., Warchocki, S., and Wiedmann, M. (2016). Spatiotemporal Analysis of Microbiological Contamination in New York State Produce Fields following Extensive Flooding from Hurricane Irene, August 2011. J. Food Prot. 79, 384–391. doi: 10.4315/0362-028X.JFP-15-334

Bisha, B., Perez-Mendez, A., Danyluk, M. D., and Goodridge, L. D. (2011). Evaluation of Modified Moore swabs and continuous flow centrifugation for concentration of Salmonella and Escherichia coli O157:H7 from large volumes of water. J. Food Prot. 74, 1934–1937. doi: 10.4315/0362-028X.JFP-11-133

Borenstein, M., Hedges, L., Higgins, J., and Rothstein, H. (2005). Comprehensive Meta-Analysis Version 2. Englewood, NJ: Biostat. Available online at: https://www.meta-analysis.com/downloads/Meta-Analysis-Manual.pdf (accessed March 23, 2022).

Brock, G., Pihur, V., Datta, S., and Datta, S. (2008). clValid?: an R package for cluster validation. J. Stat. Softw. 25, 1–22. doi: 10.18637/jss.v025.i04

Callahan, M. T., Van Kessel, J. A., and Micallef, S. A. (2019). Salmonella enterica recovery from river waters of the Maryland Eastern Shore reveals high serotype diversity and some multidrug resistance. Environ. Res. 168, 7–13. doi: 10.1016/j.envres.2018.09.012

Centers for Disease Control and Prevention [CDC] (2013). An Atlas of Salmonella in the United States, 1968-2011. Atlanta, GA: US Department of Health and Human Services, 1–248.

Centers for Disease Control and Prevention [CDC] (2016). National Salmonella Surveillance Annual Report, 2013. Atlanta, GA: Centers for Disease Control and Prevention, 1–89.

Chen, J., Shi, Y., Cheng, D., Jin, Y., Hutchins, W., and Liu, J. (2019). Survey of pathogenic bacteria of biofilms in a metropolitan drinking water distribution system. FEMS Microbiol. Lett. 366:fnz225. doi: 10.1093/femsle/fnz225

Clarkson, L. S., Tobin-D’Angelo, M., Shuler, C., Hanna, S., Benson, J., and Voetsch, A. C. (2010). Sporadic Salmonella enterica serotype Javiana infections in Georgia and Tennessee: a hypothesis-generating study. Epidemiol. Infect. 138, 340–346. doi: 10.1017/S0950268809990586

Cox, J., Pavic, A., Wang, H., Hammack, T., Dwivedi, H., Devulder, G., et al. (2014). “Salmonella,” in Encyclopedia of Food Microbiology, eds C. A. BATT and M. Lou Tortorello (Amsterdam: Academic Press, Elsevier Ltd), 3248.

Crim, S. M., Chai, S. J., Karp, B. E., Judd, M. C., Reynolds, J., Swanson, K. C., et al. (2018). Salmonella enterica serotype newport infections in the United States, 2004-2013: increased incidence investigated through four surveillance systems. Foodborne Pathog. Dis. 15, 612–620. doi: 10.1089/fpd.2018.2450

de Souza, M. L., Coelho, M. L., da Silva, A. O., da Silva Azuaga, L. B., Macedo Coutinho Netto, C. R., Galhardo, J. A., et al. (2020). Salmonella spp. Infection in psittacidae at a wildlife rehabilitation center in the state of Mato Grosso do Sul, Brazil. J. Wildl. Dis. 56, 288–293. doi: 10.7589/2019-06-171

Dekker, D. M., Krumkamp, R., Sarpong, N., Frickmann, H., Boahen, K. G., Frimpong, M., et al. (2015). Drinking water from dug wells in rural ghana–Salmonella contamination, environmental factors, and genotypes. Int. J. Environ. Res. Public Health 12, 3535–3546. doi: 10.3390/ijerph120403535

Díaz-Torres, O., Lugo-Melchor, O. Y., de Anda, J., Gradilla-Hernández, M. S., Amézquita-López, B. A., and Meza-Rodríguez, D. (2020). Prevalence, distribution, and diversity of Salmonella strains isolated from a subtropical lake. Front. Microbiol. 11:521146. doi: 10.3389/fmicb.2020.521146

Domingo, J. W. S., Harmon, S., and Bennett, J. (2000). Survival of Salmonella species in river water. Curr. Microbiol. 40, 409–417. doi: 10.1007/s002840010079

Ehuwa, O., Jaiswal, A. K., and Jaiswal, S. (2021). Salmonella, Food Safety and Food Handling Practices. Foods 10:907. doi: 10.3390/foods10050907

Estrada-Acosta, M., Jiménez, M., Chaidez, C., León-Félix, J., and Castro-del Campo, N. (2014). Irrigation water quality and the benefits of implementing good agricultural practices during tomato (Lycopersicum esculentum) production. Environ. Monit. Assess. 186, 4323–4330. doi: 10.1007/s10661-014-3701-1

Eun, Y., Jeong, H., Kim, S., Park, W., Ahn, B., Kim, D., et al. (2019). A large outbreak of Salmonella enterica serovar Thompson infections associated with chocolate cake in Busan, Korea. Epidemiol. Health 41:e2019002. doi: 10.4178/epih.e2019002

European Food Safety Authority [EFSA] (2016). The European Union summary report on trends and sources of zoonoses, zoonotic agents and food-borne outbreaks in 2015. EFSA J. 14:4634. doi: 10.2903/j.efsa.2016.4634

Falardeau, J., Johnson, R. P., Pagotto, F., and Wang, S. (2017). Occurrence, characterization, and potential predictors of verotoxigenic Escherichia coli, Listeria monocytogenes, and Salmonella in surface water used for produce irrigation in the Lower Mainland of British Columbia, Canada. PLoS One 12:e0185437. doi: 10.1371/journal.pone.0185437

Friesema, I. H., de Jong, A. E., Fitz James, I. A., Heck, M. E., van den Kerkhof, J. H., Notermans, D. W., et al. (2012). Outbreak of Salmonella Thompson in the Netherlands since July 2012. Euro Surveill. 17:20303. doi: 10.2807/ese.17.43.20303-en

Gaulin, C., Fiset, M., Duchesne, C., Ramsay, D., Savard, N., Urbanek, A., et al. (2017). Salmonella Thompson outbreak associated with consumption of chicken shawarma and the usefulness of genome sequencing in the investigation. Can. Commun. Dis. Rep. 43, 186–192. doi: 10.14745/ccdr.v43i09a05

Greene, S. K., Daly, E. R., Talbot, E. A., Demma, L. J., Holzbauer, S., Patel, N. J., et al. (2008). Recurrent multistate outbreak of Salmonella Newport associated with tomatoes from contaminated fields, 2005. Epidemiol. Infect. 136, 157–165. doi: 10.1017/S095026880700859X

Gu, G., Strawn, L. K., Zheng, J., Reed, E. A., and Rideout, S. L. (2019). Diversity and dynamics of Salmonella enterica in water sources, poultry litters, and field soils amended with poultry litter in a major agricultural area of Virginia. Front. Microbiol. 10:2868. doi: 10.3389/fmicb.2019.02868

Gu, Z., Eils, R., and Schlesner, M. (2016). Complex heatmaps reveal patterns and correlations in multidimensional genomic data. Bioinformatics 32, 2847–2849. doi: 10.1093/bioinformatics/btw313

Hanning, I. B., Nutt, J. D., and Ricke, S. C. (2009). Salmonellosis outbreaks in the united states due to fresh produce: sources and potential intervention measures. Foodborne Pathog. Dis. 6, 635–648. doi: 10.1089/fpd.2008.0232

Harris, C. S., Tertuliano, M., Rajeev, S., Vellidis, G., and Levy, K. (2018). Impact of storm runoff on Salmonella and Escherichia coli prevalence in irrigation ponds of fresh produce farms in southern Georgia. J. Appl. Microbiol. 124, 910–921. doi: 10.1111/jam.13689

Harris, L. J., Farber, J. N., Beuchat, L. R., Parish, M. E., Suslow, T. V., Garrett, E. H., et al. (2003). Outbreaks associated with fresh produce: incidence, growth, and survival of pathogens in fresh and fresh-cut produce. Compr. Rev. Food Sci. Food Saf. 2, 78–141. doi: 10.1111/j.1541-4337.2003.tb00031.x

Hassan, R., Whitney, B., Williams, D. L., Holloman, K., Grady, D., Thomas, D., et al. (2019). Multistate outbreaks of Salmonella infections linked to imported Maradol papayas - United States, December 2016-September 2017. Epidemiol. Infect. 147:e265. doi: 10.1017/S0950268819001547

Hendriksen, R. S., Vieira, A. R., Karlsmose, S., Lo Fo Wong, D. M. A., Jensen, A. B., Wegener, H. C., et al. (2011). Global Monitoring of Salmonella serovar distribution from the World Health Organization global foodborne infections network country data bank: results of quality assured laboratories from 2001 to 2007. Foodborne Pathog. Dis. 8, 887–900. doi: 10.1089/fpd.2010.0787

Herikstad, H., Motarjemi, Y., and Tauxe, R. V. (2002). Salmonella surveillance: a global survey of public health serotyping. Epidemiol. Infect. 129, 1–8. doi: 10.1017/s0950268802006842

Hernandez, S. M., Maurer, J. J., Yabsley, M. J., Peters, V. E., Presotto, A., Murray, M. H., et al. (2021). Free-living aquatic turtles as sentinels of Salmonella spp. for water bodies. Front. Vet. Sci. 8:674973. doi: 10.3389/fvets.2021.674973

Higgins, J. P. T., Thompson, S.G., Deeks, J. J., and Altman, D. G. (2003). Measuring inconsistency in meta-analyses. BMJ 327, 557–560. doi: 10.1136/bmj.327.7414.557

Highmore, C. J., Warner, J. C., Rothwell, S. D., Wilks, S. A., and Keevil, C. W. (2018). Viable-but-Nonculturable Listeria monocytogenes and Salmonella enterica Serovar Thompson Induced by Chlorine Stress Remain Infectious. mBio 9, 1–12. doi: 10.1128/mBio.00540-18

Ho, Y.-N., Tsai, H.-C., Hsu, B.-M., and Chiou, C.-S. (2018). The association of Salmonella enterica from aquatic environmental and clinical samples in Taiwan. Sci. Total Environ. 624, 106–113. doi: 10.1016/j.scitotenv.2017.12.122

Hsu, C.-Y., Hsu, B.-M., Ji, W.-T., Chen, J.-S., Hsu, T.-K., Ji, D.-D., et al. (2015). Antibiotic resistance pattern and gene expression of non-typhoid Salmonella in riversheds. Environ. Sci. Pollut. Res. Int. 22, 7843–7850. doi: 10.1007/s11356-014-4033-y

Ibrahim, E. M. M. E. M., El-Liethy, M. A., Abia, A. L. K., Hemdan, B. A., and Shaheen, M. N. (2019). Survival of E. coli O157:H7, Salmonella Typhimurium, HAdV2 and MNV-1 in river water under dark conditions and varying storage temperatures. Sci. Total Environ. 648, 1297–1304. doi: 10.1016/j.scitotenv.2018.08.275

Jechalke, S., Schierstaedt, J., Becker, M., Flemer, B., Grosch, R., Smalla, K., et al. (2019). Salmonella establishment in agricultural soil and colonization of crop plants depend on soil type and plant species. Front. Microbiol. 10:967. doi: 10.3389/fmicb.2019.00967

Jokinen, C. C., Koot, J., Cole, L., Desruisseau, A., Edge, T. A., Khan, I. U. H. H., et al. (2015). The distribution of Salmonella enterica serovars and subtypes insurface water from five agricultural regions across Canada. Water Res. 76, 120–131. doi: 10.1016/j.watres.2015.02.038

Kadykalo, S., Thomas, J., Parmley, E. J., Pintar, K., and Fleury, M. (2020). Antimicrobial resistance of Salmonella and generic Escherichia coli isolated from surface water samples used for recreation and a source of drinking water in southwestern Ontario, Canada. Zoonoses Public Health 67, 566–575. doi: 10.1111/zph.12720

Karkey, A., Jombart, T., Walker, A. W., Thompson, C. N., Torres, A., Dongol, S., et al. (2016). The ecological dynamics of fecal contamination and Salmonella Typhi and Salmonella Paratyphi A in Municipal Kathmandu Drinking Water. PLoS Negl. Trop. Dis. 10:e0004346. doi: 10.1371/journal.pntd.0004346

Kovačić, A., and Huljev, Ž, and Sušić, E. (2017). Ground water as the source of an outbreak of Salmonella Enteritidis. J. Epidemiol. Glob. Health 7, 181–184. doi: 10.1016/j.jegh.2017.05.001

Lewis, S., and Clarke, M. (2001). Forest plots: trying to see the wood and the trees. BMJ 322, 1479–1480. doi: 10.1136/bmj.322.7300.1479

Li, B., Jackson, S. A., Gangiredla, J., Wang, W., Liu, H., Tall, B. D., et al. (2015). Genomic evidence reveals numerous Salmonella enterica serovar Newport reintroduction events in Suwannee watershed irrigation ponds. Appl. Environ. Microbiol. 81, 8243–8253. doi: 10.1128/AEM.02179-15

Li, X., Atwill, E. R., Antaki, E., Applegate, O., Bergamaschi, B., Bond, R. F., et al. (2015). Fecal Indicator and Pathogenic Bacteria and Their Antibiotic Resistance in Alluvial Groundwater of an Irrigated Agricultural Region with Dairies. J. Environ. Qual. 44, 1435–1447. doi: 10.2134/jeq2015.03.0139

Li, B., Vellidis, G., Liu, H., Jay-Russell, M., Zhao, S., Hu, Z., et al. (2014). Diversity and antimicrobial resistance of Salmonella enterica isolates from surface water in southeastern United States. Appl. Environ. Microbiol. 80, 6355–6365. doi: 10.1128/AEM.02063-14

Li, J., Ding, M., Han, Z., and Ma, J. (2018). Persistence of Salmonella Typhimurium in Well Waters from a Rural Area of Changchun City, China. Int. J. Environ. Res. Public Health 15:1090. doi: 10.3390/ijerph15061090

Liao, C. H., and Shollenberger, L. M. (2003). Survivability and long-term preservation of bacteria in water and in phosphate-buffered saline. Lett. Appl. Microbiol. 37, 45–50. doi: 10.1046/j.1472-765X.2003.01345.x

Lin, Y. W., Li, D., Gu, A. Z., Zeng, S. Y., and He, M. (2016). Bacterial regrowth in water reclamation and distribution systems revealed by viable bacterial detection assays. Chemosphere 144, 2165–2174. doi: 10.1016/j.chemosphere.2015.10.071

Liu, H., Whitehouse, C. A., and Li, B. (2018). Presence and persistence of Salmonella in water: the impact on microbial quality of water and food safety. Front. Public Health 6:159. doi: 10.3389/fpubh.2018.00159

Luo, Z., Gu, G., Ginn, A., Giurcanu, M. C., Adams, P., Vellidis, G., et al. (2015). Distribution and Characterization of Salmonella enterica Isolates from Irrigation Ponds in the Southeastern United States. Appl. Environ. Microbiol. 81, 4376–4387. doi: 10.1128/AEM.04086-14

Mahagamage, M. G. Y. L., Pathirage, M. V. S. C., and Manage, P. M. (2020). Contamination Status of Salmonella spp., Shigella spp. and Campylobacter spp. in Surface and Groundwater of the Kelani River Basin, Sri Lanka. Water 12:2187. doi: 10.3390/w12082187

Majowicz, S. E., Musto, J., Scallan, E., Angulo, F. J., Kirk, M., O’Brien, S. J., et al. (2010). The global burden of nontyphoidal Salmonella gastroenteritis. Clin. Infect. Dis. 50, 882–889. doi: 10.1086/650733

Martínez, M. C., Retamal, P., Rojas-Aedo, J. F., Fernández, J., Fernández, A., and Lapierre, L. (2017). Multidrug-Resistant Outbreak-Associated Salmonella Strains in Irrigation Water from the Metropolitan Region, Chile. Zoonoses Public Health 64, 299–304. doi: 10.1111/zph.12311

Maurer, J. J., Martin, G., Hernandez, S., Cheng, Y., Gerner-Smidt, P., Hise, K. B., et al. (2015). Diversity and Persistence of Salmonella enterica Strains in Rural Landscapes in the Southeastern United States. PLoS One 10:e0128937. doi: 10.1371/journal.pone.0128937

McEgan, R., Rodrigues, C. A. P., Sbodio, A., Suslow, T. V., Goodridge, L. D., and Danyluk, M. D. (2013). Detection of Salmonella spp. from large volumes of water by modified Moore swabs and tangential flow filtration. Lett. Appl. Microbiol. 56, 88–94. doi: 10.1111/lam.12016

Milton, A. A. P., Agarwal, R. K., Priya, G. B., Athira, C. K., Saminathan, M., Reddy, A., et al. (2018). Occurrence, antimicrobial susceptibility patterns and genotypic relatedness of Salmonella spp. isolates from captive wildlife, their caretakers, feed and water in India. Epidemiol. Infect. 146, 1543–1549. doi: 10.1017/S0950268818001553

Moher, D., Shamseer, L., Clarke, M., Ghersi, D., Liberati, A., Petticrew, M., et al. (2015). Preferred reporting items for systematic review and meta-analysis protocols (PRISMA-P) 2015 statement. Syst. Rev. 4:1. doi: 10.1186/2046-4053-4-1

Morishige, Y., Koike, A., Tamura-Ueyama, A., and Amano, F. (2017). Induction of Viable but Nonculturable Salmonella in Exponentially Grown Cells by Exposure to a Low-Humidity Environment and Their Resuscitation by Catalase. J. Food Prot. 80, 288–294. doi: 10.4315/0362-028X.JFP-16-183

Mukherjee, N., Nolan, V. G., Dunn, J. R., and Banerjee, P. (2019). Sources of human infection by Salmonella enterica serotype Javiana: a systematic review. PLoS One 14:e0222108. doi: 10.1371/journal.pone.0222108

Nutt, J. D., Pillai, S. D., Woodward, C. L., Sternes, K. L., Zabala-Díaz, I. B., Kwon, Y. M., et al. (2003). Use of a Salmonella typhimurium hilA fusion strain to assess effects of environmental fresh water sources on virulence gene expression. Water Res. 37, 3319–3326. doi: 10.1016/S0043-1354(03)00244-6

Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P., Simpson, G., et al. (2011). Reference Manual for Package “vegan”. Vienna: R Foundation for Statistical Computing.

