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Whole-genome sequencing (WGS) technologies are rapidly being adopted for routine use in food microbiology laboratories worldwide. Examples of how WGS is used to support food safety testing include gene marker discovery (e.g., virulence and anti-microbial resistance gene determination) and high-resolution typing (e.g., cg/wgMLST analysis). This has led to the establishment of large WGS databases representing the genomes of thousands of different types of food pathogenic and commensal bacteria. This information constitutes an invaluable resource that can be leveraged to develop and validate routine test methods used to support regulatory and industry food safety objectives. For example, well-curated raw and assembled genomic datasets of the key food pathogens (Salmonella enterica, Listeria monocytogenes, and Shiga-toxigenic Escherichia coli) have been used in our laboratory in studies to validate bioinformatics pipelines, as well as new molecular methods as a prelude to the laboratory phase of the “wet lab” validation process. The application of genomic information to food microbiology method development will decrease the cost of test development and lead to the generation of more robust methodologies supporting risk assessment and risk management actions.
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INTRODUCTION

Conventional “wet lab” methodologies used for detection, identification and typing of foodborne pathogenic bacteria are based on relatively fixed phenotypic properties, such as cell surface antigens and biochemical capabilities, as well as defined genetic traits, such as portions of well-characterized gene sequences that are unique to a given species or subtype. The phenotypic attributes of bacteria lend themselves to the elaboration of target-specific enrichment and recovery techniques (Blais et al., 2019), as well as analytical methods intended for the identification and typing of bacteria for risk assessment and risk management purposes. In addition, certain genetic features such as virulence genes and phylogenetic markers can be determined using highly specific genetic techniques such as polymerase chain reaction (PCR), DNA probes and sequencing (Blais et al., 2012; Huszczynski et al., 2013; Carrillo et al., 2016). Such analyses can generally be carried out using “home-made” reagents and procedures, or using commercially available test kits and devices, placing them within easy reach of most food microbiology laboratories. However, before any method can be put into practice in support of food safety objectives—particularly where regulatory risk management outcomes are indicated—certain quality requirements must be met, such as method validation to ensure fitness-for-purpose in the intended application. Traditionally, the so-called “wet lab” methods are subjected to rigorous method validation schemes [e.g., Microbiological Methods Committee (MMC) criteria for Canadian regulatory test methods, Microbiological Methods (Microbiological Methods Committee., 2011, 2016)], and therefore, tend to be locked in a highly prescriptive form with limited scope for flexibility of application and adaptation in addressing novel food safety scenarios.

Generally, microbiology methods encompass the gamut of techniques from enrichment and recovery of the target organism as purified colonies on plating media, to their identification and detailed characterization using biochemical, antigenic, and genetic approaches. More recently, whole-genome sequence (WGS) analysis of colony isolates of foodborne bacterial pathogens has enabled high-resolution characterization to underpin regulatory decisions (Allard et al., 2016; Lindsey et al., 2016; Nadon et al., 2017). Implementation of genomic technologies in food and clinical microbiology laboratories has led to the publication of hundreds of thousands of genomes of foodborne pathogens that can be leveraged for the development and validation of food microbiology methodology, as well as for verifying bioinformatics approaches for pathogen risk characterization (Carrillo et al., 2012; Angers-Loustau et al., 2018; Petrillo et al., 2021). For present purposes, we shall limit our discussion to methods used for the detection, identification and characterization of colony isolates recovered from foods.



ROLE OF GENOMICS AND WHOLE GENOME SEQUENCING IN FOOD MICROBIOLOGY

The introduction of PCR technology in the analytical microbiology laboratory over three decades ago has served to redefine the basis for the identification of bacteria from a phenotypic standard to one based on the genotype (Blais et al., 2012, 2013; Huszczynski et al., 2013). The relatively recent implementation of next-generation sequencing technologies has opened new possibilities for conducting detailed analyses of foodborne bacteria; for example, WGS can now produce an entire bacterial genome much faster and at a significantly lower cost than previously possible, making it feasible to sequence isolates in near real-time under certain circumstances (e.g., during foodborne illness outbreak investigations) (Joensen et al., 2014; Lambert et al., 2015; Allard et al., 2016; Ronholm et al., 2016; Carrillo et al., 2020).

