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Guidelines for Implementing Diagnostic Next Generation Sequencing for Animal Health Laboratories in Australia

Background
This document is aimed at the Laboratories for Emergency Animal Disease Diagnosis and Response (LEADDR) network and other laboratories preparing for implementation of next generation sequencing (NGS) for use in animal disease investigations in Australia. At the time of completing this first version, there were no national standard publications specifically aimed at the use of next generation sequencing in animal health diagnostic laboratories in Australia. 
Animal health diagnostic laboratories in Australia should adhere to these guidelines to ensure that the high quality of diagnostic testing across Australia is maintained. It is hoped that this document may provide the basis for a national standard in the future.
The first version was drafted at LEADDR's Annual Face to Face Meeting on 22 November 2017 in Sydney, New South Wales and finalised out-of-session by the network on 17 May 2018. It was based on the Royal College of Pathologists of Australasia (RCPA) 3/2014 “Massively Parallel Sequencing Implementation Guidelines”. The fourth version incorporates suggestions from a number of external reviewers. This document forms part of the deliverables of a LEADDR project funded by the Australian Government Department of Agriculture and Water Resources through the Agricultural Competitiveness White Paper.
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Definitions
	Term
	Definition

	Base call
	The nucleotide, or base, (guanine (G), cytosine (C), adenine (A), or thymine (T)) assigned to a sequencing signal. These are platform derived. A series of base calls comprises a sequence read.

	Bioinformatics pipeline
	the primary, secondary and tertiary analysis of massively parallel sequencing (MPS) data that is performed computationally by individual computer algorithms; the pipeline is the specific combination and order of these algorithms used to analyse the data

	Exome
	the protein-coding region of the genome;  it is made up of exons

	GC-content
	guanine cytosine content of a gene or region of DNA

	Genome
	the basic information-encoding, replicable part of an organism, in the form of DNA or RNA (in various forms), and might include organelle or extra-chromosomal (e.g. plasmids) components

	LEADDR
	The LEADDR network reports to the Animal Health Committee in Australia, and coordinates a national laboratory network to harmonise or standardise the testing of targeted emergency animal diseases and support the management of emergency animal disease incidents as needed 

	Incidental findings
	any finding of significance that was identified by the test but is not related to the request for testing; these may also be interchangeably referred to as secondary findings or unsolicited findings

	Indel
	a mutation class where there has been either an insertion or a deletion of nucleotides, or a combination of both, compared to the reference sequence

	Next generation sequencing (NGS), also called massively parallel sequencing (MPS)
	the collection of technologies used to enable the sequencing of many, usually short fragments of DNA, at the same time to provide greatly increased sequencing coverage of either individual samples or multiple samples that can be distinguished by the use of introduced sample indexing; this may also be referred to as MPS; these terms are used interchangeably throughout this document

	Orthogonal testing
	the utilisation of different validation or confirmation techniques that are functionally and statistically independent from the original testing

	Primary analysis
	the analysis of hardware generated data, machine statistics, production of sequence reads and quality scores

	Quality assurance (QA)
	A system which comprises of a set of procedures intended to ensure that a performed service (e.g. diagnostic testing) adheres to a defined set of quality criteria and meets the requirements of the customer

	Quality control (QC)
	Quality control is the set of measures and procedures to follow in order to ensure that the quality of a service or product is maintained and improved against a set of benchmarks and that any errors encountered are either eliminated or reduced.

	Quality scores
	These  are  platform derived  reflections  of  the  signal to  noise  ratio  and  reflect  the probability  that  the  base  call  was  correct.  An acceptable raw base call quality threshold should be established during validation, and incorporated in bioinformatics filters to eliminate poor quality data during analysis.

	Reference materials
	a set of materials that have predetermined and known properties for use in experimentation to provide control and comparison; these are typically resourced commercially or  generated by a laboratory network 

	Sample indexing
	the embedding of sequence markers directly onto sample molecules, which enables the identification of NGS samples; this technique is important in modern NGS systems where multiple samples are multiplexed into the same sequencing reaction

	Sequence reads
	a series of base calls

	Secondary analysis
	QA filtering of reads, assembly and alignment of reads, QA and variant calling on aligned reads

	Sequencing
	sequencing is the process to determine the sequence of nucleotides

	Tertiary analysis
	QA/QC of variant calls, annotation and filtering of variants, assessment of pathogenicity and clinical significance, genome browser driven assessment, and other ‘sense making analyses’ such as population frequency and structure assessment, treatment/prognostic/classification associations

	Variant calling
	Identifying when a base call is different to the reference genome; includes indels

	Wet laboratory
	a laboratory that utilises chemicals or biological matter that are handled in liquid solutions or phases for analysis 





Abbreviations
	Term
	Description

	AS
	Australian Standard

	CVO
	Chief Veterinary Officer

	DNA
	Deoxyribonucleic Acid

	FASTA
	Text-based nucleotide sequence, using single-letter codes

	FASTQ
	Text base nucleotide sequence with attached quality scores

	ISO
	International Organization for Standardization

	IVD
	In Vitro Diagnostic device

	LEADDR
	Laboratories for Emergency Animal Disease Diagnosis and Response

	LIMS
	Laboratory Information Management System

	MPS
	Massively Parallel Sequencing

	NATA
	National Association of Testing Authorities, Australia

	NGS
	Next Generation Sequencing

	OIE
	World Organisation for Animal Health

	PCR
	Polymerase Chain Reaction

	QA
	Quality Assurance

	QC
	Quality Control

	qPCR
	Quantitative PCR

	RCPA
	Royal College of Pathologists of Australasia

	RM
	Reference Materials

	RNA
	Ribonucleic Acid

	SNP
	Single Nucleotide Polymorphism

	SNV
	Single Nucleotide Variant

	VCF
	Variant Call Format





CHAPTER ONE: Ethical and legal Issues
1. Introduction
Diagnostic testing by next generation sequencing (NGS) share many ethical, legal and socioeconomic issues with other forms of veterinary investigation. While there has been substantial progress in implementing diagnostic approaches in inherited diseases and cancer in human health, the application of NGS to microbiology diagnostics is still in its infancy. Being a new technology, NGS methods present technical challenges. In addition, multiple new issues are presented with NGS. For example, incidental findings, particularly those which could impact trade and Australia’s disease free status, are potentially magnified due to the volume of information that these tests may yield.