Oliver, J. D. (2005). The viable but nonculturable state in bacteria. J. Microbiol. 43, 93–100.

Palamuleni, L., and Akoth, M. (2015). Physico-chemical and microbial analysis of selected borehole water in Mahikeng, South Africa. Int. J. Environ. Res. Public Health 12, 8619–8630. doi: 10.3390/ijerph120808619

Popa, G. L., and Popa, M. I. (2021). Salmonella spp. infection – a continuous threat worldwide. Germs 11, 88–96. doi: 10.18683/germs.2021.1244

Potter, A. S., Reid, S. A., and Fenwick, S. G. (2011). Prevalence of Salmonella in fecal samples of western grey kangaroos (Macropus fuliginosus). J. Wildl. Dis. 47, 880–887. doi: 10.7589/0090-3558-47.4.880

R Core Team (2020). R: A Language and Environment for Statistical Computing. Vienna: R Foundation for Statistical Computing.

Roth, G. A., Abate, D., Abate, K. H., Abay, S. M., Abbafati, C., Abbasi, N., et al. (2018). Global, regional, and national age-sex-specific mortality for 282 causes of death in 195 countries and territories, 1980–2017: a systematic analysis for the Global Burden of Disease Study 2017. Lancet 392, 1736–1788. doi: 10.1016/S0140-6736(18)32203-7

RStudio Team (2019). RStudio: Integrated Development for R. Boston, MA: RStudio Inc.

Rush, E. M., Amadi, V. A., Johnson, R., Lonce, N., and Hariharan, H. (2020). Salmonella serovars associated with Grenadian tree boa (Corallus grenadensis) and their antimicrobial susceptibility. Vet. Med. Sci. 6, 565–569. doi: 10.1002/vms3.234

Santiago, P., Jiménez-Belenguer, A., García-Hernández, J., Estellés, R. M., Hernández Pérez, M., Castillo López, M. A., et al. (2018). High prevalence of Salmonella spp. in wastewater reused for irrigation assessed by molecular methods. Int. J. Hyg. Environ. Health 221, 95–101. doi: 10.1016/j.ijheh.2017.10.007

Santos, C. M., da, C., Pimenta, C. A., de, M., and Nobre, M. R. C. (2007). The PICO strategy for the research question construction and evidence search. Rev. Lat. Am. Enfermagem 15, 508–511. doi: 10.1590/s0104-11692007000300023

Sbodio, A., Maeda, S., Lopez-Velasco, G., and Suslow, T. V. (2013). Modified Moore swab optimization and validation in capturing E. Coli O157: H7 and Salmonella enterica in large volume field samples of irrigation water. Food Res. Int. 51, 654–662. doi: 10.1016/j.foodres.2013.01.011

Sha, Q., Gunathilake, A., Forstner, M. R. J., and Hahn, D. (2011). Temporal analyses of the distribution and diversity of Salmonella in natural biofilms. Syst. Appl. Microbiol. 34, 353–359. doi: 10.1016/j.syapm.2011.01.005

Sharma, M., Handy, E. T., East, C. L., Kim, S., Jiang, C., Callahan, M. T., et al. (2020). Prevalence of Salmonella and Listeria monocytogenes in non-traditional irrigation waters in the Mid-Atlantic United States is affected by water type, season, and recovery method. PLoS One 15:e0229365. doi: 10.1371/journal.pone.0229365

Sikorski, M. J., and Levine, M. M. (2020). Reviving the “Moore Swab”: a classic environmental surveillance tool involving filtration of flowing surface water and sewage water to recover typhoidal Salmonella bacteria. Appl. Environ. Microbiol. 86, e00060–20. doi: 10.1128/AEM.00060-20

Song, Q., Zhang, D., Gao, H., and Wu, J. (2018). Salmonella Species’ Persistence and Their High Level of Antimicrobial Resistance in Flooded Man-Made Rivers in China. Microb. Drug Resist. 24, 1404–1411. doi: 10.1089/mdr.2017.0316

Steele, M., and Odumeru, J. (2004). Irrigation water as source of foodborne pathogens on fruit and vegetables. J. Food Prot. 67, 2839–2849. doi: 10.4315/0362-028X-67.12.2839

Stokdyk, J. P., Firnstahl, A. D., Walsh, J. F., Spencer, S. K., de Lambert, J. R., Anderson, A. C., et al. (2020). Viral, bacterial, and protozoan pathogens and fecal markers in wells supplying groundwater to public water systems in Minnesota, USA. Water Res. 178:115814. doi: 10.1016/j.watres.2020.115814

Suijkerbuijk, A. W. M., Bouwknegt, M., Mangen, M.-J. J., de Wit, G. A., van Pelt, W., Bijkerk, P., et al. (2017). The economic burden of a Salmonella Thompson outbreak caused by smoked salmon in the Netherlands, 2012-2013. Eur. J. Public Health 27, 325–330. doi: 10.1093/eurpub/ckw205

Tack, D. M., Marder, E. P., Griffin, P. M., Cieslak, P. R., Dunn, J., Hurd, S., et al. (2019). Preliminary incidence and trends of infections with pathogens transmitted commonly through food — Foodborne Diseases Active Surveillance Network, 10 U.S. sites, 2015–2018. Am. J. Transplant. 19, 1859–1863. doi: 10.1111/ajt.15412

Therneau, T., Atkinson, B., and Ripley, B. (2013). Rpart: Recursive Partitioning. R Package Version 4.1-3. Available online at: http://cran.r-project.org/package=rpart (accessed March 23, 2022).

Topalcengiz, Z., Strawn, L. K., and Danyluk, M. D. (2017). Microbial quality of agricultural water in Central Florida. PLoS One 12:e0174889. doi: 10.1371/journal.pone.0174889

Toro, M., Retamal, P., Ayers, S., Barreto, M., Allard, M., Brown, E. W., et al. (2016). Whole-Genome Sequencing Analysis of Salmonella enterica Serovar Enteritidis Isolates in Chile Provides Insights into Possible Transmission between Gulls, Poultry, and Humans. Appl. Environ. Microbiol. 82, 6223–6232. doi: 10.1128/AEM.01760-16

Traoré, O., Nyholm, O., Siitonen, A., Bonkoungou, I. J. O., Traoré, A. S., Barro, N., et al. (2015). Prevalence and diversity of Salmonella enterica in water, fish and lettuce in Ouagadougou, Burkina Faso. BMC Microbiol. 15:151. doi: 10.1186/s12866-015-0484-7

Truitt, L. N., Vazquez, K. M., Pfuntner, R. C., Rideout, S. L., Havelaar, A. H., and Strawn, L. K. (2018). Microbial quality of agricultural water used in produce preharvest production on the eastern shore of Virginia. J. Food Prot. 81, 1661–1672. doi: 10.4315/0362-028X.JFP-18-185

United Nations Development Programme [UNDP] (2020). The Next Frontier: Human Development and the Anthropocene. Available online at: http://hdr.undp.org/en/2020-report (accessed March 23, 2022).

Viechtbauer, W. (2010). Conducting Meta-Analyses in R with the metafor Package. J. Stat. Softw. 36, 1–48. doi: 10.18637/jss.v036.i03

Walsh, K. A., Bennett, S. D., Mahovic, M., and Hannah Gould, L. (2014). Outbreaks associated with cantaloupe, watermelon, and honeydew in the United States, 1973-2011. Foodborne Pathog. Dis. 11, 945–952. doi: 10.1089/fpd.2014.1812

Wanjugi, P., and Harwood, V. J. (2013). The influence of predation and competition on the survival of commensal and pathogenic fecal bacteria in aquatic habitats. Environ. Microbiol. 15, 517–526. doi: 10.1111/j.1462-2920.2012.02877.x

Wilkes, G., Edge, T. A., Gannon, V. P. J., Jokinen, C., Lyautey, E., Neumann, N. F., et al. (2011). Associations among pathogenic bacteria, parasites, and environmental and land use factors in multiple mixed-use watersheds. Water Res. 45, 5807–5825. doi: 10.1016/j.watres.2011.06.021

Winfield, M. D., and Groisman, E. A. (2003). Role of nonhost environments in the lifestyles of Salmonella and Escherichia coli. Appl. Environ. Microbiol. 69, 3687–3694. doi: 10.1128/AEM.69.7.3687-3694.2003


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Rocha, Ferrari, Pereira, Lima, Givisiez, Moreno-Switt, Toro, Delgado-Suárez, Meng and Oliveira. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	
	BRIEF RESEARCH REPORT
published: 09 June 2022
doi: 10.3389/fpubh.2022.823613






[image: image2]

A Joint Regional Analysis of Resistance Combinations in Escherichia coli in Humans and Different Food-Producing Animal Populations in Germany Between 2014 and 2017

Beneditta Suwono1,2*, Tim Eckmanns2, Heike Kaspar3 and Bernd-Alois Tenhagen1*


1Department Biological Safety, Unit Epidemiology, Zoonoses and Antimicrobial Resistance, German Federal Institute for Risk Assessment, Berlin, Germany

2Department Infectious Disease Epidemiology, Unit Healthcare-Associated Infections, Surveillance for Antibiotic Resistance and Consumption, Robert Koch Institute, Berlin, Germany

3Unit Antibiotic Resistance Monitoring, German Federal Office of Consumer Protection and Food Safety, Berlin, Germany

Edited by:
Mostafa Ghanem, University of Maryland, United States

Reviewed by:
Paweł Adamski, Institute of Nature Conservation (PAN), Poland
 Xianqin Yang, Agriculture and Agri-Food Canada (AAFC), Canada
 Farhad Safarpoor Dehkordi, University of Tehran, Iran

*Correspondence: Bernd-Alois Tenhagen, bernd-alois.tenhagen@bfr.bund.de
 Beneditta Suwono, suwonob@rki.de

Specialty section: This article was submitted to Infectious Diseases Surveillance, Prevention and Treatment, a section of the journal Frontiers in Public Health

Received: 27 November 2021
 Accepted: 06 May 2022
 Published: 09 June 2022

Citation: Suwono B, Eckmanns T, Kaspar H and Tenhagen B-A (2022) A Joint Regional Analysis of Resistance Combinations in Escherichia coli in Humans and Different Food-Producing Animal Populations in Germany Between 2014 and 2017. Front. Public Health 10:823613. doi: 10.3389/fpubh.2022.823613



A joint comparative regional analysis of different resistance combinations across human and veterinary medicine has not been previously conducted in Germany. This study analyses 16 resistance combinations from four antibiotics in E. coli from different human and food-producing animal populations in three German regions: East, North West and South West. The E. coli data were collected from the three national surveillance and monitoring systems for antimicrobial resistance (AMR) bacteria in humans (ARS), food-safety (Zoonosis Monitoring) and animal pathogens (GERM-Vet) from January 2014 to December 2017. Analyses were performed using cluster analysis (hierarchical clustering, average linkage) in R. We included data from 537,215 E. coli isolates from human clinical isolates, from clinical as well as non-clinical isolates from food-producing animals and from food. The majority of the data originated from the North West region. There were two main clusters built on 54 different human and animal populations. We observed close similarities of resistance combinations in human isolates from the different regions within the same human populations from outpatient cares, general wards and ICUs. These resistance combinations clustered separately from non-clinical isolates from broilers, turkeys, cattle and pigs; except for some of clinical isolates from these populations which clustered closely to isolates from human populations. Frequently, the resistance combinations in E. coli isolates from farms clustered closely to the resistance combinations in isolates from slaughterhouses from broilers and turkeys over all regions. However, the resistance combinations in E. coli isolates from retail meat populations tended to cluster separately within their respective populations in between all regions.

Keywords: antimicrobial resistance, Escherichia coli, regional analyses, surveillance and monitoring systems, resistance combinations


INTRODUCTION

In Germany, regional differences in the prevalence of antimicrobial resistant (AMR) bacteria have previously been observed. In humans, the occurrences of carbapenem resistant Klebsiella pneumoniae and Acinetobacter baumanii (1, 2), vancomycin resistant Enterococcus faecium (3), methicillin resistant Staphylococcus aureus (MRSA) (4), and uropathogenic Escherichia coli (5) varied between German regions. Such regional differences have also been observed in e.g., occurrence of MRSA in dairy cows in Germany (6). Although regional differences in Germany were previously studied for the resistance patterns in different human and food-producing animal pathogens, a comparative regional analysis of resistance combinations between human and different food-producing animal populations has not previously been conducted. This interregional comparison analysis is important, since regional differences in resistance of bacteria from humans and different animal populations might be associated with exchange of bacteria between humans and animal populations within region (7). Therefore, the goal of this study is to compare the resistance patterns in E. coli isolates from humans and different food-producing animal populations considering four antibiotics—ampicillin (AMP), cefotaxime (CTX), ciprofloxacin (CIP), and gentamicin (GEN)—between three different regions of Germany: East, North West and South West. It will challenge the hypothesis that similar patterns of resistance are observed in different populations of the same region along with differences in patterns between regions in Germany.



METHODS


Data Selection

We divided Germany into three regions based on the population structure of different animal populations as previously described by Tenhagen et al. (6). The “East” region is characterized by a low number of herds with a large herd size and an overall low regional animal density. It included Berlin, Brandenburg, Mecklenburg Western Pomerania, Saxony-Anhalt, Saxony, and Thuringia. The “North West” region is characterized by a high number of animal populations with a high regional animal density and a smaller, but still rather large, herd size compared to region East. It includes Schleswig Holstein, Lower Saxony, North Rhine Westphalia, Bremen, and Hamburg. The “South West” region, which is characterized by a high number of animal populations with a high regional animal density and a comparatively small herd size, represents Bavaria, Baden-Wuerttemberg, Hesse, Rhineland Palatinate, and Saarland.

The data for this study were collected between January 2014 and December 2017. For the same study period, we previously studied similarities in resistance patterns of E. coli isolates from different human and animal populations for the whole of Germany (8). Data on human isolates originated from the Antibiotika Resistenz Surveillance (ARS) system (9). All data on non-clinical E. coli isolates from food-producing animals and food came from the Zoonosis Monitoring that were collected in Germany (10). There were no non-clinical isolates collected from cattle from farms during this study period. Data on clinical isolates from animals were taken from GERM-Vet (11), the system for the monitoring of resistance in animal pathogens in Germany. Detailed information on these systems was summarized in a previous study (8).

Four frequently tested antibiotics in ARS, Zoonosis Monitoring and GERM-Vet - ampicillin, cefotaxime, ciprofloxacin, and gentamicin—were included. The sixteen resistance combinations to these four antibiotics—were calculated using the permutation function. Detailed information on the inclusion criteria has previously been described (8). This study included E. coli isolates from humans, broilers, turkeys, pigs, and cattle populations stratified by their origins: for human populations outpatient care (A), intensive care unit (ICU), general ward (GW); for non-clinical animal populations, farm (F), slaughterhouse (S) and retail (R) and for clinical animal populations (C) (8) (Supplementary Table 1).

For the purpose of cluster analysis, each population was split into three different regional sub-populations: East, North West and South West. In total, there were 54 regionally stratified populations derived from the in total 18 populations for human and different animal populations in each region. All 54 regional populations were included in one model. For the analysis several pig populations (growers, sows, fattening pigs, piglets and weaners) and cattle populations (bovines <1 year and dairy cows) had to be grouped into “pigs” and “cattle” respectively to account for small sample sizes in the sub-populations. Eleven non-clinical animal populations and two clinical animal populations from the national model (9) were excluded from this study on account of too few isolates in the regions (Supplementary Table 2).