Sequencing pathogenic bacteria, whether in the context of outbreak investigations or information gathering in the course of research, can yield an unprecedented level of information regarding the presence of virulence and other marker genes relevant to the identification and risk characterization of food isolates (Joensen et al., 2014, 2015; Kleinheinz et al., 2014; Allard et al., 2016; Carrillo et al., 2016, 2020; Lindsey et al., 2016; Ronholm et al., 2016; Yoshida et al., 2016). WGS data can provide an exquisite degree of resolution in ascertaining differences between strains and determining phylogenetic relationships among different bacterial isolates for precise attribution of contamination sources (Allard et al., 2016; Ronholm et al., 2016; Carrillo et al., 2020). Finally, the identification of strain-specific features such as unique DNA sequences, metabolic properties and antimicrobial resistance (AMR) enables testing laboratories to deploy customized tests addressing specific strains of interest in determining the scope of contamination events (Blais et al., 2019), all while incorporating quality control features and approaches (Lambert et al., 2017; Low et al., 2019) upholding the reliability of analyses.

Canadian Food Inspection Agency (CFIA) food microbiology testing programs primarily targeting Salmonella enterica, Listeria monocytogenes, and Shiga toxin-producing Escherichia coli (STEC) now routinely include WGS analysis of bacterial isolates using bioinformatics workflows such as the GeneSeekr pipeline (Carrillo et al., 2020) which incorporates modules for phylogenetic, virulence, serotype and AMR markers for hazard characterization, sub-typing analysis for trace-back investigations, and quality control features to ensure that sequence data meets quality and purity (Low et al., 2019) criteria for the intended purpose. Broadly speaking, the types of analytical objectives for bioinformatics in the context of regulatory food microbiology fall into two categories: (1) gene marker discovery (e.g., virulence and AMR gene determination) and (2) high resolution typing (e.g., SNPs, cg/wgMLST, etc.).


Why Genomic Analyses Are Different

In the implementation of any novel technology for regulatory purposes, important considerations such as harmonization, validation and quality assurance need to be addressed. WGS technologies pose unique challenges in part due to their reliance on bioinformatics for data processing and interpretation. Bioinformatics tools and analytical applications may vary due to (1) differences in local needs, (2) individual-specific approaches to the development of algorithms and bioinformatics workflows, (3) variable and site-specific nature of computers, their environments and dependencies (Tong et al., 2015; Lambert et al., 2017). Thus, these types of analytical methods are not amenable to conventional prescriptive approaches for tabling test protocols and validating their performance characteristics to meet national MMC, (Microbiological Methods Committee., 2011, 2016) and international (International Organization for Standardization, Association Française de Normalization, Association of Official Analytical Chemists, etc.) guidelines, which were developed for traditional “wet lab” methods where all aspects of reagents, materials and conditions can be standardized and controlled to ensure consistency and reproducibility among different users.

Genomic methods differ from traditional “wet-lab” approaches in that they offer virtually unlimited opportunities to conduct detailed analyses of pathogens, inviting “custom” queries to answer novel questions arising within a specific food investigative context. WGS-based methods require flexibility and plasticity to adapt to new problems on a case-by-case basis if their full potential is to be realized. Therefore, a different approach will be required to expedite the performance validation of bioinformatics workflows and new analytical modules which may be added from time to time, or ad hoc queries made in the course of a food safety investigation.