NGS (e.g. whole genome sequencing or exome sequencing) can generate information pertinent to the identification of diseases other than the targeted animal health condition being investigated. NGS can, therefore, be viewed as comprising both a diagnostic and a screening function. The scale of this overlap in test function is unprecedented. The implications of this complex testing scenario for submitters requires clear explanation. 

NGS should not be performed without careful consideration of these broader issues. For this reason, this chapter on ethical and legal implications of NGS precedes the chapters detailing the analytical, interpretive, reporting, and resource requirements for such testing.

2. Responsibilities
2.1 Explicit consultation framework 
There should be an explicit consultation framework between the laboratory and the submitter. While all diagnostic testing requests imply a consultation between the submitter and the laboratory running the test, this should be an explicit requirement of referrals for NGS. The Chief Veterinary Officer (CVO) for the state or territory in question, must be informed of significant results. 
The laboratory should clearly state their policy on reporting incidental findings and pathogens of unknown significance. The submitter should know what analytical approach will be undertaken, the policies of the laboratory service with respect to reporting of findings, incidental findings, storage of data, and links with research bodies, so that this information can be conveyed to the submitter during the informed consent process. 
2.2 Consent process
A consent process should be in place and submitters need to consent to NGS. Details of the request and scope of testing need to be clarified prior to testing as part of the test request. This can be accomplished via a consent form.
2.3 Contributing to public databases
On-line sequence databases have been a fundamental resource for infectious disease researchers and practitioners alike. Access to pathogen sequence facilitates an understanding of the pathogen genetic sequence and the evolution of the pathogen as well as the development of new diagnostic testing. The utility of existing tests can also be assessed, and an evidence base for the use of a new test can be built. All submitters should be asked for permission during the consent process to allow the contribution of their sample’s data to public databases for the common good as appropriate. Consent from the jurisdiction’s CVO may also be required.
2.4 Incidental finding policy
Submitters should receive a clear written record of the policy regarding the reporting of incidental findings. Whatever approach the laboratory chooses, clear verbal and written communication of the policy about what findings will and will not be disclosed should be provided.

2.5 Record and sample retention
Samples should be retained in accordance with existing National Association of Testing Authorities (NATA) requirements. The existing NATA standard for samples submitted for diagnostic testing specifies the retention of diagnostic material for “three months from the date of issue of the report”. It is reasonable to apply this to samples submitted for next generation sequencing.

3. Reporting Responsibilities
3.1 Reporting rules
Data generated by NGS are subject to the usual reporting rules and obligations operating in each jurisdiction. As with any other test result from an animal health laboratory in Australia, the laboratory is responsible for the security and privacy of submitter’s information. Results that are of national and/or international importance should be reported to the CVO in the relevant jurisdiction. Refer to the jurisdiction’s list of notifiable aquatic and terrestrial animal diseases for more information.
3.2 Data storage
Data generated by NGS should be stored in accordance with NATA requirements and the standards operating in each jurisdiction. Standards Australia AS/NZS ISO/IEC 17025 incorporate electronic storage of laboratory information management system (LIMS). For human medical testing, NPAAC advocates storage of .bam files for 4 years, .vcf files for 10 years and reports for ~100 years. 

4. Purpose and Scope of Testing
4.1 Purpose and scope of testing
Throughout the process of testing, there should be explicit distinctions between the two types of NGS:
a. targeted diagnostic testing (i.e. of specific pathogens, selected gene(s), or exomes) and
b. discovery studies which include searching for currently unknown agents.
 
An understanding of the role of NGS in investigation of disease is rapidly evolving. Provided a suitable ethical framework is in place, the diagnostic laboratory may provide samples and data to researchers for assistance, but should always retain sufficient sample for the minimum retention period and laboratory records to meet NATA requirements for the retention of data.


For more information see references: 1-10










CHAPTER TWO: Wet lab
1. Introduction
Despite a range of available platforms and workflow options, NGS has been adopted in all areas of molecular diagnosis. There are critical differences between NGS and traditional Sanger sequencing. The wet laboratory process is one such area of critical difference. Robust quality assurance (QA) and quality control (QC) procedures are essential to ensuring the reliability of NGS results.

This chapter will focus on the wet laboratory issues including laboratory environment, sample and library preparation, template generation, sequencing and QA.

1.1. Wet lab processes
Many of the guidelines in this document are common to all forms of nucleic acid testing. These guidelines should be read in conjunction with ISO 17025 and all relevant NATA documents. 

It is not our intention to generate a user guide and provide all the solutions. Instead, we try to include some relevant resources for reference. For example, some relevant wet laboratory issues can be found from the website of the Division of Laboratory Programs, Standards, and Services (DLPSS) of the American Centers for Disease Control and Prevention (CDC) and the World Organisation for Animal Health (OIE).

For more information see references: 1-10

2. Measures to Control Contamination
2.1 Physical design
As with all molecular testing, it is advised that there are separate areas for preparation of reaction mixes, and a unidirectional workflow from the preparation area to the areas with samples and finally amplified product. The laboratory should be designed to minimise the contamination of samples at different stages of the workflow with other samples and/or amplified products. The laboratory should ensure the physical design can accommodate separate areas for animal derived samples and amplified material. Possible cross contamination between these areas including by movement of equipment, staff, or aerosols should be assessed and minimised. Measures should be available to both detect cross contamination between clinical samples, and to eliminate it. Elimination may include the use of hypochlorite or other appropriate decontamination measures.

2.2 Minimising cross contamination between samples 
The laboratory should ensure recommended and appropriate maintenance and cleaning processes are performed to eliminate carryover contamination. No template controls should be included on all sample preparation batch runs to check that reagents are free from nucleic acid contamination. The laboratory should include a monitoring process for carryover contamination as part of regular internal QC. Sample indexes (barcodes) used to identify unique reads in pooled libraries can be used to detect carryover contamination. These should be re-used as infrequently as possible. Consecutive runs of the same sequencing instrument using the same barcode indexes should be avoided. Frequent reuse of the same set of barcode indexes will compromise the laboratory's ability to detect cross-contamination at any stage of the sequencing procedure. It is recommended that a large collection of barcodes can be drawn upon and are frequently turned-over. Indexes need to be carefully selected. Index switching can occur through homologous recombination. Workflows using the latest plated, single use unique dual index (UDI) designs, where the index barcodes are completely different for every sample, are highly recommended as UDI’s minimise cross-contamination and eliminate index switching. 