Statistical Analysis

This study used cluster analysis to analyze similarities of sixteen resistance combinations between different human and animal populations in three German regions. Cluster analysis on resistance combinations was performed with the hierarchical clustering using Euclidian distance and the average linkage. This method was adapted from the previous study on statistical methodology for analysis of multi-drug resistant bacteria by Jasper et al. (12). For the purpose of our study, the step “multiple correspondence analysis” to reduce number of resistance combinations was excluded. This was not necessary for our datasets since there were only 16 resistance combinations built from four antibiotics. Similar to the previous study, average linkage was chosen because of inclusion of all study populations. The number of clusters was determined visually by the silhouette plot (8) and elbow method. In this study, we defined main clusters (Cluster) and sub-clusters (SC) to support the readers for differentiating the populations in the cluster visualization. All analyses were conducted with R 3.5.1 (Rstudio 1.1.442). The same R-packages as previously described were used (8).




RESULTS


Descriptive Analysis

Data were collected from 537,215 E. coli isolates from ARS, Zoonosis Monitoring, and GERM-Vet. The data extraction from each system has been previously described (8). The number of farms, animals, animals per farms, human populations, participating hospitals, and general practices in ARS systems, and numbers of E. coli isolates from different systems for different populations in each study region are summarized in Supplementary Table 3. After the exclusion of non-target populations for this study (Supplementary Table 1), 327,416 isolates were included in this study. Out of these isolates, 320,555 isolates (98%) originated from human populations: 30,328 isolates from ICU (9.3%), 197,521 isolates from general ward (60.3%) and 92,706 isolates (28.3%) from outpatient care; 4,298 isolates were non-clinical isolates (1%) from food-producing animals and food, and 2,563 isolates (1%) were clinical isolates from food-producing animals (Supplementary Table 3).



Cluster Analysis

The elbow and silhouette methods suggested two main clusters (Supplementary Figure 1). Cluster 1 includes the majority of all populations (33 populations, 61%) including all nine populations of clinical isolates from humans, 17 populations of non-clinical animal isolates from food-producing animals and foods, and seven populations of clinical isolates from food-producing animals. The second cluster contains 21 different food-producing animal populations (39%) with 16 populations of non-clinical animal isolates from food producing animals and foods and five populations of clinical isolates from food-producing animals (Figure 1).


[image: Figure 1]
FIGURE 1. Results of cluster analysis of the resistance combinations in E. coli isolates from 18 grouped populations from different human and food-producing animal populations between 2014 and 2017. There are two main clusters with eight sub-clusters (SC). Human population: A: isolates from outpatient care, Gw: isolates from general ward and ICU: isolates from intensive care unit. Animal population: F: isolates from farms, S: isolates from slaughterhouse and R: isolates from retail, C: clinical isolates from animals. n is the total number of included isolates. For better regional separation, the regions are additionally color coded with North West in green, East in red and South West in black.


All isolates from the different human populations from all three different regions clustered next to each other in one sub-cluster (Figure 1, Cluster 1, SC 1.1.2). Within SC 1.1.2 there were two slightly separated groups. One of those contained all human isolates, while the other contained mainly poultry isolates. Isolates from humans in general wards from the three regions clustered closely together (Humans_Gw_South_West, Humans_Gw_North_West, and Humans_Gw_East). Isolates from ICUs were their closest neighbor. The isolates from humans in outpatient care facilities from the North West (Humans_A_North_West) and the East (Humans_A_East) clustered closely together separated only slightly from the other human isolates. Clinical isolates from two food-producing animal populations clustered in the same part of the sub-cluster with the isolates from humans: clinical isolates from broilers in the North West (Broilers_C_North_West) and clinical isolates from pigs from the South West (Pigs_C_South_West). At a slightly larger distance, this part of the sub-cluster contains also isolates from broilers and turkeys on farms in the South West (Broilers_F_South_West and Turkeys_F_South_West).

The isolates from broilers on farms in the North West (Broilers_F_North_West) and the East (Broilers_F_East) clustered together in one sub-cluster that predominantly contained poultry isolates (Cluster 1, SC 1.1.1). It also included the respective regional isolates collected at slaughter. The isolates from broilers on farms in the South West (Broilers_F_South_West) clustered (Cluster 1, SC 1.1.2) separately from broilers from the same region at the slaughterhouse (Cluster 2, SC 2.1.1). Isolates from broiler meat at retail from the three different regions all clustered together (Cluster 1, SC 1.1.2). In contrast, clinical isolates from broilers from the three regions clustered separately from each other in different main clusters (SC 1.1.2, 2.1.1 and 2.2 respectively).

Most isolates from turkeys clustered in two different sub-clusters in cluster 1. All non-clinical isolates from turkeys in the North West on farms, in slaughterhouses and at retail clustered together in SC 1.1.1 (Turkeys_F_North_West, Turkeys_S_North_West, and Turkeys_R_North_West). The SC 1.1.2 contains all non-clinical isolates from turkeys in the South West (i.e., farm, slaughterhouse, retail). It also contained isolates from farms and from the slaughterhouses from the East (Turkeys_F_East and Turkeys_S_East). Clinical isolates from turkeys from the three regions all appeared in different subclusters (Turkeys_C_North_West in SC 1.1.2, Turkeys_C_South_West in SC 1.1.1 Turkeys_C_East in SC 2.1.1).

Nearly all non-clinical isolates from pigs clustered together in Cluster 2, SC 2.1.1. Only isolates from pork at retail in East (Pigs_R_East) clustered separately (SC 2.2). They all clustered separately from the isolates from the “human cluster” (SC 1.1.2). In SC 2.1.1, the non-clinical isolates from pigs clustered together with clinical isolates from broilers in the South West (Broilers_C_South_West) and turkeys in the East (Turkeys_C_East). It clustered also together with isolates from two cattle populations (Cattle_R_South_West and Cattle_S_North_West). The clinical isolates from pigs clustered separately from the non-clinical isolates from pigs. Clinical isolates from pigs from two different regions (Pigs_C_South_West and Pigs_C_East) clustered in the same sub-cluster with the isolates from humans (SC 1.1.2). The clinical isolates from pigs from the North West (Pigs_C_North_West) clustered in SC 1.1.1 and were the only non-poultry isolates in that cluster.

The isolates from cattle clustered in both clusters, one population in Cluster 1 and eight populations in Cluster 2. Interestingly, all clinical isolates from cattle clustered separately from the isolates from other food-producing animal populations. The clinical isolates from cattle from the North West (Cattle_C_North_West) clustered alone in one sub cluster (SC 1.2), those of the other regions were alone in SC 2.1.2. The isolates from cattle in slaughterhouses in the South West and the East, (Cattle_S_South_West and Cattle_S_East) clustered together in the same sub-cluster (Cluster 2.2) that also included the isolates of bovine meat from the East. The isolates from these two regions clustered separately from the isolates from the slaughterhouse and from meat at retail in the North West (Cluster 2, SC 2.1.1). The isolates from bovine meat at retail were separated according to region: Cattle_R_South_West in SC 2.1.1, Cattle_R_North_West and Cattle_R_East in SC 2.2.




DISCUSSION

This study compared resistance combinations in E. coli from different populations in three German regions. It built upon a previous study (8) to investigate potential regional associations of AMR bacteria between isolates from different human and food-producing animal populations. As observed in the earlier study, all human isolates from different health care facilities clustered together. This was confirmed regardless of the different regions of origin. However, the different levels of the health care facilities (outpatient, general ward and intensive care) tended to cluster together across regions indicating a stronger association of the level of health care as compared to the regional stratification. This effect was less pronounced with the isolates from outpatient care where isolates from the North West and the East were slightly separated from those from the South West. This separation remains however unclear and should be considered in the further comparative analyses between German regions. As the level of antimicrobial use tends to differ between the different levels of health care facilities, more differences between samples from these subpopulations might have been expected. However, detailed data on antimicrobial use in these populations in Germany are not available and therefore cannot be used in the analysis. This should be addressed in future studies. The close similarities of human isolates reported from this study confirmed previous study that was carried out addressing ESBL/AmpC genes specifically (13). In addition to that, a population-based study in Netherland reported that most of ESBL producing bacteria in the general population of the Netherlands was probably originated from other human populations (7).

Closer regional associations were seen for some of the food-producing animal populations. Most poultry populations were in cluster 1 and often isolates from farms clustered in the same sub-cluster with isolates from the slaughterhouses from the same region. These animals will frequently be slaughtered in the same region that they are raised in to avoid long transport. An exception was observed for the South West, where broilers at farm and at slaughter were in two different main clusters (1 and 2, respectively). All isolates from pigs at farm and pigs at slaughter from the same region were observed in the same sub-cluster (2.1). For cattle, this association could not be studied as no non-clinical isolates had been collected at the farm level in the period. The non-clinical food-producing animal isolates coming from farms and slaughterhouses were collected in the framework of food-safety monitoring in Germany. These isolates are mandatorily collected from the German domestic primary productions, i.e., excluding slaughter batches from neighboring countries that may have different levels of antimicrobial resistance (14, 15).

In contrast, all samples from broiler meat at retail from all regions were in the same cluster as closest neighbors indicating that isolates from broiler meat sold in different parts of the country share similar AMR patterns. This was not observed for turkey meat (two populations in SC 1.1.1, one in 1.1.2), pigs (two in SC 2.1.1, one in 2.2) or cattle (one in SC 2.1.1 and two in 2.2). Retail samples were not restricted to domestic production and therefore may include products originating for other EU-Member states or even third countries. Moreover, some isolates on meat may originate from contamination at slaughter or during further processing. This might explain some differences between the slaughterhouse and the retail level. Proximity of broiler meat isolates from different regions might indicate trade of broiler meat across the country, irrespective of region. This indicated a more regional trade of turkey, pig and bovine meat (15). In line with that, in two regions turkey meat clustered closely with turkeys at slaughter. However, trade data to confirm this are not available.

For the regional model, we gathered the isolates from different cattle and pig populations to the species level, to account for the small sample sizes in the three regions (Supplementary Table 2). The monitoring programs in the food chain are not designed for regional stratification but for national estimates. Therefore, samples are assigned to regions proportionate to the size of the respective population in the region to better reflect the national population. In consequence, sample sizes may be small in some regions, if most of the food-producing animals are housed in other regions.

In this study, the clinical isolates from cattle (Cattle_C) predominantly contain the clinical isolates from bovines <1 year. In the previous national model, the clinical isolates from bovine <1 year clustered separately in one main cluster due to their higher relative frequencies of all resistance combinations than other isolates from cattle populations (8). In this study clinical isolates from cattle in the North West, also formed a cluster of their own and those from the East and the South West formed a separate sub-cluster, indicating that resistance patterns in clinical isolates from cattle differ substantially from the other bacterial populations and between the North West where most of the veal calves are raised and the South West and East.

This study addresses the similarity of resistance combinations of AMR bacteria between human and different animal populations. These data were obtained in three different systems and it could be speculated that differences in the resistance combinations reflect differences in the systems. However, we recently retested isolates from medical laboratories using broth microdilution as used in the animal and food isolates. We found a good agreement of the results (16). As previously described in the national model (8), the close similarities of resistance combinations between clinical isolates from different animal populations and clinical isolates from human in different levels of health care facilities were also observed in this study. Additionally, we observed close similarities of resistance combinations between pigs- and poultry populations in different German regions. These similarities were also reported in the national model and earlier study that reported high ampicillin resistance in pigs and poultry populations (8, 17). However, the transmission of AMR bacteria between humans and different animal populations in different German regions remains complex and cannot be unraveled with our datasets. The data was mostly collected in the North West, both for the different human populations and different food-producing animal populations. This is in line with the high density of livestock production in the North West (18) and high number of participating health care facilities in the human surveillance system (1–3) (Supplementary Table 3). We studied only resistance to four antibiotics that were routinely included in all three monitoring and surveillance systems in one country. The situation and the clustering of isolates from the different populations may differ substantially in other countries with different treatment patterns and level of antimicrobial use as indicated by data on antimicrobial consumption in food-producing animals and humans provided by the European institutions (19, 20). A number of antimicrobials had to be excluded as they were only tested in one or two of the studied systems. This calls for a better harmonization of resistance testing in the one health context. Due to the structure of surveillance and monitoring datasets the regional analyses are limited. Additional indicators such as trade (21), and animal movement (22) should be considered in further studies. Further investigations on the food-chain network between the European countries will support as well further explanations on the variation of resistance combinations between the countries, as these countries have different regulations on monitoring systems (23).

To the best of our knowledge, this study is the first study on regional analyses of resistance combinations in different human and food-producing animal populations in Germany. Regional cluster analysis with the routine phenotypical AMR data underlines the complexity of the relationship between AMR in human and different animal populations. It also underlines that the human isolates tend to cluster together and separate from most of the healthy food-producing animal isolates. Further regional analyses should consider additional information such as structures of counties, e.g. rural and urban, other relevant antibiotics, and information on trade and animal movement in the country.
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Strain Source Antibiotics Genes
ST AMP PEN STX ERY VAN TET CIP CHL hiyA prfA inlA

MRL-19-00634 Strawberries 451 S S S S S S S S + + +
MRL-19-00637 Cooked shrimp 5 S S S S S S S S + —+ +
MRL-19-00656 Cooked sausage 193 R S S S S S S S + + +
MRL-19-00657 Strawberries 7 R S S S S S S S + o +
MRL-19-00658 Grapes 9 S S S S S S S S + + +
MRL-19-00660 Coleslaw 14 S S S S S S S S + + +
MRL-19-00662 Combination salads 3 R S S S S S S S + + +
MRL-19-00666 Mushrooms 8 S S S S S S S S + + +
MRL-19-00667 Mushrooms 8 S S S S S S S S + + +
MRL-19-00670 Paté 8 S S S S S S S S + + +
MRL-19-00672 Fettuccine 2763 S S S S S S S S + o +
MRL-19-00673 German roast 2763 S S S S S S S S + + +
MRL-19-00675 Spinach salad 1 S S S S S S S S = —+ +
MRL-19-00677 Pot roast 2763 S S S S S S S S + + +

R, resistance; S, susceptibility; Genes: hlyA, listeriolysin O; prfA, positive regulatory factor A; inlA, internalin A.
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Number Digested samples after boiled

i Gyromitra infula

> 50% Gyromitra infula +50% Morchella esculenta
3 10% Gyromitra infula +90% Morchella esculenta
& 19 Gyromitra infula +99% Morchella esculenta
0 ddH,0

“4" is positive and "—" is negative.

LAMP results

PR
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Microorganisms

Diameter of
inhibition zone

MICs (ng/mL)

(mm)
Gram-positive bacteria
A. acidoterrestris DSMZ3922 204+ 2.4 16
A. acidoterrestris® 21 41.6 16
A. acidocaldarius® 21 +£1.7 16
Bacillus subtilis CICC 10034 20+23 16
B. cereus CICC 2155 20+ 1.9 16
Micrococcus luteus CICC 10209 13+1.2 32
Brochothrix thermosphacta CICC 10509 14 +0.7 32
Clostridium butyricum CICC 10350 13+1.3 32
Staphylococcus aureus CICC 10384 20+2.3 16
Listeria innocua CICC 10416 20+ 1.8 16
L. monocytogenes CICC 21529 20422 16
Lactobacillus helveticus CICC 6024 31+1.8 4
Bifidobacterium animalis CICC 6165 26+23 8
Bifidobacterium bifidum CICC 6071 25427 8
Lactobacillus brevis CICC 6239 32+23 4
Gram-negative bacteria
Escherichia coli CICC 10302 7+08 64
Pseudomonas aeruginosa CICC 21636 — > highest conc.
tested
Enterobacter cloacae CICC 21539 — > highest conc.
tested
Salmonella paratyphi p CICC 10437 - > highest conc.
tested

Fungal
Aspergillus niger CICC 2124

Candida albicans CICC 1965

Saccharomyces cerevisiae CICC 1002

> highest conc.
tested

> highest conc.
tested

> highest conc.
tested

CICC, China Center of Industrial Culture Collection.
ag strains of A. acidoterrestris were isolated from the apple garden.

b3 strains of A. acidocaldarius were isolated from apple juice processing lines.
Antimicrobial activity —: there is no inhibition zone.
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Antibiotics Sensitivity of antimicrobial drugs/%

Swine (n = 106) Human (1 = 40)

s | R s | R
AK 100 o 0 100 ) )
oN 96.23 0 377 625 0 375
IPM 100 0 0 100 0 0
MEM 100 0 0 100 0 0
Kz 61.32 0 38,68 425 0 575
cAz 100 0 0 775 25 20
<8 97.17 0 283 475 0 525
FEP 100 0 0 a5 0 525
ATM o7.17 094 1.87 50 5 45
AMP 1038 0 89.62 10 0 %0
PRL 1321 094 85.85 - - -
AMC 9906 094 0 - - -
SAM 4434 30.19 25.47 25 0 75
rad 9906 094 0 925 0 75
PB 59.43 4056 o - - -
sXT 1981 0 80.19 = = -
c 66 0 934 - - -
cP 75.47 1.87 2264 45 0 55
LEV 77.36 094 217 45 0 55
MXF 77 472 2358 = = -
TE 283 0 97.47 0 0 100
SCF - - - 85 10 5
TP - - - 100 0 0
MET - = N 175 0 825
Tac - - - 100 25 0
oxm - - - 375 0 60
CRO - - - 475 0 525
FOX - - - 85 0 15
TOB - - - 60 0 40

— means no detection.
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Area
source of
sample

Jw
TXT
JN
TOY1
TOY2

Sample
size

50
70
45
100

No. of
E. coil

20
22
18
25
21

Contamination
rate (%)