Benchmarking With Genomic Datasets

Benchmarking studies using WGS datasets are increasingly being used to assess performance of computational tools used for sequence analysis (Timme et al., 2017; Angers-Loustau et al., 2018; Weber et al., 2019). For example, an international consortium of researchers organized by the European Commission Joint Research Center is currently addressing the problem of standardization of genomic AMR analyses, giving rise to the proposition that well-designed benchmarking resources are the best means of evaluating, validating and ensuring continued quality control over the bioinformatics component of the process (Angers-Loustau et al., 2018; Petrillo et al., 2021). In the proposed approach, rather than attempting to rigidly control the bioinformatics tools used to conduct genomic analyses, the emphasis is on the distribution of curated, high-quality genomic datasets (e.g., bacterial WGS data) to users so that they may demonstrate their analytical proficiency using a set of standardized test samples, rather than the tests themselves being standardized. Similarly, genomic datasets for assessing performance of phylogenomic pipelines for food safety investigations have been developed and applied to the validation of methods for foodborne pathogen surveillance in the United States (Timme et al., 2017). Such a proficiency verification approach is commonly used in quality assurance schemes for analytical chemistry and microbiology testing laboratories, which may use test methods of their choice, as dictated by local capabilities, but must periodically demonstrate their ability to arrive at the “correct answer” through analyses of “blind” panels of test samples distributed through a central reference agency.

In the case of genomics, the use of benchmark datasets for this purpose is highly advantageous in that these are in silico rather than biological in nature, and hence, much less expensive to produce, distribute, and are not subject to variations which may occur with biological materials as a result of sample preparation heterogeneity, shipping conditions, etc. Curated benchmark WGS datasets could prove a valuable adjunct in helping regulatory testing agencies such as the CFIA meet national and international requirements for the use of validated methods and would support a performance-based approach to the harmonization of bioinformatics test routines.




DEVELOPMENT OF BENCHMARK DATASETS FOR COMPUTATIONAL AND “WET LAB” METHOD VALIDATION

While the importance of benchmark datasets for the validation of bioinformatics methods is clear, they can equally play a role in the evaluation of “wet lab” methodology. This data could be used in the development of new molecular methods and review of current methods falling within the purview of standard setting organizations in Canada and abroad. For example, PCR techniques where primers could be validated electronically against the relevant benchmark datasets as an adjunct to their validation using biological materials. In both scenarios, datasets must be carefully designed to ensure suitability for intended use.


Current Standards for Method Validation

The International Standards Organization standard (ISO/IEC 17025:2017) on method validation states that “the laboratory shall validate non-standard methods, laboratory-developed methods and standard methods used outside their intended scope or otherwise modified. The validation shall be as extensive as is necessary to meet the needs of the given application or field of application.” In Canada, guidelines for the validation of methods used to support regulatory food microbiology objectives are issued by the MMC, which produces the Compendium of Analytical Methods (CAM) tabling validated method protocols for the determination of pathogenic microorganisms in foods. The CAM includes chapters outlining the requirements for method validation and is based on national and international procedures, standards and protocols from ISO, AOAC, Health Canada and the CFIA (Microbiological Methods Committee., 2011, 2016). For colony identification methods, the main objective of validation studies is to determine salient performance characteristics such as inclusivity (i.e., the ability of the method to determine expected features of the target community, generally verified using a panel of at least 100 target strains for most bacteria), exclusivity (i.e., the property of not generating false positive test results or “signals” using a panel of at least 50 non-target bacteria which may be present in food samples and/or cause interference with the detection of target bacteria), and reproducibility (e.g., generating similar results using different media, in different laboratories).

For these types of studies care must be taken to include well-characterized strains (e.g., strains implicated in foodborne outbreaks) that reflect the diversity of the target organism. For genus level methods (e.g., Salmonella spp.), strains representing different species (e.g., S. bongori), subspecies (e.g., S. enterica subsp. houtenae) and further subgroups (e.g., serovars) should be selected, with an emphasis on the use of a variety of strains, serotypes, genotypes or species relevant to the food categories falling within the scope of the method. Non-target bacteria bearing properties that might confound the correct identification of the target organism (e.g., similarities in terms of displayed antigens, metabolic properties or DNA sequences) should be included in the study. For example, depending on which features are targeted by the assay, difficulties may be encountered in distinguishing L. monocytogenes from L. innocua, or commensal E. coli from STEC. The CAM sets out the criteria for microbiological method performance as follows: sensitivity ≥98%; specificity ≥90.4%; false negative rate < 2%; false positive rate ≤ 9.6%; and efficacy ≥94%; and for methods intended as alternatives to established methods the level of detection must be comparable to or exceed the lower limit of detection of the reference method (Microbiological Methods Committee., 2011). More robust criteria are applied to colony identification methods which require a false negative rate ≤ 1% and a false positive rate ≤ 2.0% (Microbiological Methods Committee., 2016).