2.3 Sample Indexing 
Sample indexing should be performed at the earliest possible stage of library preparation to allow subsequent detection of cross-contamination. The laboratory should avoid workflows that offer the potential for undetectable sample cross-contamination. Workflows that call for multiple manipulations, additions, and incubations of samples prior to index ligation or amplification increase the risk of undetectable sample to sample cross-contamination whereas workflows which add unique indexes to each sample early in the library preparation process provide a means to make cross-contamination detectable. If stocks of index adapters/primers are used for multiple rounds of sample preparation, great care should be taken to prevent cross-contamination of these reagents during handling. Single-use, plated indexing reagents are preferable to prevent cross-contamination. 
The use of No Template Controls (NTC) is recommended to allow detection of contamination in reagents. The NTC should be carried forward to the completion of library preparation and should be included in sequencing. 

2.4 Orthogonal testing 
It is recognised that carry-over contamination can occur, both within and between NGS runs. At this stage it is very hard to avoid cross contamination, particularly with RNA targets. To have confidence in testing results, it is recommended to conduct orthogonal testing using a conventional diagnostic test methods to confirm the identity of the pathogen detected in the original material. This may take the form of agent culture, a real time PCR on original material, Sanger sequencing on original material, immunohistochemistry (IHC) on fixed tissue, and electron microscopy (EM) on appropriately prepared samples. There should also be strong clinical and epidemiological support for the diagnosis. If any of the above do not support the NGS result, careful consideration should be given to the interpretation of the sequence data.
3. Wet Workflow Validation
Validation of the wet workflow is very important, and indeed a massive undertaking for NATA accreditation. Quality metric decisions should be based on a laboratory’s validation data. 
3.1 Genomic platform
The genomic platform used must meet the specifications required for the diagnostic purpose and be operated in accordance with best practice as determined by the manufacturer. Where possible, bleach washes of the instrument fluidics should be employed between NGS runs to eliminate carry-over. Consideration should be given to biases inherent in the platform of choice. There is value in using a combination of platforms. Particular attention should be given to ensuring that any systematic weaknesses or errors of the sequencing system do not limit the diagnostic sensitivity and specificity of the assay, or that if such flaws exist, that orthogonal testing is employed to detect variants in regions of bias. Examples include regions of high guanine cytosine (GC) content or repetitive regions.
3.2 Validation of wet laboratory workflows 
The laboratory should validate the operational performance of the wet laboratory workflow used in molecular diagnosis for a particular purpose. For example NGS assays have been used to study multifactorial diseases and co-infections, new and emerging diseases of viruses (virus discovery) and other pathogens and for testing of adventitious agents of vaccine seeds. Diagnostic applications, e.g. for disease diagnosis and surveillance and other applications are on the way.

Expansion of genomic methods for diagnostic applications makes it increasingly important to demonstrate data quality, reliability and reproducibility. The laboratory should empirically determine their minimum requirements for data quality.

Analytical sensitivity and specificity are important performance characteristics for genomic diagnostic applications. Diagnostic laboratories should document these aspects of the laboratory workflow by comparison of test results obtained under conditions defined above, to those obtained from a gold standard method (e.g. Sanger sequencing or real time PCR LOD (limit of detection) determination). Reference materials with a known truth set are useful during validation and ongoing QA/QC.

For more information see references: 2, 7

3.3 Standard controls for NGS
The laboratory should regularly monitor the performance of the wet laboratory workflow used in molecular diagnosis. Inclusion of known DNA control/standard samples at <10% of the pooled libraries at regular intervals would allow ongoing monitoring of assay performance and data analysis processes. There is a warning against using plant viruses as controls as this could be misleading. Commercially prepared spike in controls are available.
See comment about NTC (negative control) above.

3.4 Outsourcing NGS services
The use of outsourced platforms and services for diagnostic services should meet all of the standards outlined in this document. If part of the next generation sequencing process is to be outsourced, NATA accredited providers or providers showing full compliance with ISO and/or NATA standards should be used. It remains the responsibility of the clinical laboratory to review, retain and make available for audit all documentation related to clinical testing.

4. Sample selection, preparation and storage
4.1 DNA quality and quantity
The laboratory should assess the quantity and quality of DNA samples before proceeding with diagnostic application. Failure to exclude samples of poor quality or insufficient quantity of amplifiable DNA can significantly affect the sensitivity and specificity of genomic diagnosis and lead to the possibility of false negative results. Fluorometric quantitation with dyes specific for DNA/RNA is highly recommended over spectrophotometric measurement. This is of particular significance where the sample type may be associated with limiting amounts of DNA. This information should be disclosed in the report sent to the submitter. However it should be remembered that even in the event of sufficient total nucleic acid, testing may still result in a false negative.

4.2 Optimising DNA sample concentration
The laboratory should determine an appropriate range of DNA sample concentration and types to be included for an efficient test using genomic methods. Where appropriate, consideration should be given to including related affected and unaffected samples in the analysis. For example sequencing healthy animals from the same affected herd may confirm a normal commensal and thereby exclude a novel agent as a new pathogen of interest. It may be possible to have different standards for targeted and de novo approaches.

5. Library Preparation
5.1 Sample tracking
The laboratory should have an effective system to track the samples during the multiple step process of library preparation. A LIMS capable of tracking a multistep workflow, with multiple samples, and QC steps should be considered. Critical steps, such as the addition of molecular barcodes, must be identified and managed appropriately to ensure sample integrity and tracking is preserved. 

5.2 Adequacy of DNA fragmentation 
For those laboratories that use protocols making use of DNA fragmentation, quality assessment of DNA fragmentation procedure is essential to ensure the right size distribution and accurate amount of fragmented DNA samples. The latter is critical for equal molar representation if multiple barcoded samples are to be subsequently pooled for library preparation.