40
31
40
25
35

No.in
the study

1~20
21~42
43~60
61~85
86~106
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Gene name Primer Sequences (5'-3) Primer size (bp) Annealing temperature/°C References

Cotrimoxazoles F-TAGCGAGGGCTTTACTAAGC
GacEAT-sul

R-ATTCAGAATGCCGAACACCG 300 5 e
A 1 F-TTGTGAAACTATCACTAATGGTAG

R-CTTGTTAACCCTTTTGCCAGA 480 55
diAS F-TCCACACACATACCCTGGTCCG

R-ATCGTCGATATATGGAGCGTA 300 55
A 12 F-ATGAACTGGGAATCAGTACGC

R-TTAGCCGTTTCGACGCGCAT 498 55
A7 F-TTGAAAATATTATTGATTTCTGCAGTG

R-GTTAGCCTTTTTTCCAAATCTGGTATG 475 55
Tetracyclines F-GCTACATCCTGCTTGCCTTC
tetA

R-CATAGATCGCCGTGAAGAGG 210 60 ©2)
tetB F-TTGGTTAGGGGCAAGTTTTG

R-GTAATGGGCCAATAACACCG 659 60 ©2)
tetC F-CTTGAGAGCCTTCAACCCAG

R-ATGGTCGTCATCTACCTGCC 418 60 ©2)
terl F-GAGAGCCTGCTATATGCCAGC

R-GGGCGTATCCACAATGTTAAC 168 60 (23)
tet0 F-AACTTAGGCATTCTGGCTCAC

R-TCCCACTGTTCCATATCGTCA 740 60 @4
tetK F-TATTTTGGCTTTTGTATTCTTTCAT

R-GCTATACCTGTTCCCTCTGATAA 519 60 4
tetL F-ATAAATTGTTTCGGGTCGGTAAT

R-AACCAGCCAACTAATGACAATGAT 1,159 60 ©4)
tett F-GAACTCGAACAAGAGGAAAGC

R-ATGGAAGCCCAGAAAGGAT 1,077 60 @4
Plasmid-mediated F-TCAGCAAGAGGATTTCTCA
quinolones
GA

R-GGCAGCACTATGACTCCCA 516 53 (25)
g F-TCGGCTGTCAGTTCTATGATCG

R-TCCATGAGCAACGATGCCT 469 56
ars F-TGATCTCACCTTCACCGCTTG

R-GAATCAGTTCTTGCTGCCAGG 566 58
aac(B)-lb-cr F-GCGATGCTCTATGAGTGGCTA

R-CGAATGCCTGGCGTTT 482 7
Chloramphenicols F-AACCAGACCGTTCAGCTGGAT 550
Catl

R-CCTGCCACTCATCGCAGTAC 54 ©6)
Flor F-GGCTTTCGTCATTGCGTCTC 650

R-ATCGGTAGGATGAAGGTGAGGA 54
cmiA F-TGCCAGCAGTG,COGTTTAT 900

R-CACCGCCCAAGCAGAAGTA 550 53
bla-Lactamases F-CAGAAACGCTGGTGAAAGTA
blarew

R-ACTCCCCGTCGTGTAGATAA 719

F-ATGAGTATTCAACATTTCCGTG-

R-TTACCAATGCTTAATCAGTGAG 861 55
blagsy F-TGGTTATGCGTTATATTCGCC

R-GOTTAGCGTTGCCAGTGCT 867 55
blacx-Migrou-1/-0 F-CGTCACGCTGTTGTTAGGAA

R-ACGGCTTTCTGCCTTAGGTT 780 55
DlacT-Magouni-2 F-ATGATGACTCAGAGCATTCG

RTGGGTTACGATTTTCGCCGC 865 55
DHA F-AACTTTCACAGGTGTGCTGGGT

R-CCGTACGCATACTGGCTTTGC 405 60
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Serotype (% of all
serotyped isolates)

Number of isolates

Milk and dairy Meat and meat Other foods Food-processing Animal samples Human cases (%
products (% of products (% of (% of the environments (% (% of the of the individual
the individual the individual individual of the individual individual serotypes)
serotypes) serotypes) serotypes) serotypes) serotypes)
1/2a (61.1) 236 (72.0) 87 (64.4) 54 (38.6) 77 (67.0) 133 (63.6) 17 (41.5)
1/2b(17.8) 47 (14.3) 7(12.6 50 (35.7) 24 (17.8) 28 (13. 4) 10 (24.4)
1/2¢ (4.7) 10 (3.1) 22 (16.3 322 7(5.2) 4(1.9 0(0.0)
4b (12.7) 26 (7.9) 6 (4.4 31 (22.1) 26 (19.3) (11 1) 13 (31.7)
Other serotypes (3.7) 9@2.7) 3(2.3) 2(1.4) 1(0.7) 21 (10.0) 1(2.4)
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cC Milk and dairy Meat and meat Other foods Food processing Animal samples Human cases Total
products products environments

CC11-ST451 16 2 0 1 7 2 27
CC9 2 9 2 2 0 0 15
CC14 9 3 0 2 0 0 14
CcCc7 7 1 0 0 5 0 13
cc8 2 6 2 1 2 0 13
CCa7 8 1 0 1 3 0 13
Ccc2 1 1 2 0 3 0 12
CCH 6 0 1 0 2 1 10
CcC121 2 2 3 2 0 0 9
CC29 5 0 0 1 3 0 9
CcC21 3 1 0 0 5 0 9
CC6 1 0 1 0 2 1 5
CC3 2 1 0 2 0 0 5
CCh 0 0 4 0 0 0 4
CC200 3 0 0 0 1 0 4
CC4 0 0 0 1 0 2 3
Unassigned CC 0 0 1 0 0 2 3
CC31 1 0 1 0 0 0 2
cecar 0 1 0 0 I 0 2
CC193 0 0 2 0 0 0 2
CC20 1 0 0 0 0 0 1
CC19-ST398 0 0 0 0 1 0 1
Total 68 28 19 13 40 8 176
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A accuracy_curves

cross_entropy

Name Smoothed Value Step
(O C\accuracy_curves\test.acc 0.9976 1.000 34.00

Name Smoothed Value Step
O C\cross_entropy\loss function 4.1097e-3 3.3380e-3 34.00

C\accuracy_curves\train_acc 1.000 1.000 34.00

C accuracy_curves D Cross_entropy

Name Smoothed Value Step

(O C\accuracy_curves\test acc  0.7759 0.8311 28.00
C\accuracy_curves\train_acc 0.9997 1.000 28.00

Name Smoothed Value Step

O cross_entropy\loss function 0.02553 0.02201 28

E accuracy_curves

cross_entropy

Name Smoothed Value Step
C\accuracy_curves\test_acc 0.7963 0.8278 38.00 Name Smoothed Value  Step

| @ C\cross_entropy\loss function 7.3140e-3 4.1561e-3 38.00
(O C\accuracy_curves\train_acc 0.9996 1.000 38.00
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A accuracy_curves E

cross_entropy

Name Smoothed Value Step Smoothed Value Step

O C\accuracy_curves\test_acc 0.9843 0.9884 33.00 ) C\cross_entropy\loss function 3.9293e-3 3.1710e-3 33.00
C\accuracy_curves\train_acc 1.000 1.000 33.00

C accuracy_curves D

cross_entropy

Name Smoothed Value Step ).00C 10.00  20.0C
(O C\accuracy_curves\test_ acc  0.7689 0.7848 38.00
C\accuracy_curves\train_acc 0.9986 1.000 38.00

Name Smoothed Value Step

O C\cross_entropy\loss function 0.01358 6.7782e-3 38.00

E accuracy_curves F

cross_entropy

Name Smoothed Value Step
(O C\accuracy_curves\test acc 0.7725 0.7980 37.00
C\accuracy_curves\train_acc 1.000 1.000 37.00

Smoothed Value Step
() C\cross_entropy\loss function 8.1134e-3 7.0295¢-3 37.00
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Coverage

Protein sequence

Bacteria ID Anti-CRISPR E-value Match range
message

MRL-19- gb| AEO04364.1| gp28 1.75E-107 0.986577181

00657 _contig8_ [Listeria monocytogenes

134202_134651_+ J0161]

MRL-19- emb| CBY03209.1| 3.42965e-75 0.864
00658_contig _ bacteriophage protein
1720_2097_— GP30 [Listeria

monocytogenes

serotype 7 str.

SLCC2482]
MRL-19- gb| AEO04364.1| gp28 4.35583e-91 0.751677852349
00658_contig _ [Listeria monocytogenes
884_1333_— J0161]
MRL-19- gb| AEO04364.1| gp28 1.70745e-108 1.0
00660_contig12_ [Listeria monocytogenes
68115_68564_+ J0161]
MRL-19- emb| CBY03209.1| 4.3182e-75 0.904
00660_contig31_ bacteriophage protein
32482_32859_+ GP30 [Listeria

monocytogenes

serotype 7 str.

SLCC2482]
MRL-19- gb| AEO04364.1| gp28 2.02671e-86 0.697986577181
00660_contig31_ [Listeria monocytogenes
33246_33695_+ J0161]

Anti-CRISPR protein sequences identified in the studied genomes are shown.

MTIKLLDEFLKKHDLTRYQLSKLTGISQNTLKDQNEKPLNK
YTVSILRSLSLISGLSVSDVLFELEDIEKNSDDLAGFKHLLD
KYKLSFPAQEFELYCLIKEFESANIEVLPFTFNRFENEEHVN
IEKDVCKALENAITVLKEKKNELI
MYNKAEIMKQAWNWFTDSNVWLSDIEWVSYTDKEKTFS
VCLKAAWSKAKEEVKEVEKEIKHISKSEELKAWNWAERK
LGLRFNISDDEKFTSVKDETKQHFGLSVWACAMKAVKLH
NDLFPQTAA

MSIKLLDEFLKKHSKTRYQLSKLTGISQNTLNDYNKKELNK
YSVSFLRALSMCAGISTFDVFIELAELEKSYDDLAGFKHLL
DKYKLSFPAQEFELYCLIKEFESANIEVLPFTFNRFENEEHV
NIEKDVCKALENAITVLKEKKNELL
MTIKLLDEFLKKHDLTRYQLSKLTGISQNTLKDQNEKPLNK
YTVSILRSLSLISGLSVSDVLFELEDIEKNSDDLAGFKHLLD
KYKLSFPAQEFELYCLIKEFESANIEVLPFTFNRFENEEHVNI
KKDVCKALENAITVLKEKKNELL
MYNKSEIMQQAWNWFRDSSVWLSDIEWVSYTDKEKTFSV
CLKAAWSKAKEEVEESKKESKHIAKSEELKAWNWAESKL
GLRFNISDDEKFTSVKDETKINFGLSVWACAMKAVKLHN
DLFPQTAA

MSIKLLDEFLKKHSKTRYQLSKLTGISQNTLNDYNKKELN
KYSVSFLRALSMCAGISTFDVFIELAELEKSYDDLAGFKHL
LDKYKLSFPAQEFELYCLIKEFECANIEVLPFTFNRFENETH
VDIEKDVRKALENAITVLKEKKNELI
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Strains Operon structure Position Maximum Number of Repeat consensus Cas genes
type number of CRISPRs
spacers per arrays per
strains strain
MRL-19-00634  CAS-Type II-B 63376-63983 9 10 ATTTACATTTCATAATAAGTAGTTAAAAC cas3, cas2, casl,
45173-46922 27 28 ATTACTTACATCAACTTCTTCAAGGCTAGTACAA cas4, cas3, casb,
cas7, cas8b2, casb,
csa3
MRL-19-00656  CAS-Type II-B 35097-35359 4 5 ATTTACATTTCACAATAAGTAACTAAAACAT cas3, DinG, cas3,
casR, csa3
MRL-19-00657  CAS-Type II-B 25-157 11508-11772 2 3 G GGTAGCATTCAAAATAACATAGCTCTAAAAC cas9, casl, cas2,
13778-14229 25-1743 4 5 G GGTAGCATTCAAAATAACATAGCTCTAAAAC csn2, cas3, DinG
422853-422592 7 8 ATTTACATTTCACAATAAGTAACTAAAAC
26 27 G GGTAGCATTCAAAATAACATAGCTCTAAAAC
4 5 ATTTACATTTCACAATAAGTAACTAAAAC
MRL-19-00658  CAS-Type II-B 161775-162035 4 5 ATTTACATTTCACAATAAGTAACTAAAAC cas2
MRL-19-00660  CAS-Type II-B 7873-8259 7168-8658 6 7 ATTTACATTTCAAAATAAGTAACTAAAAC casb, csa3, cas8b2,
45319-45643 23 24 ATTTACATTTCAAAATAAGTAACTAAAAC cas7, casb, cas3,
5 6 ATTTACATTTCAAAATAAGTAACTAAAAC casl, cas2, csa3
MRL-19-00662  CAS-Type II-B 15-400 6877-8133 6 7 ATTTACATTTCATAATAAGTAGTTAAAAC csn2, csa3, cas3,
38278-29474 16 17 G AGAGCTATGTTA GAATGCTACCAAAAC cas2, casl, cas9,
3 4 ATTTACATTTCATAATAAGTAGTTAAAAC casb, cas7, cas8b2,
csa3, cas6, casR,
DinG, DEDDh, cas3,
cass
MRL-19-00666  CAS-Type II-B 268974-269231 4 5 ATTTACATTTCACAATAAGTAACTAAAAC cas3
MRL-19-00667  CAS-Type II-B 12064-12645 9 10 ATTTACATTTCACAATAAGTAACTAAAAC cas3, casR
MRL-19-00670  CAS-Type II-B 7178-7434 4 5 ATTTACATTTCACAATAAGTAACTAAAAC cas3, casR, DEDDh,
DinG, csa3
MRL-19-00675  CAS-Type II-B 19-161 62-1072 2 3 ATTTCAATCCTCTAACTCTAAACAGAGTTAGTC cas3, casb, DinG,
15 16 TGTTAAACTTCCAAAGGTAACCTCTATTGGTAATG DEDDAh, csa3, casi,

CTACATTT

cas4, cas8c, cas’,
cas8c

The characteristic repeated sequences of the identified CRISPR arrays and their position in the genome are shown.
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Strains

MRL-19-00637
MRL-19-00656
MRL-19-00658
MRL-19-00662
MRL-19-00666
MRL-19-00666
MRL-19-00670
MRL-19-00672

MRL-19-00673

MRL-19-00675
MRL-19-00677

Plasmids

rep25

(1

(1

(1

(1

(1

(1

(1

Rep3(rep32)
(1 )

Inc18(rep25)
(1 )
(1 )
(1
(1

Identity (%)

100
99.7
99.8

100
98.8
98.8
98.8
99,9

100

100
99.9

100

100

100

Length

1,650
1,761
1,761
1,761
1,809
1,809
1,809
1,161
1,761
1,761
1,161
1,767
1,161
1,761

Note

M643p00680(N1011Aplasmid)
pLM330006(pLM33)
pLM330006(pLM33)
pLM330006(pLM33)

repA(pLGUGH)
repA(pLGUGT)
repA(pLGUGH)
pli0023(pLI100)
pLM330006(pLM33)
pLM330006(pLM33)
pli0023(pLI100)
M640p00130(J1776plasmid)
pli0023(pLI100)
pLM330006(pLM33)

Accession number

CP006611
GU244485
GU244485
GU244485
FR667693
FR667693
FR667693
AL592102
GU244485
GU244485
AL592102
CP006612
AL592102
GU244485

Function

Antibiotic resistance
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MST markers (number of
positive sample)*

Q1-Q3 (median)

Milk source Salmonella enterica
value of p (W-value)

Q1-Q3 (median)

Milk source Shigella sonnei
value of p (W-value)

BacHum (13) 0-0(0) 0.19 (2437.5) 0-0(0) 0.18 (2411.5)

BacR (12) 0-0(0) 0.03 (2649) 0-550 (0) <0.01 (3036)

MST markers (number of Infant food Salmonella enterica Infant food Shigella sonnei
positive sample)* value of p (W-value) value of p (W-value)
BacHum (34) 0-0(0) 0.17 (6452) 0-0(0) 047 (6750.5)

BacR (29) 0-0(0) 0.49 (5720) 0-0(0) 045 (5774.5)