Considerations for the Assembly of Benchmark Datasets for Method Validation

We have been working on the production of well-curated raw and assembled genomic datasets of the key pathogens (S. enterica, L. monocytogenes, and STEC) which are the subject of CFIA food microbiology inspection programs (Table 1). Datasets are used to validate bioinformatics processes, thus ensuring that they meet a common performance standard. Strains included in these datasets have also been used to support validation of “wet-lab” methods (e.g., PCR). In addition to pathogen-specific genomic datasets, well-curated datasets of commensal bacteria known to be associated with the types of food commodities typically tested for the above-specified pathogens are being developed to serve in the evaluation of exclusivity characteristics of methods (Blais et al., 2012, 2014). For example, as part of an on-going program of food microbiological test method development and validation in our laboratory, we have undertaken an initiative to characterize and sequence the main bacterial species associated with different food matrices commonly subjected to regulatory inspection, including beef and beef products, leafy greens and sprouts (cf. NCBI bioproject PRJNA254477, Manninger et al., 2016).


Table 1. Examples of benchmark datasets.
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The design of these datasets is intended to ensure suitability for method validation purposes. Inclusivity panels for should be composed of genetically diverse bacterial isolates, ideally consisting of more strains than the minimum number required by validation bodies (Microbiological Methods Committee., 2016; Carlin et al., 2020). Wherever possible strains included in datasets should span the spectrum of diversity in terms of salient characteristics for the organism under consideration which are known to occur in the target commodities. For example, STEC panels should include a variety of different serotypes and sequence types (e.g., MLST) implicated in human illness as well as those occurring in animal reservoirs (which can be garnered form public health and national surveillance databases), and efforts should be made to include outliers (e.g., phylogenetically distant) individuals to test the scope of applicability for the subject methodologies. Both internal (e.g., CFIA historical food isolate collection) and external (e.g., public repositories) databases should be mined to ensure the selection of representative isolates. An appropriate subset of the strains represented in the assembled database (e.g., from the in-house culture collection) should be well-characterized by both conventional and genomic methodologies to ensure their authenticity and typical behavior in the wet-lab. Wherever possible, at least a subset of strains should be available for distribution to other testing laboratories to promote standardization and foster true equivalency of different methods.


Sequence Quality

Datasets composed of draft genome assemblies should conform to established minimum quality standards (e.g., PHRED quality scores, depth of genome coverage, and assembly metrics) (Gurevich et al., 2013). In addition, some considerations for the curation of benchmark WGS datasets might include verification that samples are not contaminated (Low et al., 2019), and that there are minimal gaps (e.g., < 100 bp) in genome coverage (Lambert et al., 2015). Draft genome assemblies may not be appropriate in cases where method targets are likely to be present in multiple copies (e.g., rRNA genes, Shiga toxin genes) or occur within repetitive DNA regions as de novo assembly of draft genomes generated with short-read sequence technologies often cannot resolve repeat regions (Utturkar et al., 2017). In these cases, use of complete polished genomes may be preferable. Raw reads can be simulated from closed genomes (Huang et al., 2012), thus ensuring that datasets are not compromised due to undefined quality issues (Timme et al., 2017; Low et al., 2019).



Maximizing Diversity

Selection of samples to include in a benchmark dataset should be done with the aim of maximizing the phylogenetic, genotypic and phenotypic diversity. To develop phylogenetically diverse datasets, we have implemented StrainChoosr (https://github.com/OLC-Bioinformatics/StrainChoosr) to select a subset of samples from a user defined list of sequences (Pardi and Goldman, 2005; Steel, 2005). This ultimately helps to ensure removal of highly similar samples, while reducing datasets to manageable sizes for intended analyses. An example of the use of this tool to identify a diverse subset of 15 S. enterica serovar Enteritidis from a panel of 79 strains available in the laboratory is provided (red text, Figure 1). Datasets should further be curated to ensure the diversity of important genetic markers such as AMR genes, or virulence factors such as STEC Shiga toxin subtypes are captured (Scheutz et al., 2012). Wherever possible strains with unusual features that are known to confound certain types of determinations (e.g., new STEC Shiga toxin subtypes) should be included. Similarly, phenotypic diversity should be captured by ensuring that the panel includes strains with representative phenotypes as determined by methods such as conventional biochemical assays/PCR and includes strains with unusual phenotypic profiles.