5.3 Quality assurance (QA) measures
The laboratory should determine the optimal conditions for library preparation. Documented metrics of performance of library preparation should be generated and used to QC library preparation steps on all clinical samples. For example, effect of input mass of DNA, fragmentation conditions, PCR cycles, etc. should be assessed. QC metrics in the form of Bioanalyser traces, spectrophotometric or fluorometric readings, or real-time PCR results should be produced and routinely collected and compared to those of an optimal validated run where appropriate.

6. Template Generation
6.1 DNA library
The laboratory should have a quality assessment procedure to assess the quality and quantity of a prepared DNA library used for template generation. An accurate estimation of DNA library quantity is essential for optimal clonal amplification. Quantification should be based either on fluorometry, or on amplifiable templates (i.e. DNA fragments with proper ligated adaptors). For example, quantitative PCR (qPCR) has high levels of sensitivity and specificity and can accurately measure quantities of DNA.

6.2 PCR amplification
The laboratory should have a quality assessment procedure to assess the adequacy of PCR amplification used for template generation. Quality assessment of the clonal amplification procedure is essential to ensure an adequate representation of DNA samples in the template. This is critical for equal representation if multiple barcoded samples have been pooled during library preparation.

7. Data Generation
7.1 Coverage
For known targets, the laboratory should establish empirically the coverage necessary for accurate detection of sequence variants and copy number changes, and provide the best estimation of false positive and negative rates.

The laboratory should employ QC measures that specify the quantity and quality of DNA sequence data to accurately differentiate all targeted sequence variants. This is especially critical when a multiplexed target enrichment procedure has been used to generate libraries. 

7.2 Barcoding
If multiple samples are to be sequenced simultaneously, the laboratory should have QA measures to demonstrate that DNA sequence data generated cannot be attributed to the wrong sample. Consideration should be given to the use of barcoded DNA samples, particularly using plated unique dual index tags, and the possibility of sequence data being misdirected to the wrong specimen (i.e. index mis-assignment). The use of dual indices can be useful to reduce index mis-assignment, while the use of no template controls (NTC) can assist in identifying the level of index mis-assignment, if NTC samples are carried forward to sequencing.

For more information see reference: 11

7.3 Data storage
Data should be stored as required for diagnostic DNA studies. Consideration should be given what would be the suitable data format to keep (see further discussion in Bioinformatics Section). The raw reads and quality scores should be kept as a minimal requirement. Data storage should also comply with overarching regulatory and legislative requirements (see section in Ethical and Legal Issues.)

7.4 Exception log
Any exception should be recorded for samples where steps used in the analytical process deviate from laboratory standard operating procedures. This exception log should be kept with the reason(s) for deviation and should retain links to the sample.

For more information see references: 12, 13

8. Quality Control (QC) and Quality Assurance (QA)
8.1 Quality metrics
The technical manager should be able to identify the appropriate quality metrics that are suitable for their genomic tests. Consideration should be given to cross platform confirmation. Sanger sequencing should be considered to reduce false positive and/or negative rates, particularly with small indel variants. The limitation of next generation sequencing should be presented in the final report (See the details in the Reporting section).

QC of sequencing data may include:
• Base call quality scores
• Read depth
• Uniformity of read coverage
• Read enrichment (for capture-based methods)
• Percentage PCR duplicates (for capture-based methods)
• GC bias
• Decline in signal intensity along a read
• Minimum data requirement per sample

The laboratory should implement QA measures that evaluate the entire process. Well-characterised DNA samples should be used as internal QC samples. Consideration should also be given to obtaining reference materials. 

The laboratory should base their quality metrics decisions on their validation data. 

8.2. Monitoring of quality over time
Acceptable intra-and inter-run variability should be established during validation and monitored in diagnostic laboratories. It is important to determine assay precision, i.e., the degree to which repeated measurements give the same result – both repeatability (within-run and between run and operator variation) and reproducibility (between-laboratory, and/or between platform variation).

Monitoring of quality metrics over time should be performed to identify any trends which may affect the performance of the assay. Upgrades to instruments, sequencing chemistries and reagents or kits used to generate genomic data must be verified or validated prior to implementation and performance monitored.

Genomic technologies are rapidly evolving. Consideration should be given whether positive findings in genomic analysis should be confirmed by a different chemistry or a second method, particularly when new agents, or notifiable agents have been identified.

For more information see references: 11, 14

8.3 External QA
When and where possible, the laboratory performing diagnostic NGS should participate in suitable genomic proficiency testing or inter-laboratory sample exchange programs to meet the requirements for external quality assessment measures. It is recognised that at this stage, it may be difficult to find such programs. However as time progresses, it is anticipated that such programs will become available.

For more information see references: 15, 16



CHAPTER THREE: Bioinformatics
1. Introduction
1.1 Scope
Diagnostic applications of NGS in animal health laboratories span a wide range of approaches. These may include resequencing of single genes, gene panels, whole exomes, and whole genomes of known and unknown pathogens. 

The scope of this chapter is restricted to consideration of NGS applied to diagnostic DNA analysis, analyses of RNA, transcriptomes, and epigenetics. Issues addressed cover the range of NGS for genes, panels of genes, exomes and whole genomes. As the size and complexity of the analysis increases, additional procedures and safeguards may need to be included to ensure robustness and reliability of the analysis.

1.2 The Bioinformatics Pipeline
A bioinformatics pipeline refers to a number of computational tasks, generally applied sequentially. The pipeline begins with the output of an NGS instrument such as an image or FASTQ files, and progressively analyses these data through key steps, ending up with a variant call format (VCF) file, or even further with an annotated spreadsheet (comma separated value, tab separated value) or Text file.

While there is no one standard pipeline, most bioinformatics pipelines convert the data through a series of fairly standardised steps. A bioinformatics pipeline can be provided by the NGS instrument vendor, using proprietary software, or using open-source software. None of these approaches has been shown to be innately superior to the others, provided they are selected, tuned, validated or verified (as appropriate) and applied correctly.

Primary analysis:
This phase receives raw electronic information from the NGS instrument, and converts it using the vendor’s proprietary algorithms into genomic signals such as nucleotide sequence and quality of the individual base calls (“base calling”). The laboratory usually has relatively little control of this phase as it is under the instrument manufacturer’s control. Where multiplexing strategies have been applied, de-multiplexing is performed at this analysis stage; de-multiplexing re-identifies the sample from which individual sequence reads were derived.