*For positive BacHum or BacR only.
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No. Bacterial species  Strains Numberof  Source* Species-specific target for PCR and qPCR

strains
PCR PCR phzA2 PCR PCR GPCR  gPCRphzA2  qPCR qPCR
group_98983 group_75393 group_88276  group_98983 group_75393  group_88276
1 P aenuginosa 'ATCC27853 1 a + + + + + + + +
2 P aenuginosa ATCC9027 1 a + + + + + + + +
3 P aeruginosa ATCC15442 1 a + + + + + + + +
4 P aeruginosa GIM1.46 1 b + + + + + + + +
5 P aenuginosa Laboratory 91 a + + + + (59)+ 69+ (59)+ 59+
isolate
6 P putida 72510 1 a - - - - - = = -
7 P, putida GIM1.57 1 b = - - - - - - -
8 P fuscovaginae ST4z-2 1 a - - - - - = = -
9 P hunanensis 0617-8 1 a - - - - = = N -
10 P fulva 0625-4 1 a - - - - - - - -
il P kionensis 7385 1 a - - - = N N = -
12 P lini M41023-1 1 a - - - - - - - -
13 P, jessenii ST42-4 1 a = - - - - - - =
14 P alcaligenes 2CMCC1.1806 1 b - - - - - - - -
15 P chiororaphis 1,143-3 1 a - - - - - . = -
16 P fragi 52,632-7 1 a - - - - - - - -
17 P mendoza CMCC1.1804 1 b - - - - - = = .
18 P mosseli ST42-10 1 a - - - - N = - -
19 P cormugata ST19-4 1 a - - - - - - - a
20 P oleovorans M43075-4 1 a - - - - - - - -
21 P taiwanensis 0617-3 1 a - - - - - - - -
22 P, geniculata 52,023-3 1 a - - - - - - - -
23 P, fluorescens 51,184-3 1 a - - - - - - - =
24 P fluorescens GIM1.492 1 b - - - - N - = -
25 E col ATCC 25922 1 a - - - - - - = -
26 E col 1,656-1 1 a - - - - - - - -
27 S. hominis 1,006-1 1 a = - - - - - - =
28 S. hominis 0656-4 1 a - - - - = = N -
29 . haemolyticus 620 1 a - - - - = = - -
30 ¥ enterocolitica Y1408 1 a - - - = N N = -
31 ¥ enterocolitica coo9 1 a - N . - - - - -
32 Y. enterocolitica Y2602 1 a - - - - - - - =
33 ¥ enterocolitica Y3553 1 a - - - - - - - -
34 L monocytogenes  1,333-2 1 a - - - - - . = -
35 L. monocytogenes  Feb-45 1 a - - - - - - - -
36 L monocytogenes  509A1-3 1 a - - - - - - = .
37 E. coli 1,679 1 a L - - - - - - -
38 E col 1,677-3 1 a - - - - / / / /
39 S. epidermis 597 1 a - - - - / / / /
10 8. cereus 1,378 1 a - - - - / / / /
4 8. cereus wars 1 a - - - - / / / /
42 S. aureus 800 1 a - = = o / / ¥ /
43 Salmonela 839 1 a - - - - / / / /
44 Salmonela 838 1 a - - - - / / / /

*a, our laboratory; b, Guangdong Huankai Co., Ltd., China. 1, ATCC, American Type Culture Collection, United States. 2, GMCC, China Medical Culture Collection, China. Results (+/—) indicate positive and negative signals.
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Species Name of target
genes

ucsPP-
PA14_00095
(group_98983)

ucepp-
PA14_03237
(phzA2)

Paeginosa oo

PA14_04976
(group_75393)

ucapp-
PAT4_03627
(group_88276)

“Gene
location

110,675~
110,959

3,561,244
3,561,732

5,434,538~
5,434,912

3,978,724~
3,974,497

Encoded
protein

Hypothetioal
protein

Phenazine
biosynthesis
protein PhzA2

Hypothetical

protein

Hypothetical
protein

Primer set
name

PA1

PA12

PA2

PA13

PA3

PA14

PAY

PA15

Sequences (5-3)

CTCCGTGGAAAAGCAGTTG
GCGTATGCCGACGTAGAAT
AATGCGGGATGCTGCTCT
GGTCGGTCTCCTCGAAGTCTT
GTTTACCGACAACCTGGAA
GCAATAGCCCTGCGGATAC
CAACTGGACCACGGAAAGC
GTCTCGAAGATCCGCACGT
ATGGACAGGGACGCATTGA
CGAGGGACGAAGGTAAGGA
CGGTACAGGTCGGCACG
CGAGGGACGAAGGTAAGGA
GACTCTACCCTCCCTGACTT
TCCATCACCGAGAAGC
TACGCGGTCAGCCATCAA
CAGCTCACTGCCGTTTCC

*Reference strain is P, aeruginosa UCBPP-PA14. The reference gene is GCA_000014625.1_ASM1462v1.

Product size

(bp)
169
138
325
126
263
109
132

104

For PCR or
QPCR assay

PCR
oPCR
POR
oPCR
PCR
aPCR
PCR

oPCR
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Anytarget  BacHum % BacR %

pathogen % (1) (1) )
Milk products

Baby formula, N =1 oo 00 0(0)
Packaged long ffe mik, N =276 645 (178) 40(11) 0.4(1)
Packaged fresh milk, N =84 76.2 (64) 12(1) 716
Unpackaged mik, N 636 (21) 30(1) 15.2(5)
Overal, N =394 66.8 (263) 33(18)  30(12)
Infant food

Porridge, N =189 15.3(29) 15930  11.6(22)
Stored milk, N =158 291 (46) 00(0) 32(5
Milk tea, N =35 1.4(4) 29(1) 00
Uncooked grain, N =9 333(3) 22@) 2220
Cooked grain, N = 00(0) 00(0) 00(0)
No record, N =2 50(1) 5001 00(0)

)
Overall, N =394 21.1(83) 8.6(34) 7.4(29)
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Milk-containing infant

Milk products % o
Pathogen name positvs (n=364) 'cod("/; ;:::]nwe
Adenovirus 40-41 0(0) 083
Adenovirus hexon 03 (1) 0.3 (1)
Aeromonas hydrophia 22.8(90) 185 (59)
C. diffcile 03(1) 00

C. jejuni 000 0(0)
Cryptosporidium 185 0(0) 050

E. coli O157: HT 05(2) 03(1)
EAECH 20() 13(6)
EPEC* 34(12) 20
ETEC* 7.4(29) 43(17)
Giardia 0() 200
Norovirus GI 0 0.3(1)
Norovirus Gl 00 00
Rotavirus 0 03(1)
Salmonella enterica 543 (214) 0(0)
Shigella sonnei 05(2) 052
Vibrio cholerae 00 05(2)

*EAEC, Enteroaggregative E. coli; EPEC, Enteropathogenic E. coli; ETEC,
Enterotoxigenic E. coli,
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Milk products
Baby formula, N =1

Packaged long life
mik, N =276

Packaged fresh milk,

N=84
Unpackaged milk,
N=33

Overall, N =394
Infant food

Porridge, N = 189
Milk only, N =158
Milk tea, N =35
Uncooked grain,
N=9

Cooked grain, N =1
No record, N =2
Overall, N =394

Enterobacteriaceae
positive % (n)

00
12.0(33)

250(21)
93.9 (31)

216 (85)

57.7 (109)
54.4 (86)
486 (17)

77.8(7)

100 (1)
100 2)
56.4 (222)

Salmonella
enterica
positive % (n)

0(0)
18(5)

24()
39.4 (13)

5.1(20)

5.8(11)

89(14)

29(1)
0

0(0)
50(1)
6.9(27)

Shigella
sonnei
positive % (n)

00
07 @

36
576(19)

6.1 (24)

15.8(30)
16.4 (26)
17.1(8)
222(2)

100 (1)
50(1)
168 (66)

'E. coli 0157: H7 phenotype not shown due to unconfirmed identity. Other bacteria
types not shown due to low frequency (n<5) of detection.
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Test parameters Antibacterial ability

A. acidoterrestris E. coli CICC10302
DSM3922 as as indicator stain
indicator stain

Lipase, a-AMYLASE + +
Proteinase K, papain, a-chymotrypsin = -
Trypsin, pepsin + +
60, 80, and 100°C + +
37°Cfor 14 d + +
2 months at 4°C + +
pH 2-7 + +
pH 9-10 - -

Antimicrobial activity +: there is a clear inhibition zone.
Antimicrobial activity —: there is no inhibition zone.
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Index Treatment

Normal Control HFVPs
Shannon 548021 5.89+0.34" 556094
Simpson 0.94£0.00 0.96+0.01 0.93+0.06
Chaot 54670+21.48  599.41217212  63570+13254
ACE 51334£1388  571.56+154.84  604.82122.65

The data are expressed in the form mean + SD (n=6). *symbol represents a statistical
difference compared to the Normal group at the p <0.05 level.
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Monosaccharide composition (mg/kg)

Mannose Ribose Rhamnose  Glucuronicacid  Galacturonic acid Glucose Galactose Xylose Fucose

68796.89 539.35 243.35 50.64 96.24 54900.80 88339.75 22228.41 30248.37
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C. burnetii isolate = Experiment D-value (s) z-Value (°C)
65°C 62.5°C 60°C

M (cattle) A if 21 42 6.4
B 7.6 14.3 24.4 9.9
€ 7.6 15.5 N 8.1

WDK299 (goat) A 5.9 12.3 25 8
B 5.5 15 459 5.4
c? 16.6 787  169.5 4.9

WDK1188 (sheep) A 6.9 19 51.6 5.7
B 6.3 11.6 21.6 9.3
C 5.1 10.6 21.3 8

1No sample available.

2With a certainty of 99% (o = 0.01), it could be shown that experiment C with isolate
WDK299 is a statistical outlier, according to Dixon’s Q test and Grubbs’s test.
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Experiment

Breakpoint determination’

D-value determination?

1 Performed once for each isolate.

Strain/isolate

NMIB

NMI*

M, Brui80, WDK299, WDK2932, WDK1188, S1
M, WDK299, WDK 1188

2Performed three times for each isolate, three holding times at each heating temperature.

SNMII grown in ACCM-2.
4NMII grown in cell culture.

Heating temperature (°C)

75,725, 70, 67.5, 65, 62.5, 60

75,715, 68, 64.5,61, 57.5, 54

75,715, 68, 64.5,61,57.5,54
65, 62.5, 60

Holding time (s)

20
20
20
15, 20, 25
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Study Cases Total Frequency 95% C.IL

Afema et al., 2016 22
Ahlstrom et al., 2018 1
Antaki et al., 2016 34
Bell et al., 2015 75
Harris et al., 2018 52
Callahan et al., 2019 30
Hsu et al., 2015 54
Diaz-Torres et al., 2020 19
Falardeau et al., 2017 6
Hoetal., 2018 62
Maurer et al., 2015 T
Jokinen et al., 2015 211
Kadykalo et al., 2020 247
Lietal, 2015 50
Mahagamage et al., 2020 34
Santiago et al., 2018 24
Traoré et al., 2015 30
Bergholz et al., 2016b 17
Song et al_, 2018 72
Topalcengiz et al., 2017 26
Truitt et al., 2018 76
Allard et al., 2019 1
Guetal., 2019 100

Mahagamage, MG Y L2020 18
Dekker, Denise Myriam 2015 26

Kovacic, Ana 2017 1
G., Gu 2019 13
Stokdyk, Joel P 2020 11
Oumar Traoré 2015 1
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Groundwater

n=25, USA (Ahlstrom et al., 2018)
n=490, USA (Gu et al. 2019)
n=27, USA (Allard et al. 2019)

n=400, USA (Truitt et al. 2018)
n=540, USA (Topalcengiz et al. 2017)

n=429, USA (Bergholz et al. 2016)

n=131, Burkina Faso (Traoré et al. 2015)

e 7 _ | n=45, Spain (Santiago et al. 2018)
n=90, Sri Lanka (Mahagamage et al. 2020)

n=170, USA (Li et al. 2015)

n=967, Canada (Kadykalo et al. 2020)
n=1624, Canada (Jokinen et al. 2015)

n=172, Taiwan (Ho et al. 2018)

n=223, Canada (Falardeau et al. 2017)
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n=236, Taiwan (Hsu et al. 2015)

n=46, USA (Callahan et al. 2019)
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Class of toxin Tpye of toxin Gene Number of positive strains for animal species (%) Total number of x 2 P
positive
Goat Buffalo Camel Yak strains (%)

Enterotoxins Enterotoxin A sea 2/13 (15.4%) 0/6 (0%) 0/4 (0%) 1/3 (33.3%) 3(11.5%) 2.565 0.470
Enterotoxin C sec 5/13 (38.5%) 1/6 (16.7%) 2/4 (50%) 0/3 (0%) 8(30.8%) 2.578 0.485
Enterotoxin D sed 1/13(7.7%) 0/6 (0%) 0/4 (0%) 0/3 (0%) 1(3.9%) 2.181 1.000
Enterotoxin G seg 2/13 (15.4%) 0/6 (0%) 0/4 (0%) 1/3 (33.3%) 3(11.5%) 2.565 0.470
Enterotoxin | sei 1/13 (7.7%) 0/6 (0%) 0/4 (0%) 1/5 (20%) 1(3.9%) 2.181 1.000
Enterotoxin J segj 1/13(7.7%) 0/6 (0%) 0/4 (0%) 0/3 (0%) 1(3.9%) 2.181 1.000
Enterotoxin L sel 2/13 (15.4%) 0/6 (0%) 0/4 (0%) 0/3 (0%) 2 (7.7%) 1.692 1.000

Toxic-shock syndrome toxin Toxic-shock syndrome toxin tst-1 3/13 (23.1%) 0/6 (0%) 0/4 (0%) 0/3 (0%) 3(11.5%) 4.551 0.265

Paton-valentine leukocidin ~ Paton-valentine leukocidin ~ pv/ 0/13 (0%) 0/6 (0%) 1/4 (25%) 0/3 (0%) 1(3.9%) 4.538 0.269
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Antibiotics Resistance genes No. (%) of positive strains

Penicilin G blacZ 18/18 (100%)
Cefoxitin CixA 6/8 (75%)
Aminoglycosides aact'-aph2" 10/17 (58.8%)
ant(6)-la 0/17 (0%)
ant(d)-la 2/17 (11.8%)
aact’-aph2’" + ant(6)-la 1/17 (5.9%)
aact’-aph2’’ + ant(4')-la 4/17 (23.5%)
Chloramphenicol fexA 2/6 (33.3%)
catA 0/6 (0)
Tetracycline tet(K) 2/15 (13.3%)
tet(L) 2/15 (13.3%)
tet(M) 5/15 (33.3%)
tet(O) 1/15 (6.7%)
tet(M) + tet(L) 5/15 (33.3%)
Erythromycin erm(A) 0/9 (0)
erm(B) 1/9 (11.1%)
erm(C) 2/9 (22.2%)
msr(A) 1/9 (11.1%)
msr(B) 0/9 (0)
erm(B) + erm(C) 1/9 (11.1%)
erm(C) + msr(B) 3/9 (33.3%)
erm(B) + msr(B) 1/9 (11.1%)

Oxacillin mecA 6/6 (100%)
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Resistance gene Number of positive strains for animal species (%) Total number of positive strains (%) x 2 P
Goat Buffalo Camel Yak
blaz 10/16(62.5%) 3/9(33.3%) 3/6(50%) 2/5(40%) 18/26(69.2%) 1.792 0.710
mecA 6/16(37.5%) 0/9(0) 0/6(0) 0/5(0) 6/26(23.1%) 5.887 0.074
CfxA 3/16(18.8%) 2/9(22.2%) 1/6(16.7%) 0/5(0) 6/26(23.1%) 5.887 0.074
ant(4')-la 3/16(18.8%) 2/9(22.2%) 1/6(16.7%) 0/5(0) 6/26(23.1%) 1.010 1.000
aact’-aph2"’ 7/16 (43.8%) 3/9 (33.3%) 2/6 (33.3%) 1/5 (20%) 13/26 (50.0%) 0.709 1.000
ant(6)-la 1/16 (6.3%) 0/9 (0) 0/6 (0) 0/5 (0) 1/26 (3.9%) - -
fexA 2/16 (12.5%) 0/9 (0) 0/6 (0) 0/5 (0) 2/26 (7.7%) 1.692 1.000
catA 0/16 (0) 0/9 (0) 0/6 (0) 0/5 (0) 0/26 (0) - -
tet(M) 9/16 (56.3%) 0/9 (0) 0/6 (0) 1/5 (20%) 10/26 (38.5%) 10.855 0.004*
tet(L) 6/16 (37.5%) 1/9 (11.1%) 0/6 (0) 0/5 (0) 7/26 (26.9%) 4.095 0.215
tet(K) 0/16 (0) 0/9 (0) 2/6 (33.3%) 0/5 (0) 2/26 (7.7%) 6.822 0.028*
tet(O) 0/16 (0) 0/9 (0) 0/6 (0) 1/5 (20%) 1/26 (3.9%) 5114 0.115
erm(A) 0/16 (0) 0/9 (0) 0/6 (0) 0/5 (0) 0/26 (0) - -
erm(B) 2/16 (12.5%) 0/9 (0) 1/6 (16.7%) 0/5 (0) 3/26 (11.5%) 1.990 0.820
erm(C) 4/16 (25%) 2/9 (22.2%) 0/6 (0) 0/5 (0) 6/26 (23.1%) 2.222 0.589
msr(A) 0/16 (0) 0/9 (0) 0/6 (0) 0/5 (0) 0/26 (0) = =
msr(B) 1/16 (6.3%) 2/9 (22.2%) 1/6 (16.7%) 0/5 (0) 4/26 (15.4%) 2.926 0.329

“~” indicates no such value; **” indicates that the difference is statistically significant (P < 0.05).
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Antibiotic class  Antibiotic Number of positive strains for animal species (%) Total number of positive strains (%) x 2 P
Goat Buffalo Camel Yak