[image: Figure 1]
FIGURE 1. Selection of genetically diverse isolates of S. enteritidis with StrainChoosr. A phylogenetic tree was generated from a set of 79 S. enteritidis strains using Mashtree to cluster genomes with a neighbor-joining algorithm (Katz et al., 2019). The 15 most diverse strains were selected based on genetic distance among isolates (highlighted in red).




Confirmation of Phenotype Information

In the case where a genomic dataset is being established for the validation of methods for prediction of phenotypic properties, it is critical to further verify selected panels. For example, we developed a panel of S. enterica genomes for benchmarking tools for AMR prediction from genomic sequence data and identified discrepancies in genotype predictions relative to previously assessed phenotypes (Cooper et al., 2020). Through repeat testing we were able to confirm sequence-based predictions, and update metadata associated with the dataset, thus improving the reliability of the panel.



In-house vs. Public Databases as Sources of Benchmark Datasets

The main advantage of including in-house strains in benchmark datasets includes control over quality of the entire process, from handling of isolates, sequencing and data processing, as well as precise knowledge of source and the attendant factors of geographic, temporal and public health provenance. Furthermore, for datasets derived from in-house culture collections, genotypic features can be verified against phenotypes ensuring validity of observed discrepancies (Cooper et al., 2020). Disadvantages include limited capacity to identify and sequence a large representative number of isolates, especially for some bacterial types which occur infrequently, and the significant costs associated with a large scale sequencing operation, storage maintenance and distribution of the collection.

Public databases such as NCBI are repositories for huge collections of WGS data for various bacteria, including most that are of interest to the food microbiology laboratorian, and are an incredibly rich resource representing a huge diversity of microorganisms that have been collected around the world. For example, at the time of this writing, the NCBI Pathogen Detection database contained a total of 183220 E. coli/Shigella, 367745 S. enterica, and 43230 L. monocytogenes genomes (NCBI Pathogen Detection Database, n.d.). These databases are freely available, and offer many tools that are useful for genome analysis. Their main shortcomings include a lack of metadata which can make source identification and comparisons difficult and potential sequence data quality issues (e.g., incomplete or contaminated sequence).





DISCUSSION

The main benefits of benchmark datasets for the regulatory testing laboratory is that they provide (1) a new resource for validation of WGS-based analytical tools to meet performance requirements for regulatory testing supporting risk assessment and risk management actions; (2) a new tool that can be readily distributed to federal, provincial and international jurisdictions to harmonize standards and underpin confidence in the performance of WGS labs delivering results impacting critical public health and food trade; and (3) a resource to enhance validation protocols for all food microbiology test methods through provision of standardized, curated bacterial strains with desired characteristics. Challenges of developing and maintaining such databases include the need to update these resources as new strains are discovered, lack of representation of strains from countries with insufficient resources to complete these analyses.

WGS has been a disruptive technology for the food microbiology laboratory, providing better and more comprehensive characterization of foodborne pathogens. Publicly available data from thousands of genomes can now be used as part of the food microbiology “tool box” to inform the development of improved methods for food testing. The establishment of well-curated, high-quality benchmark WGS datasets for key food pathogens and commensal food bacteria will provide a highly accessible resource for the performance verification of new laboratory methods, including bioinformatics workflows and modules, promoting international harmonization of method validation standards. This could be particularly critical to maintain the open-ended potential of WGS technology, which must remain highly plastic and adaptable to novel queries and interpretations, thus prescriptive approaches such as used for conventional wet lab methodology should avoided.
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