For amplicon sequencing strategies, primers have to be trimmed from the reads. The outputs of the primary analysis phase are usually FASTQ files. QC (including machine metrics) and acceptance criteria should be applied at this stage.

Secondary analysis:
This phase receives the FASTQ files from the primary analysis, and maps (or aligns) it to the reference sequence (if this exists) and identifies changes from the reference sequence (variant calling). De-novo assembly can also be undertaken, especially when there is no reference sequences (see ‘De-novo assembly’).

The secondary analysis pipeline must be tailored to the NGS technical platform used. For example, duplicates arising from PCR strategies are typically marked for capture-/enrichment-based approaches where this strategy helps identify clonally-derived sequences which, if not accounted for, can contribute to erroneous variant calls. In contrast, PCR duplicates are not marked in amplicon-based sequencing strategies as clonally-derived sequences cannot be distinguished from independently derived PCR duplicates, unless unique molecular barcodes (also called UMIDs) are used. Unique molecular barcodes label the individual genomic templates / DNA molecules from a single sample used as input into the library preparation and thus allow differentiation between PCR duplicates derived from independent DNA molecules vs those derived from the same clonal population. 

Local realignment can optimise alignment in regions where sequence variation is present to increase accuracy and minimise false-positive variant calls.

Variant calling is then performed to identify sequence variations from the reference such as SNVs and small insertions/deletions, copy number alterations and structural changes.

The outputs of the secondary analysis phase are usually BAM and VCF files. There are a large number of commercial, academic and in-house tools in use for the secondary analysis of MPS data. Further QC should be applied at this stage; for example, assurance that the bioinformatics pipeline has run to completion, review of any error logs, monitoring of the total number and type of variant calls obtained, and review of any gaps in sequence coverage

Tertiary analysis:
Tertiary analysis concerns the annotation of the identified sequence variants and may involve a combination of the following: comparison of the identified sequence variants to those reported in databases (e.g. Genbank), and research of the sequence variant/gene published in peer-reviewed literature.

For large-scale genomic investigations, such as whole-exome or whole genome analysis, tertiary analysis further involves a process of variant filtering and prioritization, by removal of findings of lesser interest. The aim of filtering and prioritization is to reduce the number of candidates to those most-likely associated with disease. For genome-scale investigations, variant filtering and prioritization is typically performed in a (semi-)automated fashion. The resulting pre-filtered set of candidate sequences is then manually reviewed in further detail to allow interpretation and classification of the sequence, and to take into account the current limitations of annotation databases. Clinical interpretation and reporting of findings are discussed in chapter 5.

The outputs of annotation and filtering phases commonly are annotated VCF or CSV/TSV (spreadsheet) files. Further QC system standards can be applied at this stage; for example, review of gene symbols and aliases in use by different components of the pipeline which may result in failure to map identifiers between tools, review of expected number of known vs novel variants.

2. Documentation
The laboratory has a choice of using vendor-supplied pipelines, open-source pipelines, or some combination of both. In general, less documentation is required for vendor-supplied pipelines, but more customisation and fine-tuning is possible for in-house developed or applied software. The requirements described in this section apply regardless of the source of the bioinformatics pipeline.

2.1 Documenting the informatics pipeline
The laboratory must document all components of, changes to, and auditing of the informatics pipeline. This includes the software packages, custom scripts and algorithms, reference sequences and databases. Any changes, patch releases or updates in processes or version numbers must be documented with the date of implementation such that the precise informatics pipeline and annotation sources used for each test and report is traceable. If information from public websites is used, the date of access should be documented.

2.2 Version control
The laboratory must use version control to track software releases and updates to analysis methods.
The laboratory may consider use of dedicated version control software to assist with this requirement for managing software code, such as Concurrent Versions System (CVS), Apache Subversion (SVN), or Git. There are also dedicated software tools for management and control of laboratory method documents and validation records.

2.3 Quality metrics
The laboratory must document the quality metrics assessed during a test. For the informatics pipeline, relevant quality metrics include but are not limited to: the total number of reads passing quality filters, the percentage of reads aligned, the number of single nucleotide polymorphisms (SNPs) and insertions and deletions (indels) called. 

2.4 Pipeline validation
The laboratory must document the results of the pipeline validation. The validation documentation must detail the performance of the pipeline such as the sensitivity, specificity and accuracy of the pipeline to detect variants and any limitations of the pipeline. The validation document must be readily available to staff involved in MPS based genetic testing.

2.5 Records
The laboratory should document all training and staff qualifications. Given the rapid advances in bioinformatics, when implementing NGS-based assays, the laboratory needs to consider appropriate staff training and ongoing professional development of staff in bioinformatics. Staff involved in the reporting of NGS results must have, as a minimum, an understanding of the bioinformatics analysis steps and resources used for annotation.

2.6 Data handling and storage
The laboratory must document the process of data handling and storage. The laboratory needs to define the minimum set of data to store. Typically, this will involve storage of .bam, .vcf files but not image files. Alternatively, the laboratory may store .fastq files to allow reanalysis of the primary data. Interpreted variant call files, such as those after review of the initial calls must also be stored. It is recognised that long term storage, due to the large file sizes, may be problematic for some organisations.

2.7 Conditions for data reanalysis
The laboratory must define and document the conditions for data reanalysis. As our understanding of sequence variation expands and our bioinformatics tool set improves, it may be necessary to re-evaluate the annotation of a variant or to re-analyse the sequence data. The laboratory must specify under which circumstances, if any, such reanalysis is to be performed.

3. Validation
The general principles of validation of laboratory tests (IVDs) (see NATA Requirements) also apply for NGS assays. These include design, development, technical validation, and monitoring /improvement, documentation requirements and ultimately assessment of fitness for purpose. However, that document does not address aspects specific to genomics and NGS, which is covered in greater depth in resource documents such as Clinical Laboratory Standards Institute (see reference 25), and reference 2.