B-lactams Penicillin G 10/16 (62.5) 3/9 (33.3) 3/6 (50) 2/5 (40) 18/36 (50) 2.281 0.541
Ampicillin 7/16 (43.8) 2/9 (22.2) 2/6133.8) 1/5 (20) 12/36 (33.3) 1.615 0.708
Cefoxitin 4/16 (25) 2/9 (22.2) 1/6 (16.7) 1/5 (20) 8/36 (22.2) 0.433 1.000
Oxacillin 6/16 (37.5) 0/9 (0) 0/6 (0) 0/5 (0) 6/36 (16.7) 6.609  0.0418*

Macrolides Erythromycin 6/16 (37.5) 2/9 (22.2) 1/6 (16.7) 0/5 (0) 9/36 (25) 2.715 0.466

Lincomycin Clindamycin 1/16 (6.3) 0/9 (0) 0/6 (0) 0/5 (0) 1/36 (2.8) 2.156 1.000

Sulfonamides Sulfamethoxazole- 1/16 (6.3) 1/9 (11.1) 1/6 (16.7) 0/5 (0) 3/36 (8.3) 1.638 0.849
trimethoprim

Tetracyclines Tetracycline 10/16 (62.5) 1/9:¢12.1) 2/6 (33.3) 2/5 (40) 15/36 (41.7) 6.431 0.087

Aminoglycosides ~ Kanamycin 4/16 (25) 2/9 (22.2) 1/6 (16.7) 0/5 (0) 7/36 (19.4) 1.372 0.869
Gentamicin 7/16 (43.8) 3/9 (33.3) 2/6 (33.3) 1/5 (20%) 13/36 (36.1) 1.034 0.856
Streptomycin 5/16 (31.3) 2/9 (22.2) 1/6 (16.7) 0/5 (0) 8/36 (22.2) 1.901 0.654

Chloramphenicol ~ Chloramphenicol ~ 5/16 (31.3) 1/9 (11.1) 0/6 (0) 0/5 (0) 6/36 (16.7) 3.427 0.247

“ indicates that the difference is statistically significant (P < 0.05).
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Species Source Rel. Source Rel. Abundance Source Rel. Abundance
Abunaancs Larvae Residue Avg Stdev
Avg  Stdev Avg Stdev Avg Stdev Feed before use 0.12
A. domesticus Comp 5  0.27 0.29 Lab1 0.12 0.29 0.01 0.03 Feed rearing day 12 2.70 0.32
Comp6 3.18 1.31 Lab2 0.14 0.14 0.08 0.13 Feed rearing day 28 222 Q.22
G. sigillatus Comp7 149 1.03 Lab3 0.02 0.03 0.13 0.31 G. sigillatus rearing day 12 4.93 .27
T. molitor Comp 1 0.30 0.26 Lab4 0.13 0.28 0.08 0.16 G. sigillatus rearing day 28 0.95 0.36
Comp2 0.88 0.41 BE 012 0.16 0.08 0.16 G. sigillatus rearing day 40 0.23 0.27
Comp3 057 0.45 CH 0 0 G. sigillatus dried 0.13 0.03
NL 0 0 G. sigillatus frozen 0.05 0.02
G. sigillatus heated 0.06 0.02
G. sigillatus smoked 0.14 -
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Species  Target Presence profi Source
genes S —
Nontarget
strain
R aeruginosa. group_98983 1,000 (100%) 1,017 (0%)  This study
phzA2 1,000 (100%) 1,017 (0%)  This study
group_75393 1,000 (100%) 1,017 (0%)  This study
group_88276 1,000 (100%) 1,017 (0%)  This study
eciX 1,000 99.7%) 1017 (1.4%) Wang et al,, 2020
16SDNA  1,000(96.8%) 1017 (1.4%) Wang et al, 2016
fic 1,000 (96.7%) 1,017 (1.4%) Etuguletal, 2018
toxA 1,000(95%) 1017(1%)  Etuguletal, 2018
oprl. 1,000 (99.5%) 1,017 (0.9%) Taee et al., 2014
algD 1,000 (89.4%) 1,017 (0.9%) Heideriet al, 2018
oprl 1,000 96.9%) 1,017 (0.8%) Mapipaetal, 2021
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Accession number

JAGEMS000000000
JAGEZG000000000
JAGEZH000000000
JAGFJUO00000000
JAGFJV000000000
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Day Isolator’

1 2 3 4 5
21 8.51 7.00 9.142 9.228 7.00
28 5.85 7.20 5.45 6.00 7.60
35 6.89 6.79 0.00* 7.86 5.78
42 0.00° 2.11 3.64 5.30 .

"Log10 CFU/g.

2 Permissive community 1.

3 Permissive community 2.

4Exclusive community 1.

5Exclusive community 2.

80ne bird left in isolator 5 died between days 35 and 42.
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Community Sobs Chao Shannon Inverse Smith and

Simpson Wilson

Evenness
Permissive #1 76 92.8 2.291 6.953 0.532
Permissive #2 64 92.5 2.371 7.254 0.540
Exclusive #1 100 138.1 2.519 5.760 0.527
Exclusive #2 134 206.0 2.804 8.795 0.518

Exclusive communities were PCR negative for Salmonella and permissive
communities presented ceca with Salmonella abundance of 1 x 10° CFU/g, as
determined by qPCR.
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Cecal community

Similarity to known bacterial species

Order Family’ Genus and species % Identity OoTU
Permissive Enterobacteriales Enterobacteriaceae Salmonella enterica 100 100
Lactobacillales Enterococcaceae Enterococcus faecalis 100 113
Clostridiales? Lachnospiraceae (XIV) Blautia torques 97 91
Murimonas intestini 97 111
Robinsoniella peoriensis 97 136
Blautia hansenii 95 138
Ruminococcaceae (lII/IV) Ruminiclostridium leptum 96 75
% total 16s rRNA sequences (n = 58) = 0.25
Exclusive Eggerthellales® Eggerthellaceae Paraeggerthella hongkongensis 97 116
Clostridiales? Clostridiaceae (/1) Butyricicoccus pullicaecorum 99 30
Flavonifractor plautii 96 39
Clostridium grantii 89 99
Eubacteriaceae (XV) Eubacterium coprostanoligenes 89 25
Lachnospiraceae (XIV) Blautia luti 97 198
Fusicatenibacter saccharivorans a7 54
Coprococcus eutactus 97 107
Syntrophococcus sucromutans 98 118
Tyzzerella propionicum g7 7
Oscillospiraceae Oscillibacter ruminantium 88 9
Ruminococcaceae (lII/IV) Gemmiger formicilis 94 27
Ruminiclostridium leptum 93 55
Ruminiclostridium leptum 98 74
Ruminiclostridium leptum 96 125
Ruminiclostridium leptum 95 170
Acetanaerobacterium elongatum 96 82
Ethanoligenens harbinense 95 31
Ethanoligenens harbinense 89 191
Ethanoligenens harbinense 94 174
Papillibacter cinnamivorans 95 36
Anaerotruncus colihominis 100 58
Anaerobacterium chartisolvens 90 165
Ruminiclostridium thermosuccinogenes 89 89
Ruminococcus bromii 94 289
Ruminococcus faecis 96 190

% total 16s rRNA sequences (n = 1,569) = 6.99

1 Clostridia phylogenetic cluster (Collins et al., 1994).
2Firmicutes phylum, Clostridia class.
3 Actinobacteria phylum; Coriobacteriia class.
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Product N Samples positive Total number of Bacterial loads in

B. thuringiensis?

Other B. cereus s. I. group members

samples for any B. cereus B. cereuss. . positive samples
s. I isolates screened (CFU/g) Positive Total number of Positive samples Total number of
fora samples (%) isolates (% of all (%) isolates (% of all
crystal-producing investigated investigated
phenotype isolates) isolates)
Tomato 39 7 (18%) 26 100—34,000 (median 7 (18%) 26 (100%) 0 (0%) 0 (0%)
500)
Bell pepper 21 4 (19%) 12 100—3,600 (median 4 (19%) 12 (100%) 0 (0%) 0 (0%)
550)
Endives 18 10 (56%) 26 100—1,800 (median 1(6%) 3 (12%) 9 (560%) 23 (88%)
300)
Rocket salad 11 2 (18%) 8 25,000 and 40,000 2 (18%) 8 (100%) 0 (0%) 0 (0%)
Baby spinach 7 2 (29%) 4 100 and 1,300 0(0%) 0 (0%) 2 (29%) 4 (100%)
Baby leaf salad 4 2 (50%) 2 100 each 0(0%) 0 (0%) 2 (560%) 2 (100%)
Total 100 27 (27%) 78 100—40,000 (median 14 (14%) 49 (63%) 13 (13%) 29 (37%)
400)

aB. thuringiensis was identified by phase-contrast microscopy based on a crystal-producing phenotype.
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Isolate no. Total # high Transcriptional regulator fepR
quality mutations
Mutation AA Nucleotide
change position
WRLP354 n/ma
WRLP380 2 G> AP Pro > Ser 322
WRLP394 4 1 nt deletion® Leu > PMSC 288
A>T 291
G 292
WRLP483 2 C> AP Pro > GIn 320
GTC Glu> PMSC 526
WRLP530 3 33 nt deletion 40
WRLP533 2 C>TP His > Tyr 121
6 nt deletion 126-131

an/m, no mutation.
b \utation resulted in a change in amino acid (AA) sequence.
CMutation resulted in a premature stop codon (PMSC).
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Isolate no. Concentration CIP (wl/ml)
WT gAD

WRLP354 1 >8
WRLP380 <05 2
WRLP394 1 >8
WRLP483 1 >8
WRLP530 1 4
WRLP533 1 4
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Isolate and treatment Lag-phase duration (h)?-? Maximum growth rate (increase in ODgyo/h)?- Maximum ODggo?

wrd qAD® WT gAD WT gAD
WRLP354
TSB-YE 8.43 + 0.36 8.95 + 0.19 0.17 £ 0.00 0.13 £ 0.01*@ 0.59 + 0.02 0.56 + 0.03
TSB-YE + Rf 10.49 + 0.06 10.53 £ 0.05 0.12 + 0.01#¢ 0.12 £+ 0.01 0.49 + 0.07 0.49 + 0.06
2 ppm cQAC -9 10.50 + 1.30 - 0.14 + 0.01 - 0.50 + 0.01
2 ppm cQAC + R = = . - - -
WRLP380
TSB-YE 8.34 +0.38 8.37 £ 0.43 0.16 + 0.01 0.12 £0.02 0.60 + 0.03 0.60 + 0.03
TSB-YE +R 9.96 + 0.46 10.32 £ 0.38 0.13 + 0.01 0.13 £ 0.01 0.52 +0.03 0.52 +0.03
2 ppm cQAC - 10.48 + 1.86 - 0.13 +£0.02 - 0.55 + 0.0
2 ppm cQAC + R - = = - = =
WRLP394
TSB-YE 8.08 + 0.40 8.01 + 1.09 0.17 + 0.01 0.11 +£0.03 0.65 + 0.02 0.67 +0.02
TSB-YE +R 10.40 £ 0.19 10.46 + 0.16 0.14 + 0.01# 0.14 + 0.01 0.54 + 0.04 0.54 +0.03
2 ppm cQAC - 9.95 +2.48 - 0.13 £ 0.04 - 0.59 + 0.03
2 ppm cQAC + R = = = - = =
WRLP483
TSB-YE 8.24 + 0.40 8.41 +£0.34 0.16 + 0.01 0.15 £ 0.02 0.59 + 0.00 0.56 + 0.03
TSB-YE +R 9.85 + 0.23 9.58 +0.19 0.13 +0.02 0.13+£0.02 0.48 +0.02 0.48 + 0.01
2 ppm cQAC - 10.41 + 0.25% - 0.15 £ 0.02 - 0.50 + 0.02
2 ppm cQAC + R - = . & = e
WRLP530
TSB-YE 8.58 (0.25 9.04(0.16 0.16 (0.01 0.14 (0.01 0.64 (0.03 0.59 (0.04
TSB-YE +R 10.29 + 0.37 10.07 + 0.30 0.13 £ 0.02 0.13 + 0.01 0.52 (0.01 0.52 (0.01
2 ppm cQAC - 11.66 £ 0.11% - 0.14 £ 0.02 - 0.53 + 0.00
2 ppm cQAC + R = = = - = =
WRLP533
TSB-YE 8.41 (0.41 8.99 (0.12 0.16 (0.01 0.14 (0.01 0.65(0.02 0.61(0.06
TSB-YE +R 10.62 + 0.23 10.73 £ 0.19 0.13 +0.02 0.13 £ 0.01 0.51 +0.02 0.51 + 0.01
2 ppm cQAC = 10.98 + 0.32% = 0.12 +0.05 - 0.54 +0.03

2 ppm cQAC + R = = . - - -

aValues represent mean values + standard deviation for three independent assays, with each sample and treatment measured in duplicate. Statistically significant values
between WT and gAD strains within each treatment are indicated by asterisk (*P < 0.05, unpaired two-tailed t test).

bStatistically significant values of lag phase duration of QAD strains grown in the presence of 2 ppm cQAC compared to TSB-YE are indicated by $ (P < 0.05, paired
two-tailed t test).

CStatistically significant values of maximum growth rate of WT strains grown in TSB-YE compared to TSB-YE + R are indicated by # (P < 0.05, paired two-tailed t test).
AWT, wild type.

€gAD, strains adapted to 3 ppm cQAC, a commercial quaternary ammonium compound sanitizer.

fR, reserpine added at 20 wg/ml concentration.

9No growth is indicated by .

The bold values represent statistically significant results.
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Isolate no. Concentration (ppm)2

WTP WT + R® gAD gAD +R

WRLP354

MICP 2 <1 3

MBCP 3 3 4 3
WRLP380

MIC 2 <1 3 2

MBC 3 8
WRLP394

MIC 9 <1

MBC 3 3 4
WRLP483

MIC 2 <1 3

MBC 3 3 4 3
WRLP530

MIC 2 <1 3 2

MBC 3 3 4 3
WRLP533

MIC 2 <1 3 2

MBC 3 3 4

aManufacturer recommended concentration (MRC) for the cQAC is 200 ppm.
PReported MIC and MBC tested in stepwise increments over three biologi-
cal replicates.

In the presence of reserpine, WT isolates did not grow at the lowest
dose of 1 ppm cQAC.
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Isolate no. Sequence Clonal LIPI-3 LIPI-4 inlA?
type complex

WRLP354 2 2 - — +
WRLP380 2 2 — — +
WRLP394 219 4 + +
WRLP483 219 4 + +
WRLP530 6 6 + — 3-codA
WRLP533 6 6 + — 3-codA

All strains were isolated from produce operations in the Pacific Northwest during
2018-2019 by Jorgensen et al. (2020).
ajnlA 3-codA indicates a 3-codon deletion in amino acid positions 738-740
(aspartic acid, threonine, and serine).
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P Susceptible  Intermediate B Resistant

Amikacin
Ampicillin
Cefoxitin
Chloramphenicol
Ciprofloxacin
Clindamycin
Cotrimoxazole
Erythromycin

Gentamicin

v
=
2
=
=

Imipenem
Kanamycin
Novobiocin
Penicillin G.
Rifampicin
Streptomycin
Tetracycline
Vancomycin @ 1€ 15 10 : | ‘ §

| qADJ_WT qAD“WI' qAD“WT qAD“WT qAD“WT
WRLP354 WRLP380 WRLP394 WRLP483 WRLP530 WRLP533
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Wild birds Country/
area

Bird of prey Spain

European turtle dove, Turkey

Eurasian coot, song thrush,

quails, and red-crested

pochard

Black-headed gul Poland

(Chroicocephalus

ricibundus)

Yellow-legged gull and Southern

Audouin's gull Europe

Yellow-legged gull (Larus Italy

michahells)

Black-headed gull, Croatia

yellow-legged gul, Caspian

gull, common gull, and

herring gull

Various China

Jackdaws, crows, rooks, Sweden

magpies

Canada geese (Branta Canada

canadensis)

Waterbirds, passerines, Poland

birds of prey, owls, and

other birds

Various India

Bird of prey Italy

Various Austria and
Czech Republic

Various South Korea

Gull (Larus dominicanus) South Africa

and greater crested tern

(Thalesseus bergii)

Feral pigeons (Columba Canada

lviz)

Different species of raptors Spain

Crow, pigeon, Eurasiantree  Japan

sparrow (Passer montanus)

Crow and pigeon Lithuania

Waterfowl Spain

Quall (Coturix coturnix) Italy

Various United States

Pigeon (Columba livia) Italy

Griffon Vutures (Gyps Spain

fulvus)

American crows (Corvus ~ United States

brachyrhynchos)

Mallard duck {Anas New Zealand

platyrhynchos) and

European starlings (Sturnus

vulgaris)

Various United States

Various Spain

Waterfowl Canada

Various United Kingdom

Seagull (Larus spp.) Ireland

Black-headed Gulls (Larus Sweden

ricibundus)

Sample type

Cloacal swab

Cloacal swab

Cloacal swab

Cloacal swab

Cloacal swab

Cloacal swab

Feces sample

Intestinal
segment

Cloacal
samples,
fecal swab

Feces and
cloacal swab

Fecal sample

Swab (fom
intestinal
mucosa)