Risk of errors in bioinformatics pipeline: In an analysis pipeline for identification of sequence variants, one must have high confidence that the resulting variant calls have high sensitivity and specificity. Although true positives (TP) can be distinguished from false positives (FP) easily through external validation, it is almost impossible to systematically distinguish false negatives (FN) from the vast number of true negatives (TN). Different pipelines may vary widely in their degree of concordance of classification of findings with the risk of false negative rate being particularly difficult to address, especially with indels compared to SNVs. The majority of differences between variant calling pipelines appear, however, in ‘problem regions’ of the genomes, such as repeat sequences, regions of sequence homology elsewhere, low complexity regions and regions with errors in the reference assembly; the concordance between calls can often be further improved by applying post-variant calling filters to remove artefactual calls.

Besides variant calling, the use of different variant annotation software programs and transcript annotation files can also make a substantial difference in annotation results that are not commonly appreciated (Reference 35). This report highlights the need to ensure bioinformatics pipelines are subjected to rigorous validation and QC, especially for clinical diagnostic applications, and that any limitations are clearly documented and commented on, where required, in the report.

3.1 Design of validation study
The validation study must be designed to provide objective evidence that the bioinformatics pipeline is fit for the intended purpose (see also 3.2). During validation experiments minimum values for key parameters of a bioinformatics pipeline will be established. 

The validation study must identify and rectify common sources of errors that may challenge the accuracy of the bioinformatics pipeline. As part of the validation study, it is important to gain an understanding of common error sources that may compromise the validity of the pipeline, such as:
● Inherent limitation of individual programs
● Inadequate optimisation of parameters of individual programs
● Problems with data flow between individual programs
● Use of incorrect auxiliary files (e.g. wrong genome reference)
● Hardware or operating system failure

The laboratory must validate the entire bioinformatics pipeline as a whole, under the given operational environment. A laboratory may choose to put together its bioinformatics pipeline using any combination of commercial, open-source, or custom software. Regardless of whether an individual component has been validated, the laboratory is still required to validate the entire bioinformatics pipeline under their operational environment (i.e., same hardware specification, same operating system, same parameter setting, and same input load).

3.2 Validation process
The laboratory must determine standardised performance metrics of the pipeline. The use of standardised performance metrics ensure that validation results could be communicated and compared unambiguously. Some commonly used performance metrics are:
• The frequency of True Positive, True Negative, False Positive, and False Negative results (dependent on prevalence)
• Accuracy (combined diagnostic sensitivity and specificity)
• Precision (repeatability and reproducibility)
• Diagnostic sensitivity (e.g. number of test positive which are truly infected)  
• Diagnostic specificity (e.g. number of test negative which are truly not infected)
• Limit of detection (e.g. analytical sensitivity)

The validation study must define valid ranges for commonly assessed quality metrics. Based on the results of reference material and other previous experience, it is possible to establish some general statistics that we could expect from a valid pipeline. Deviation from these pre-defined ranges may indicate a necessity for closer examination, but does not automatically imply a validity problem.

Acceptability criteria must be defined to describe clearly the minimum quality metrics required to demonstrate the bioinformatics pipeline is fit for purpose. One way to demonstrate acceptability and fitness for purpose is to undertake proficiency testing carried out by a NATA accredited (or international equivalent) third party. However, currently there are not many proficiency testing providers for NGS. Sample exchange can be a useful in the absence of formal QAP programs.

3.3 Benchmark
The laboratory must benchmark the bioinformatics pipeline using reference material, where available. The reference materials chosen must be appropriate for assessing performance of the pipeline for its intended purpose.

Validation of a bioinformatics pipeline generally involves executing it given some input data where the correct status of the variant is known. These input data are called Reference Material (RM). The usefulness of a RM depends on obtaining a large variety of input, from sequence containing only simple SNV to sequences containing complex indels. RM can be generated entirely by in silico simulation, or sequencing real oligonucleotides of known sequences. Note that for the purposes of specific bioinformatics QA, this RM may consist of well characterised data sets (e.g. FASTQ files), rather than physical materials such as DNA samples. It is possible to obtain a large variety of RM from in silico simulation. Nonetheless, RM from real sequences should also be employed as they capture characteristics of real data. 

3.4 Multiple pipelines
The laboratory should compare the results from multiple pipelines, where possible, to allow identification of pipeline-specific artefacts. Multiple pipelines could generate quite different variant calling results from the same input FASTQ file. One strategy to validate a pipeline is to measure the concordance between the results of a given pipeline against several other widely used pipelines. High concordance does not necessarily guarantee correctness, but low concordance indicates problems. Poor concordance commonly overlaps with ‘problem regions’ of the genome, e.g. low complexity regions, as discussed above. Any limitations of the chosen pipeline must be defined as part of the validation study.

3.5 Data corruption
A bioinformatics pipeline could fail due to the corruption of an input file generated by primary analysis or intermediate steps within the pipeline. It could also fail due to excessive load on the server or interrupted network connection. As part of the validation procedure, it is important to assess whether the pipeline can detect corrupted files or interrupted execution, and generate appropriate error messages.

3.6 Hardware and operating system
The validation study must establish appropriate hardware and operating system environments to allow successful execution of the pipeline. The bioinformatics pipeline can be executed in a dedicated computer server, a shared high performance computing (HPC) environment, or the cloud. The successful execution of these programs also depends on the use of appropriate operating system, appropriate auxiliary software program, and supporting reference files (e.g., the human reference genome file, and gene annotation file). Validation should be conducted in a system that closely resembles the actual operational environment. See also issues raised in section 5 of this chapter.

3.7 Acceptable performance specifications 
When changes are made to the test system, the laboratory must demonstrate that acceptable performance specifications have been met before using the changed test system for clinical purposes.

3.8 Limitations
The laboratory must define the limitations of the informatics pipeline. Common limitations of the bioinformatics pipeline include but are not limited to: the maximum size of indels detectable, regions of poor mapping and/or excessive read depth, regions of poor sequence coverage, repeat regions and homopolymer sequence regions that may affect variant calling. There may also be specific limitations of individual specimens that can affect the capability of a given bioinformatics pipeline.