Cloacal swab

Cloacal
swab/feces
sample

Cloacal swab

Cloacal swab

Fecal content

Cloacal swab

Feces sample

Cloacal swab

Cloacal swab

Cloacal swab
and feces
sample
Cloacal swab
Cloacal swab
Gloacal/feces

swab
Fecal sample

Fecal sample

Fecal sample

Fecal sample

Fecal sample

Fecal sample

Fecal sample

Method used n/N(P%)  Species (%)
Culture and mPCR 52/689  C. jejuni (88.5)
(7.5) C. coli (3.8)
C. lari (3.8)
Gulture and 6/116(5.2) C. jejuni
MALDI-TOF (song C. coli
MS + multiplex thrushes)
9PCR +WGS 41744 (93)
(Eurasian
coots)
Culture and mPCR 35718 C. jejuni (85.72)
(.87 C. coli (7.14)
(adlults) C. lari (7.14)
7/318
(222)
(chicks)
Culture and PCR 93/1,785  C. jejuni (94.6)
©6.2) C. coli (2.12)
C. lari (2.12)
Gulture and mPCR 60/225 C. coli 36/60
(26.7) C. jejuni 24/60
Gulture and 168/643  C. jejuni (88.1)
mPCR + MLST (26.1) C.lari (11.3)
C. coli (0.6)
Culture and 57/520 C. jejuni
QPCR + MLST (10.96)

Culture and, 46/56 (82) C. jejuni

MALDI-TOF
MS + sequencing
Culture and mPCR 48/430 C. jejuni

1.2 C. coli
Culture and PCR (for ~ 43/700  C. jejuni 38/43
genus) + mPCR 6.14) (88.37)
C. coli 5/43 (11.63)
Culture and 3/102 C. jejuni
mPCR + sequencing  (2.94)
Culture and mPCR 49/148 C. jejuni (100)
@3.1) C. coli (24.48) *
Culture and 1491191 C. jejuni (88.7)
MALDI-TOF MS (12.5) C. coli (8.6)
C. lari (2)
Cultureand mPCR ~ 332/2,164  C. jejuni 169/213
(15.3) (79.3)
213 C.coli20/213(9.3)
C. lari 1/213 (0.4)
Culture and 32/229 (14) C. jejuni
mPCR + PFGE C. lari
Culture + biochemical ~ 17/187 C. jejuni
©.1)
Culture and 9/387 (2.3 C. jejuni (33.3)
PCR + PFGE C. coli (33.3)
C.lari (11.1)
Culture and 34/173 C. jejuni 32/34
GPCR + sequencing  (19.7) ©4.1)
C. coli 1/34 (2.9)
C. fetus 1/34 (2.9)

Culture and 166/480 . jejuni (100)

mPCR + PCR-RFLP  (34.6)

Culture and 40/318 C. coli (37/40
PCR + ERIC-PCR (12.5) C. jsjuni 3/40
Culture and mPCR 15/70 C. coli (100)

@1.4)
Gulture and MLST-PCR ~ 72/781
©2)
Culture and mPCR ~ 870/1,800  C. jejuni (100)
(48.3)
Culture + biochemical  1/97 (1.0) C. jejuni

Culture and 85/127 C. jejuni (93)
PCR + sequencing (66.9) C. lari

Culture and 530/1,436  Campylobacter

PCR + MLST @7) spp. (in
22%  general) + C. jejuni
C. jejuni
prevalence
Culture and mPCR  6/333 (7.2) C. jejuni
Phenotypic and POR ~ 9/121(7.4) C. jejuni
C. lari
Gulture and direct @2) C. jejuni (73)
gPCR (29f C. coli (13)
C. lari (27)
Culture and 22,084 C. jejuni
mPCR+MLST+PFGE  (1.4) C. coli
C. lari
Culture + biochemical ~ 28/205 C. jejuni
(13.7) C. lari
Culture and 117/419 C. jejuni
mMPCR + PFGE (27.9%) C. coli
C. lari

Virulence and resistance  References
status
Resistance to drugs like Mencia-
fluoroquinolones, Gutiérrez et al.,
tetracycline, and 2021
streptomycin was detected
The isolates showed Kiirekci et al.,
susceptibility to 2021
tetracycline, (fluoro-)
quinolones, gentamicin,
and erythromycin, but
streptomycin resistance
was found.
Resistance to tetracycline  Indykiewicz
(50.00%) and ciprofioxacin et al., 2021
(47.62%) was observed
Antilles et al.,
2021
More than half of the Russo etal.,
isolates showed resistance 2021

to tetracycline.
Resistance to tetracycline  Jurinoviee et al.,

fluoroguinolones, 2020
gentamicin, and
streptomycin was detected
The flaA, cadF, and cdt  Du et al., 2019
genes were identified.
33.3% of the isolates were
shown to be MDR
Séderlund
etal,, 2019
Vogt et al.,
2018

flaA ceuk, cadF, cdtA, Krawiec et al.,

cdtB, and cdtC 2017
Prince Miton
etal, 2017
Gargiulo et al.,
2018
Konicek et al.,
2016
Variable degrees of Kwon et al.,
resistance to antimicrobials 2017
was observed
The isolates showed Moré et al.,
resistance to tetracycline 2017

and quinolones
Vanessa et al.,
2016

Resistance to drugs such  Jurado-Tarifa

as tetracycline and etal, 2016
ciprofoxacin was detected
CDT genes, flaA, flaB, ciaB, Shyaka et al.,
and cadF were found 2015
Ramonaité
etal, 2015
Allisolates showed Antiles et al.,
susceptibilty to quinolones, 2015
gentamicin,
chioramphenicol, and
tetracycline
Dipineto et al.,
2014
Keller and

Shriver, 2014

Allisolates carried cdt
genes.

Gargiulo et al.,
2014

Marin et al.,
2014
Weis et al.,
2014
Mohan et al.,
2013

CdtA, cdtB, cdtC, and flaA

Keller etal.,
2011
Molina-Lopez
etal, 2011

Resistance to
fluoroquinolones was
detected
Van Dyke et al.,
2010

Hughes et al.,
2009

Moore et al.,
2002
Broman etal.,
2002

N, sample size; n, positive number; P, prevalence; WGS, whole genome sequencing; MLST, multiocus sequence typing; MALDI-TOF MS, matrix-assisted laser desorption
ionization time-of-fight mass spectrometry; GPCR, quantitative PCR.
“Mixed infection CDT, cytolethal distending toxin.

aldentified at species level.
bResult of the culture method.
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Sample size (all assays)

E. aerogenes

Not detected in either sample

95% CI

Lower in infant food than vendor mik
95% CI

Higher in infant food than vendor mik
95% CI

S. enterica

Not detected in either sample

95% CI

Lower in infant food than vendor mik
95% CI

Higher in infant food than vendor mik
95% CI

S. sonnei

Not detected in either sample

95% CI

Lower in infant food than vendor
95% CI

Higher in infant food than vendor mik
95% CI

EHEC 0157 phenotype®

Not detected in either sample

95% CI

Lower in infant food than vendor
95% CI

Higher in infant food than vendor mik
95% CI

The one infant formula sample is excluded.

Overall

187

058
(0.45, 0.60)
o.11
(0.06,0.15)
037
(0.30,0.44)

0.87
(082,092
0.06
(0.03,0.10)
0.07
(0.03,0.11)

073
(0.66,0.79)
007
(0.04,0.11)
0.20
(0.14,0.25)

0.45
(0.38,052)
0.12
(0.08,0.17)
041
(0:34,0.49)

UHT

132

058
(0.49, 0.66)
0.02
(0.00,0.05)
0.40
(0.32,0.49)

090
(0.85,0.95)
0.02
(-0.01,0.04)
0.08
(0.04,0.13)

077
(0.69,0.84)
0.00
(0.00,0.00)
023
(0.16,031)

0.49
(0.41,058)
003
(0.00,0.06)
047
(0.38,0.56)

Fresh pasteurized

36

053
(036,0.70)
0.7
(0.04,0.29)
031
(0.15,0.46)

092
(0.82,1.01)
0.06
(-0.02,0.13)
003
(~0.03,0.08)

081
(0.67,0.04)
006
(-002,0.13)
0.14
0.02,0.26)

0.44
(0:27,061)
0.14
(0.02,0.26)
042
(0.25,0.59)

Un-packaged

19

0.16
(-0.02,0.34)
058
(0.33,0.82)
026
(0.05,0.48)

053
(0:28,0.77)
0.42
(0.18,0.67)
005
(~0.06,0.16)

032
(0.09,0.55)
063
(0:39,087)
005
(~0.06,0.16)

0.1
(~0.05,0.26)
074
(052,05)
005
(-0.06,0.16)

p-value®

0.000

0.000

0.000

0.001

0.000

0.000

0.000

0.000

3p-values refer to probabilty that the proportions for the respective rows or sets of rows (not detected! in either sample; lower vs. higher in infant food than vendor milk are equal across

milk types, based on Fisher's exact test.

bphenotype as indicated by culture analysis; the identity of these organisms could not be confirmed through PCR analysis.





OPS/images/fpubh-09-772892/fpubh-09-772892-t001.jpg
Brand

1 2 3 4 5 6 7
Proportion non-compliant UHT samples (1) 0258) 000(9) 0.00(7) 0.00(12) 002 (147) 16.7(12) 0.00(63)
Proportion non-compliant fresh pasteurized samples () 0.13 (62) 0.00(8)

The EAC standard for coliform is no more than 10 cfu/ml in pasteurized milk and no more than 50,000 cfu/ml in raw milk.
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Samples

Microcin J25

Microcin J25 oral
Microcin J25 gastric
Microcin J25 intestinal
Nisin Z

Nisin Z oral

Nisin Z gastric

Nisin Z intestinal
Pediocin PA-1

Pediocin PA-1 oral
Pediocin PA-1 gastric
Pediocin PA-1 intestinal
Bactofencin A
Bactofencin A oral
Bactofencin A gastric
Bactofencin A intestinal

AU/mL

0.0712

0.0712

0.0712

0.356

3.12
3.12
3.12
200
0.18
0.18

10.4
10.4

Strain

S. Newport ATCC 6962

L. ivanovii HPB 28

L. ivanovii HPB 28

S. aureus ATCC 6538
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Yeast/mold counts on RD apples

(Log,,CFU/apple)

8- RA
- CA
- CAHighO; -&- CAMCPHighO;

-k- CAMCP
-A- CAMCPLow O3

4

8

12

16 20 24 28 32 36 40
Time (week)
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Sampling point

18 weeks

24 weeks

30 weeks

36 weeks

Treatment

CAMCPLowO3
CAMCPHIighOs
CAHighO3
CAMCPLowO3
CAMCPHIighOs
CAHighO3
CAMCPLowO3
CAMCPHIighOs
CAHighO3
CAMCPLowO3
CAMCPHIighOs
CAHighO3

Enumeration (log;o CFU/Apple)

22+0.12
1.8 +0.12
20+0.28
1.0£0.22
0.8 +0.22
0.8+0.22
0.8+0.22
0.6+0.22
0.8 +0.22
0.6+0.22
0.7 £0.28
0.6+0.22

Plating positive

40/40
34/40
30/40
20/40
18/40
20/40
15/40
11/40
15/40
12/40
13/40
13/40

Enrichment positive

40/40
39/40
36/40
25/40
24/40
23/40
16/40
15/40
17/40
18/40
20/40
18/40

Plating positive or enrichment positive was represented as apples positive for L. innocua plating or enrichment/total apples tested.
CAHighO3, CA storage with continuous gaseous Os application at 78.7 + 13.2 pg/L; CAMCPHIighO3, CA storage with continuous gaseous Oz application at
78.7 £ 13.2 wg/L, where apples were treated with 1-MCP prior to cold storage; CAMCPLowQOs3, CA storage with continuous gaseous Og application at 60.2 + 5.7 wg/L,

where apples were treated with 1-MCP prior to cold storage.

n =40.

aMean within a column at each sampling point with no common letter differ significantly (p < 0.05).
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Treatment

Firmness (kg)

TSS (% Brix)

TA (% malic acid)?

At harvest 6-month 9-month At harvest 6-month 9-month At harvest 6-month 9-month
RA 6.6+02%  3.8+0.128 394018 1294024 125+02% 1254028 03400 0.14+00% 0.1+ 0.0%8
CA 4.4 +0.328 424 0.1 142 +£0.3%% 1324 0.28A 0.2 +£0.0%8 0.2 +0.02bB
CAMCP 6.3+ 024 58+ 0.2004 13.0 £0.8%A 1384 0.1%A 0.1+0.0%™8  02+0.0°
CAMCPLowO3 6.5+ 024 57402004 14.0 £0.4%A 1394 0.2%A 0.2 4+ 0.0°8 0.2 £0.0°8
CAMCPHighO3 6.5+ 0.2°A 5.8+ 0.1PA 13.7 £0.18A 44,0+ 0.2PA 0.2 + 0.0°8 0.2 £0.0°8
CAHighO3 5.5 + 0.2°B 5.2+ 0.2°8 14.04+0.20A 134 +0.180A 0.2 + 0.0°8 0.2 4 0.0°8

MCR apples were treated with 1-MCP prior to cold storage; CAHighOs, CA storage with continuous gaseous Og application at 78.7 + 13.2 ng/L; CAMCPHighO3, CA
storage with continuous gaseous Og application at 78.7 + 13.2 png/L, where apples were treated with 1-MCP prior to cold storage; CAMCPLowO3, CA storage with
continuous gaseous Oz application at 60.2 + 5.7 wg/L, where apples were treated with 1-MCP prior to cold storage.
1 Percentage of malic acid were reported by grams of malic acid per 100-g fresh weight of apples.
a=C\ean within a column without common letter differ significantly (o < 0.05).
ABMean of the comparison of individual quality parameter at harvest, 6-month, and 9-month storage within each storage treatment without common letter diiffer

significantly (o < 0.05).
Mean £+ SEM, n = 40.
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Treatment Ozone burn Superficial scald Lenticel decay Rot Russet CO, damage Soft scald

At harvest oA oA oA oA oA oA oA
6-month

RA (0 14.2 4 0.128 (g 1.0 £ 0.0%4 oA (08 oA

CA Q2A QbA oA 0BA 0BA 0.5+ 0.0 2.6+ 0.0%
CAMCP (0 2.0 +0.0° o3 1.0+ 0.0%4 1.0+ 0.0 1.0+£0.0% (68
CAMCPLowO3 oA 1.0 £ 0.0°4 o 2.0 +0.0% oA oA 0.5+ 0.0%
CAMCPHighOs 0eA obA 0aA 0aA 1.0 £ 0.0%A 1.0+ 0.0%4 0.5+ 0.084
CAHighO3 0eA obA o oA 4.8 +0.0°8 (08 1.0+ 0.0%
9-month

RA 0aA 38.0 + 0.12B 0aA 24.4 +0.128 0aA oA 0eA

CA oA 7.5+ 0.0 3.0+ 0.0 4.5 4 0.0° 2.0 £ 0.0%A o (08
CAMCP 0eA 1.0 + 0.0°A 1.0 +£0.0% 2.14 0.0 2.1 +0.0%A (08 oA
CAMCPLowO3 02A 2.0 4+ 0.0bA 3.0 £0.0% 1.0 & 0.0PA 4.0 4+ 0.0b8 1.0 + 0.0%A QA
CAMCPHighO3 A 6.6 + 0.0°4 3.8+ 0.0% 2.7 + 0.0 2.7 £ 0.0%A (08 (08
CAHighO3 (g 5.5+ 0.0° 4.0+ 0.0% 0.4 + 0.0° 1.8 4+ 0.0%A (08 oA

1Data were presented as percentage (%).

MCR apples were treated with 1-MCP prior to cold storage;, CAHighOs, CA storage with continuous gaseous Og application at 78.7 + 13.2 ng/L; CAMCPHighOg, CA
storage with continuous gaseous Og application at 78.7 + 13.2 ng/L, where apples were treated with 1-MCP prior to cold storage; CAMCPLowO3, CA storage with
continuous gaseous Og application at 60.2 + 5.7 wg/L, where apples were treated with 1-MCP prior to cold storage.

a.b\Mean within a column without common letter diiffer significantly for 6- or 9-month storage (p < 0.05).

AB\Mean within a column, each external quality parameter was compared through at harvest, 6-month, and 9-month storage, and without common letter diiffer significantly
(p < 0.05).