4. Quality Control (QC) and Quality Assurance (QA)
It is important to distinguish QC for checking the quality of sequencing data, and QC for ensuring the correct execution of the bioinformatics pipeline. Data QC is important for checking whether the sequencing data is of sufficient good quality to ensure variant calling can be performed to the required standard. On the other hand, pipeline QC is concerned about whether the bioinformatics pipeline has been correctly executed according to the predefined quality metrics for a given sequencing data input. 

QC of bioinformatics pipeline may include the following metrics:
• Mapping quality
• Presence of duplicate reads
• Expected number of variants
• Expected percentage of known variants

4.1 Metrics
The laboratory must monitor quality metrics and acceptability criteria of the informatics pipeline established during pipeline validation. Quality metrics are to be recorded for each test performed and interpreted in the context of the acceptability criteria that were defined during pipeline validation.

Deviation of achieved quality metrics from defined acceptability criteria must be investigated and mitigated. Significant deviations may require repeat of the test.

Quality metrics and acceptability criteria must be reviewed regularly to ensure relevance to current test performance. Revalidation must be performed where ongoing deviations are observed and/or substantial changes to the informatics pipelines have been made. Choice of appropriate quality metrics can be of significant help in troubleshooting the source of the problem in an underperforming test. Trend analysis of bioinformatics quality metrics may also prove to be useful. The appropriateness of the chosen quality metrics to monitor test performance needs to be reviewed regularly, at least annually.

4.2 External QA
The laboratory must participate in QA programs for the analysis and interpretation of DNA sequence variants, where such programs are available. Proficiency testing may involve an external QA program, sample exchange, use of electronic sequence files, reference materials and other approaches.

Examples of QA program include those organised by the Royal College of Pathologists of Australasia (RCPA) and the European Molecular Genetics Quality Network (EMQN). Currently, their QA programs for NGS analysis are in pilot phases.

The laboratory should consider the use of reference materials for ongoing monitoring of test performance.

5. General Informatics Aspects
This section refers to general issues that are applicable in all circumstances and environments. Where a laboratory uses off-site or hosted facilities (including “cloud” facilities), these requirements must be met for all stages of the process, including those not physically co-located or under the direct control of the laboratory.

5.1 Data security and privacy: Data management
The laboratory must ensure that data management meets requirements for data integrity and security including avoidance of tampering with primary data files and/or corruption of result files.

NGS data may involve the management of very large data files (in excess of hundreds of gigabytes) on shared computing resources. Strategies need to be put in place to ensure the integrity of data files is maintained (e.g. use of checksum tools during file transfer, management of data permissions and ‘write’ access rights) and that a secure copy of the primary data files (FASTQ) is maintained elsewhere from ‘working copies’ which allows regeneration of results files (BAM, VCF, annotations), if this should be required.

5.2 Structured databases
The laboratory must use structured databases wherever possible. The use of spreadsheets or text files to store information is discouraged as these typically disallow satisfactory traceability or auditing of changes made. Using an appropriate LIMS consistent with quality management principles is strongly recommended.

5.3 Data storage and backup
The laboratory must establish a procedure for the storage and backup of data with particular reference to the management of raw sequence data, primary, secondary, and tertiary analysis files. The data files to be stored long-term must be identified.

The laboratory must ensure adequate data storage and backup capacity is available.
For NGS data this may require terabytes of storage to accommodate primary and secondary analyses files. Network speed to manage data transfer and access also needs to be considered.

For more information see references: 2, 3, 5, 6, 10, 11, 12, 17-37



CHAPTER FOUR: Reporting
1. Introduction
This chapter aims to establish principles and provide guidelines that should assist in the preparation of a genomics report that provides valid information relevant to the submitted sample and the disease event under investigation.

A report can only capture what is known about the sample. Therefore laboratories should establish a definition of what is their acceptable minimal metadata. Having this standardised and consistent is helpful for reporting, as well as ad hoc sequence sharing, database uploading, and publishing etc. 

Approaches to genomic analysis vary in terms of the technology and methodology used as well as the breadth of genetic variation that is interrogated; the analysis may yield information about a single pathogen or may extend to encompass a mixture of pathogens. This presents a number of challenges for the animal health laboratory when preparing a report based on NGS data. 

A key issue in reporting genomic tests is that pathogens of known or possible pathogenicity may be identified which may be unrelated to the primary clinical indication for the test. Such incidental findings are inevitable in high-resolution genomic studies utilising NGS. Orthogonal testing recommended in Chapter 2 section 4.2 should be undertaken wherever possible.

It is essential that results are reported clearly, consistently and unambiguously, using established nomenclature.

2. Key requirements of a Genomics Report
The minimum suggested content for a report is described below. The following list is not a recommendation for the structure of the report, but rather points that should be addressed. Some could be ordered to provide a one page summary of important results relevant to the disease investigation, followed by additional pages detailing the test and any further recommended tests or results that may be appropriate.

Report Details
• Reporting laboratory details
• Title of report
• Report status and report authorisation
• Issue date and time of report
• Submitter’s name and address
• Unique laboratory identifier
• Animal or sample identification
• Sample type (blood, tissue and site, fluid)
• Secondary specimen identifier (referring laboratory identifier)

Test description
• Test category
• Purpose of test (e.g to assist in the diagnosis of … or the exclusion of…)
• Methodology used including confirmation by an orthogonal method (such as Sanger sequencing or real time PCR) if performed
• Limitations to test including any remaining uncertainty where it exists; this would include a narrative around any QC failures (i.e. outside acceptance criteria). It may be possible to use a confidence score.

Result summary
• Reference sequences including genome build or reference sequence version
• Variant reporting policy for the reporting laboratory that complies with relevant guidelines
Interpretive comment
• Narrative comment indicating the identified sequence
• If applicable the need for follow up or confirmatory testing should be indicated on the report.
• If this is the first detection of a disease agent, interpret cautiously seeking input and directive from the relevant state, territory and/or national veterinary authority (including CVO) initially.
• Notification may include taking results to the relevant veterinary authority (including CVO).

The laboratory should include recommendations for appropriate follow-up in reports. In situations in which further studies may be warranted (e.g. testing of other tissues, or other animals), these recommendations should be included in the test report.

3. Internal Laboratory Databases
The laboratory should establish an internal database of genomic findings. The curation of an internal laboratory database can assist with the interpretation process in the future. 

4. Sharing Genomic Data
The laboratory is encouraged to submit sequence data from NGS to appropriate databases, once it has undergone adequate QA and has been approved for release by the relevant state, territory and/or national CVO(s).

It is proposed that this could be trialled focusing on specific pathogens of interest; for example avian influenza H5 and H7. This would enable the monitoring of drift, and the assessment of primer and probe relevance.

5. Summary Comment
The utility of a genomics report can be increased by the preparation of a standardised report that adheres to established guidelines. However, of equal importance is the need to ensure that those who read these reports have the necessary training to interpret these results. 



CHAPTER FIVE: Information Technology (IT) Infrastructure

1. Introduction
Genomic technologies introduce complex analytical methods which require substantial bioinformatics and IT infrastructure which are not the usual domain of regulatory and/or accreditation agencies. This chapter will discuss the specific IT infrastructure issues that should be addressed by laboratories considering genomic methods.

1.1 IT process overview
Following sequencing, primary analysis (base-calling) usually occurs on the sequencing instrument and is beyond the control of the user. Secondary analysis (alignment and variant-calling) can occur on- or off-instrument. Tertiary analysis usually occurs off-instrument. Most of the sequencing manufacturers provide appropriate computing power and storage on-instrument. Where analyses occur off-instrument, it is necessary for the laboratory to consider the following issues:
• The level of processing power required to perform timely analyses
• The need to ensure data integrity during transfer across a network
• Data management and storage

Given the vast potential of genomic methods to generate genome-wide data, laboratories will need to actively consider precisely which data they will store and the retention time of that data. In some cases it may be that institutional IT departments and policies may be able to accommodate data within centralized storage facilities. However, there may be many cases where this is not possible and the problems will need to be addressed locally.

2. Data processing infrastructure and capacity
Specific requirements will vary according to the platform and style of analysis (i.e. the requirements for small-scale targeted sequencing will be different to those for whole-exome or whole-genome sequencing). The choice of computing hardware specification (i.e. type and number of CPUs or GPUs, amount of RAM, type and amount of storage platform and operating system) will be governed by the chosen software/analytical pipelines (see Bioinformatics chapter).

2.1 Computing hardware 
Computing hardware should at least meet the minimum specifications of the software. Further consideration should be given to equipment which exceeds the minimum specifications in order to reduce processing time, and hence turnaround time.

The laboratory should show that the choice of hardware and software can be maintained appropriately, including installation, updates and troubleshooting.

The choice of operating system will also be largely determined by the specific software and analytical programs being used. At a minimum, a 64-bit operating system should be installed (memory allocation can be severely restricted in some/all 32-bit operating systems).

The chosen computing hardware should be shown capable of performing the required analyses and/or capable of running the chosen software using training/control datasets (i.e. datasets with characteristics consistent with clinical samples to be analysed). Datasets may be supplied by software providers, or may be obtained externally.



3. Data Transfer
Wherever possible, data should not be transferred using USB “memory sticks” or external hard drives. Consideration should be given to the use of high-speed network connections between the various components of the computing hardware.

Genomic methods have the capacity to generate very large data files. During analysis data may need to be transferred to different computing hardware (i.e. from sequencer to analytical computer or from sequencer to storage location). A speed of 1 gigabit/second (i.e. Gigabit Ethernet) is suggested as a minimum data transfer speed. This requirement will affect network cables as well as routers/switches. Infrastructure capable of faster transfers will reduce delays introduced by the transfer of large files.

Confidentiality of data should be maintained during data transfer. Appropriate steps should be taken to ensure that data corruption does not occur during transfer.

This is a significant issue, especially as files increase in size. Laboratories should implement a system to show that data transferred between different elements of their computing hardware have not been corrupted during the transfer. Consideration should also be given to similar mechanisms for data transferred to external organisations for analysis. Checksums for individual files or compressed files can be generated using a variety of software packages.

4. Data management and storage
During data generation and analysis, a series of files of varying sizes are created. In Sanger sequencing, the stored data includes unedited chromatograms (“raw” data), edited chromatograms, sequence alignments and summarized results/reports. Equivalent components can be identified within NGS pipelines, although the amount of storage required will be significantly larger.

Some genomic data may need to be repeatedly accessed and analysed over a greater period than expected in typical data retention policies (e.g. whole genome or whole exome data). Where possible, the laboratory should determine the feasibility of very long term data retention. The laboratory should develop a formal data management policy which minimizes the possibility of data loss. During analysis, genomic data will be transferred to a number of different computers for analysis and/or storage.

The laboratory should ensure that data are stored in a manner that prevents loss in the event of hardware failure (i.e. data should have redundant backup). The specific choice of computing hardware for storage purposes will vary between laboratories. The specifications of storage devices will be substantially different from the specifications of processing devices (see above). The important characteristics of storage devices will be quantity, speed and redundancy. It is suggested that “solid state” devices are inappropriate for long-term data storage as their life-span has not been empirically determined.

Cloud storage has the potential for reducing the loss of data due to hardware failure, and is readily scalable, but issues of bandwidth for access, security on non-approved servers and confidentiality of identifiable data remain major concerns.

For more information see references: 38, 39

Additional references which address quality issues in genomic sequencing generally: 40-42


Recommendations
Laying down a foundation of best practices for a new diagnostic technology is important, both at the laboratory level, and at a national level. These guidelines will evolve, as the technology improves and stakeholder expectations change. In parallel we will see more control of the process through accreditation requirements. 
Unlike previous technologies, there is an emphasis on sharing testing output for the common good. Earlier in the guidelines it was proposed that the sharing of sequencing data could be trialled, with a focus on specific pathogens of interest; such as Hendra virus, Brucella suis, avian influenza H5 and H7. This would enable the monitoring of sequence drift, and the assessment of primer and probe relevance. It is recommended that a pilot project be initiated to trial this process.
The lack of NGS proficiency testing is recognised as a barrier to implementing external quality control in a QA system. Another recommendation is to create a resource listing proficiency testing providers, acknowledging that most of these will currently be in the human health space and possibly overseas.
Through the continued sharing of NGS experiences and pitfalls across the LEADDR network, it is hoped that this network will continue to influence the NGS landscape in animal health laboratories in Australia.   
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