Mean + SEM, n = 100, averaged from 1- and 7-day ripening after storage at room temperature.
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Test strain

Escherichia coll ATCC 29425
Pseudomonas aeruginosa
ATCC 15442

Vibrio cholerae ATCC 25872
HPC day zero at 22°C

HPC day zero at 37°C

HPG after 3days of stationary
at 22°C incubation

HPG after 3days of stationary
at 37°C incubation

500ml bottle’ LRV

4.36
3.56

334
4.44
396
395

362

650ml bottle’ LRV

417
3.24

331
4.40
336
353

3n
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L. innocua counts on RD apples
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Total plate counts on RD apples
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Strain
name

Pofft

Poff2
Poft3

Pont
Pon2
Pon3
Pond

Pons

Pong
Pon?
Pong
Pon9

Pon10
Pont1

Colony
characteristics

White

Yellowish
White

Pink
Yellowish
White
White

Pink

White
Pink
White
Pink

White
White

Accession

MW167646

MW167647
MW167648

MW167649
MW167650
MW167651
MW167652

MW167653

MW167654
MW167655
MW167656
MW167657

MW167658
MW167659

Organism

Acinetobacter johnsonii
Methyibium petroleiphitum
Acinetobacter johnsonii

Methylorubrum popuii
Sphingomonas ursincola
Brevundimonas nasdae

Bradyrhizobium yuanmingense

Brevibacilus choshinensis

Brevibacilus nitriicans
Roseomonas mucosa
Brevibacilus nitriicans

Methylorubrum rhodesianum

Cupriavicus lacunae
Caulobacter segnis

Closet relative

A. johnsonii ATGG
17909

M. petroleiphilum PM1
A. johnsonii ATCG
17909

M. populi BJ0OT

S. ursincola DSM 9006
B. nasdae W1-28

B. yuanmingense NBRC
100594

B. choshinensis NBRC
15518

B. niificans DA2

R. mucosa MDAS527

B itificans DA2

M. rhodesianum NCIMB
18779

C. lacunae $23

C. segnis ATCC 21756

% Similarity

99.18

99.86
99.39

99.65
99.72
99.28
99.86

99.45

99.39
99.72
99.25
99.23

98.84
99.43

Phylum

Proteobacteria

Proteobacteria
Proteobacteria

Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria

Firmicutes

Firmicutes
Proteobacteria
Firmicutes
Proteobacteria

Proteobacteria
Proteobacteria

Poft, purgaty study isolates obtained from UVC off conditions (No UVC applied). These were the most abundant, Pon, purgaty isolates obtained from UVC on conditions (UVC

applied).
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Isolate Biopesticide strain ST (CC) Toxin gene profile
cytK hbl nhe sph

CH_187 NB-176 23 (CC23) - + (+)? +
CH_133 BMP144 16 (CC23) + + + +
18SBCL483 BMP144 16 (CC23) + + + +
18SBCL484 AMB5-52 16 (CC23) + + + +
18SBCL421 EG2348 8 (CC8) + + + -b
18SBCL216 PB-54 8 (CCs) + + + b
18SBCL614 SA-12 8 (CCs) + + + b
18SBCL218 SA-11 8 (CC8) + + + -b
CH_164 SA-11 8 (CC8) + 53 + b
CH_183 ABTS-351 8(CC8) + + + b
P05_2 ABTS-1857 (Bt401/402) 15 (CC8) + + - +
CH_186 GC-91 15 (CC8) + + + b
CH_181 ABTS-1857 15 (CC8) + + - +

a8Promoter region disrupted by a transposase insertion.

b3'_terminus disrupted by a prophage insertion.
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Strain ID Source of isolation Assembly  Assembly N50  Average read Genome References References WGS

level depth (lllumina accession isolation
data) number
CH_181 Biopesticide (XenTari; strain Complete 5,656,085 52x GCA_020809245.1 Johler et al., 2018 This study
ABTS-1857)
CH_186 Biopesticide (Agree; strain Near-complete 5,705,790 61x GCA_020809205.1  Johler et al., 2018 This study
GC-91)
PO5_2 Biopesticide (B401/Certan; Near-complete 5,713,893 81x GCA_020809125.1  Johler et al., 2018 This study
strain ABTS-1857/B401)
CH_133 Biopesticide (Solbac; strain Near-complete 5,496,624 33x GCA_020809185.1  Johler et al., 2018 This study
BMP144)
CH_187 Biopesticide (Novodor; strain  Near-complete 5,427,105 49x GCA_020809165.1  Johler et al., 2018 This study
NB-176)
CH_164 Biopesticide (Delfin; strain Near-complete 5,676,138 68x GCA_020809145.1  Johler et al., 2018 This study
SA11)
CH_183 Biopesticide (DiPel; strain Near-complete 5,674,619 91x GCA_020809105.1 Johler et al., 2018 This study
ABTS-351)
18SBCL484 Biopesticide (Vectobac; strain Draft 148,443 96X GCA_020775355.1 Bonisetal., 2021  Bonis et al., 2021
AMB5-52)
18SBCL483 Biopesticide (Aquabac; strain Draft 102,272 101x GCA_020775305.1 Bonis et al., 2021  Bonis et al., 2021
BMP144)
18SBCL614 Biopesticide (Costar; strain Draft 61,087 101x GCA_020775315.1 Bonis et al., 2021  Bonis et al., 2021
SA-12)
18SBCL216 Biopesticide (Belthirul; strain Draft 68,139 93x GCA_020775275.1 Bonisetal., 2021  Bonis et al., 2021
PB-54)
18SBCL421 Biopesticide (Lepinox; strain Draft 58,711 100x GCA_020775295.1 Bonis et al., 2021  Bonis et al., 2021
EG2348)
18SBCL218 Biopesticide (Delfin Jardin; Draft 57,618 97x GCA_020775255.1 Bonisetal., 2021  Bonis et al., 2021
strain SA-11)
AGES_2_27_S Human faces (linked to Draft 70,892 85x GCA_020775395.1 Johler et al., 2018 This study
foodborne outbreak, Lower
Austria)
AGES_6_27_S Human faces (linked to Draft 72,601 88x GCA_020775365.1 Johler et al., 2018 This study
foodborne outbreak, Lower
Austria)
CH_65 Food (tarragon) Draft 59,871 52x GCA_020775435.1 Johler et al., 2018 This study
CH_69 Food (precooked lasagna) Draft 79,950 68x GCA_020775725.1 Johler et al., 2018 This study
CH_72 Food (vegetable juice) Draft 74,180 58x GCA_020775425.1 Johler et al., 2018 This study
CH_81 Food (precooked sauce) Draft 79,832 48x GCA_020775715.1 Johler et al., 2018 This study
CVUAS2492 Food (lettuce; linked to Draft 72,217 89x GCA_020775795.1 Johler et al., 2018 This study
foodborne outbreak, Germany)
CVUAS9659 Food (lettuce; linked to Draft 67,809 82x GCA_020775695.1 Johler et al., 2018 This study
foodborne outbreak, Germany)
CVUAS9660 Food (lettuce; linked to Draft 72,795 67x GCA_020775705.1 Johler et al., 2018 This study
foodborne outbreak, Germany)
PO1_1 Food (honey) Draft 67,809 79x GCA_020775875.1 Johler et al., 2018 This study
PO1_3 Food (honey) Draft 67,809 80x GCA_020775855.1 Johler et al., 2018 This study
CH_684 * Food (bell pepper) Draft 96,496 47x GCA_020775995.1 This study This study
CH_692 * Food (cherry tomato) Draft 65,107 41x GCA_020775985.1 This study This study
CH_696 Food (cherry tomato) Draft 65,107 47x GCA_020775915.1 This study This study
CH_698 Food (bell pepper) Draft 93,257 52x GCA_020775975.1 This study This study
CH_709 Food (rocket salad) Draft 59,222 50x GCA_020775595.1 This study This study
CH_722 Food (cherry tomato) Draft 84,251 41x GCA_020775865.1 This study This study
CH_733 Food (cherry tomato) Draft 70,892 56x GCA_020775925.1 This study This study
CH_746 ** Food (rocket salad) Draft 56,948 48x GCA_020775565.1 This study This study
CH_748 ** Food (rocket salad) Draft 72,163 46x GCA_020775555.1 This study This study

* CH_692 and CH_694 originate from the same food sample; ** CH_746 and CH_748 originate from the same food sample.
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Variable

Gender, male/female, n
Age, years

Total cell count x 10%/L
Protein, g/L

LDH, U/L

CI~, mmol/L

Glucose, mmol/L

Total population

75/35
5131, 71)

4.7 (2.1,16.0)
456 + 9.1
340.5 (223.3, 594.0)
106.0 (103.1, 108.7)
52+2.3

TPE (n = 49)

32117
31 (24, 43)
413,68
50.3 + 6.3
444.0 (320.0, 628.5)
104.9 (101.6, 107.2)
46+16

Non-TPE (n = 61)

43/18
65 (51, 77)
9.5(2.1,72.6)
418493
279.0 (174.5, 472.5)
106.8 (104.1, 109.5)
5.7 +27

P-value

0.562
<0.001
0.007
<0.001
0.003
0.007
0.007

Data are presented as mean + SD or median (25th-75th centile). Differences of continuous data between groups were compared using Student’s t-test or Mann-Whitney

U-test, and x2-test was used for comparisons of categorical data. TPE, tuberculous pleural effusion, non-TPE, non-tuberculous pleural effusion.
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Variable

C1qg, ng/mL
Age <50y
Age > 50y
ADA, U/L

Age <50y
Age > 50y

TPE

10331.4 + 2882.1
10608.2 + 2955.4
9101.4 £ 2274.4
44.7 (36.4, 56.0)
46.1(37.6, 59.0)
37.2 (23.5, 46.4)

Non-TPE

5418.5 £+ 2819.4.

4034.5 + 1669.2
5793.4 + 2960.2
9.4(7.4,15.0)
9.3(7.1,14.3)
9.4(7.3,15.1)

P-value

<0.001
<0.001

0.002
<0.001
<0.001
<0.001

Data are presented as mean + SD or median (25th-75th centile). Differences
between groups were compared using Student’s t-test for C1q or Mann-Whitney
U-test for ADA. TPE, tuberculous pleural effusion, non-TPE, non-tuberculous

pleural effusion.
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Variable

Clq

Age <50y

Age > 50y

ADA

Age <50y

Age > 50y

Cut-off value (ng/mL)

6883.9

6098.0

7395.7

22.01

16.30

22.49

AUC (95% CI)

0.898
(0.825-0.947)
0.981
(0.899-0.999)
0.847
(0.727-0.929)
0.953
(0.895-0.984)
0.933
(0.829-0.983)
0.963
(0.876-0.995)

Sensitivity (%)

918
(80.4-97.7)
95.0
(83.1-99.4)
100.0
(66.4-100.0)
98.0
(89.1-99.9)
975
(86.8-99.9)
100.0
(66.4-100.0)

Specificity (%)

80.3
(68.2-89.4)
923
(64.0-99.8)
81.3
(67.4-91.1)
90.2
(79.8-96.3)
84.6
(54.6-98.1)
93.8
(82.8-98.7)

PLR

4.7
(2.8-7.8)
12.4
(1.9-81.3)
5.3
(3.0-9.6)
9.96
4.7-21.3)
6.34
(1.8-22.7)
16.0
(5.3-47.9)

NLR

0.10
(0.04-0.30)
0.05
(0.01-0.20)
0.00

0.02
(0.00-0.20)
0.03
(0.00-0.20)
0.00

PPV

78.9
(69.2-86.2)
97.4
(85.2-99.6)
50.0
(35.7-64.3)
88.9
(78.9-94.5)
95.1
(84.5-98.6)
75.0
(50.1-90.0)

NPV

92.5
(82.6-96.9)
85.7
(60.6 -95.9)
100.0

98.2
(88.8-99.7)
84.6
(68.3-95.6)
100.0

AUC, area under the curve; PLR, positive likelihood ratio; NLR, negative likelihood ratio; PPV, positive predictive value; NPV, negative predictive value.
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Treatment Watercore Internal browning
At harvest 6-month 9-month At harvest 6-month 9-month

RA 744 £114A 5.0 + 0.0%8 08 ot 47.5 4 0.1%8 10.0 + 0.0°A
CA 0B 028 50.0 + 0.128 40.0 4+ 0.0°B
CAMCP 08 08 37.5 4+ 0.1%8 27.5 4 0.0P%8
CAMCPLowOg 08 08 20.0 4 0.0°* 15.0 £ 0.12A
CAMCPHighO3 0@B 0B 15.0 £ 0.1PA 2.5 + 0.0acA
CAHighO3 (00 028 25.0 4 0.120A 12.5 4+ 0.0%

1Data were presented as percentage (%).

MCR apples were treated with 1-MCP prior to cold storage; CAHighOs, CA storage with continuous gaseous Og application at 78.7 + 13.2 ng/L; CAMCPHighOg, CA
storage with continuous gaseous Og application at 78.7 + 13.2 ng/L, where apples were treated with 1-MCP prior to cold storage; CAMCPLowO3, CA storage with

continuous gaseous Oz application at 60.2 + 5.7 wg/L, where apples were treated with 1-MCP prior to cold storage.
a=CMean within a column without common letter differ significantly (o < 0.05).

ABMean of the comparison of individual internal disorder parameter at harvest, 6-month, and 9-month storage within each storage treatment without common letter differ

significantly (o < 0.05).
Mean £+ SEM, n = 40.
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Number  Species name

1 Gyromitra infula
2 Helvela crispa
3 Gyromitra gigas
¢ Suillus placidus
0 ddH,0

“4" is positive and "~ is negative.

Locality

Heilongjiang, China
Guizhou, China
Jiin, China
Guizhou, China

LAMP results

o+
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Number  Species name

1 Gyromitra infula
2 Helvella crispa.

3 Gyromira gigas

4 Suilus placidus

5 Inocybe rimosa

6 Amanita virgineoides
7 Suillus bovinus

3 Gyromitra esculenta
9 Verpa bohemica

10 Peziza badia

11 Morchella esculenta
12 Helvella macropus

0 ddH,0

“4" is positive and “~" is negative.

Locality

Heilongjiang, China
Guizhou, China
Jiin, China
Guizhou, China
Guizhou, China
Yunnan, China
Yunnan, China
Xinjiang, China
Jiin, China
Heilongjiang,China
Jiin, China
Hainan, China

LAMP results
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Primer sets

Primers

G.mol-F3
G.mol-F2
Gmol-Flc
G.mol-B3
G.mol-B2
G.mol-Blc
G.mok-LB
G.mol-F3'
G.mol-F2'
G.mol-Fic!
G.mol-B3'
G.mol-B2
Gmol-Bic'
G.mokLB'

Sequence(5-3)

ACCATAATGTGCGCTGTCA
‘CACGAGTCATCACGCCTG
CACTCCGGGTGGCCTTTTGC
GACGCTGACGGGACTCT
AACTCTATCCCGCCOCCG
'CCCCCGAAACAAAACTGTCGGG
GGGAGGGCTGCAGTGTCAG
GTCCACCTGAAACACAACA
CCACCAAACTGCAGTCAGA
CCCAAGAGATCCGTTGTTGAAAGTT
TTCCCGCATCGATGAAGAACG
ATGATTCACTGAATTCTGCAA
TGTGCGTTCAAAGATTCG
(GOGAAATGCGATAAGTAATGTGAA
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Specimen number Species name Locality Toxic or not GenBank number (ITS)
HMJAU 37501/G90316 Gyromitra infula Heilongjang, China Yes oL678121
HIMJAU 37502/072308 Helvella crispa Guizhou, China Yes OL678122
HMJAU 22166 Gyromitra gigas Jiin, China Yes 0L678123
HIMJAU 37503/072302 Suilus placidus Guizhou, China Yes 0L678124
HIMJAU 37504/072338 Inocybe rimosa Guizhou, China Yes 0L678125
HIMJAU 37539 Amanita virgineoides ‘Yunnan, China Yes oL678127
HMJAU 37505/071502 Suilus bovinus ‘Yunnan, China Yes 0L678126
HMJAU 9531 Verpa bohemica Jilin, China Yes 0L678128
HIMJAU 21658 Peziza badia Heilongjiang, China Yes 0L678129
HIMJAU 37508/081546 Morchella esculenta Jiin, China No 0OL678132
HMJAU 37507/FYG20160510  Gyromitra esculenta Hainan, China Yes 0L678131
HIMJAU 37506/Y090607 Helvella macropus Jilin, China No 0L678130
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Massive formation on from
intravascular Source of Onset place of imaging ~ Causeof bacteremia

Isolate  hemolysis’  Clinical conditions bacteremia fection ‘examination death onset to death

Hi + Diarthea from 3 days before shock and Intra-abdominal  Gommunity-acquired - Sepsis 1h
multiple organ failure

H2 + Back pain from 2 days before pulmonary Hepatobiliary tract Community-acquired - Sepsis 25h
hemorrhage with cholangiocarcinoma

H3 + Under chemotherapy for carcinosarcoma of ~ Geritaltract Community-acquired + Sepsis 6h
ovary

Ha + Traffic bruise 10 days before chest pain Trauma Community-acquired + Sepsis 10h

Hs + Right hypochondralgia unknown Community-acquired + Sepsis 26h

NH1 - Stool extraction the day before Intra-abdominal  Nosocomial Chronic 20days

heart failre

NH2 - Acute cholecystitis Hepatobiliary tract Nosocomial -

NH3 - Ascites with liver failure Intra-abdominal Community-acquired -

NH4 - Preumonia using glucocorticoid for asthma  Respiatory tract  Nosocormial -

NH - Carcinomatous pleurisy of lung cancer Respiratory tract  Gommunity-acquired -

NH6 - Necrotizing cholecystitis and diffuse Hepatobiliary tract Community-acquired *
peritonitis

“Whose serum appeared exceptionally bright red with marked hemoglobinemia.
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Number of isolates in rows bearing different letters are significantly different (P < 0.05) between plants A and B.

aSignificant difference (P < 0.05) between the two RTE meats plants.
bSigniﬁcam‘ difference (P < 0.05) in the similar area between the two plants.

®Significant difference (P < 0.05) between thawing room and other areas in plant B.
dSignificant difference (P < 0.05) between packaging room and other areas in plant A.
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