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1. SUMMARY 

A harmonised SOP dedicated to the application of a bioinformatics pipeline was developed to 
enable comparable methods applying this approach to data generated by whole genome sequencing 
(WGS) between partners. An inter-laboratory ring trial was carried out as part of this task to test 
these bioinformatic pipeline methods, among all partners.  To this end twenty-four bacterial isolates 
from the UCD-Centre for Food Safety strain collection were sent (blinded) to the partners. WGS of 
these isolates was carried out using technical methods developed in D4.8, and then a comparison 
of the performance of each laboratory, described in this deliverable.  

In addition, as an extra item, arising from the covid-19 pandemic and the necessity to protect the 
security of the food chain, protocols focused on the sequencing of this virus, SARS-CoV-2 of 
importance to human health, were also included. 

This deliverable is focused only on the application and implementation these bioinformatic-based 
techniques. 

2. INTRODUCTION 

Whole Genome Sequencing (WGS) is a molecular technique whereby purified DNA from a 
bacterium of interest is fragmented and undergoes a protocol known as library preparation. The 
prepared DNA is then sequenced on a dedicated platform which generates an output of genomic 
sequences. The sequencing data generated can be used to identify single nucleotide differences 
(single nucleotide polymorphisms or SNPs) which describe allelic mutations, allowing the 
differentiation between genomes of organisms, or simply providing a deeper understanding of their 
genetic makeup (Land et al., 2015) and the possible artificial differences introduced during sample 
preparation or bioinformatics analysis. The application of WGS can provide a range of information, 
including the presence of mobile genetic elements (MGE e.g., plasmids/bacteriophages), virulence 
factors such as toxin-encoding genes, or may be used to examine DNA modifications and 
methylation profiles of foodborne pathogens.  

WGS may be carried out on a number of platforms including Illumina and Oxford Nanopore 
Technology. Illumina is the preferred platform for short reads, providing quick turnaround of high-
quality results at a relatively low cost (Mitchell et al., 2021), while Oxford Nanopore Technology 
sequencing, on devices such as MinION, are used for single molecule long read sequencing. While 
longer sequencing read lengths may help to resolve repetitive DNA repeats and detect epigenetic 
markers, this technology requires more template DNA and has higher error rates (Quail et al., 2012).  

A number of bioinformatic tools allow the analysis of the data output which may provide important 
insights in terms of outbreak surveillance, forensics, metabolic modelling and metagenome analysis 
(Land et al., 2015). These tools facilitate genome assembly and subsequent comparative analysis, 
detection of virulence and AMR genes, SNP calling for genetic comparison between bacterial 
isolates, and phylogenetic analyses. Following sequencing, steps are taken to decipher the data 
output to enable the user to draw meaningful conclusions. The general pipeline applied to 
sequencing output includes quality checks of raw reads (e.g., FastQC), adapter trimming (e.g., 
Porechop, Trimmomatic), de novo genome assembly (e.g., SPAdes), followed by quality assessment 
of the generated assemblies (e.g., Quast). The draft genome obtained with the assemblies are then 
annotated (e.g., Prokka) (Mitchell et al., 2021). Using databases available over the internet (e.g., 
ResFinder, PlasmidFinder, Virulence Finder Database), and bioinformatics tools (e.g., ABRicate, 
SeqSero, PubMLST), AMR-encoding genes, plasmids and virulence genes may be identified within 
the genome (Macori et al., 2021). This information can offer insight into the resistance phenotypes 
which may be expressed, as well as the level of virulence expected (Bogaerts et al., 2019; Wyres et 
al., 2014). In two different laboratories of the partners participating in this exercise, genomic DNA 
was extracted from fresh cultures and prepared for sequencing. The raw data generated were 
analysed for the assessment of the quality and the correct identification of molecular markers, 
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including typing genes, AMR-genes and presence of genomic features such as plasmids. To 
evaluate the correct generation of the outputs, a detailed study of SNPs detection was carried out at 
different level, including raw reads, cleaned reads and assembled genomes. 

The aim of this project was to develop and implement a shared vision of best practice within the EU 
and China in an effort to enhance food safety, deter food fraud, deliver mutual recognition of data 
and standards and support the flow of agri-food trade between the two trading blocks in a way that 
better protects the consumer. In this work, we report on the techniques for sequencing and WGS 
analysis. This involved: 

1. Selecting a set of bacterial isolates for sequencing in partner laboratories. 

2. Application of Illumina MiSeq techniques to generate bacterial genome sequences and  

3. Downstream WGS analysis using a bioinformatics pipeline. 

Note- this deliverable should be considered alongside D4.8, which provides the details of the 
associated SOPs.   

3. APPLICATION OF TECHNIQUES FOR SEQUENCING 

  

3.1. BACTERIAL CULTURE, GENOMIC DNA EXTRACTION AND 
QUANTIFICATION 

3.1.1. Culture 

Twenty-four selected bacteria, representing three genera of importance to food safety were included 
for this study.  Their details are shown in Table 1.   

 
Table 1. Details on the numbers and codes of the isolates distributed to the partner of the project. 

number 
isolate 

Strain Species  number 
isolate 

Strain Species 

 

number 
isolate 

Strain Species 

1 CFS3535 1  9 CFS4391 2 
 

17 F2151 3 

2 CFS3536 1  10 CFS4392 2 
 

18 F2152 3 

3 CFS3537 1  11 CFS4393 2 
 

19 F2153 3 

4 CFS3538 1  12 CFS4394 2 
 

20 F2154 3 

5 CFS3539 1  13 CFS4395 2 
 

21 F2155 3 

6 CFS3540 1  14 CFS4396 2 
 

22 F2160 3 

7 CFS3541 1  15 CFS4397 2 
 

23 F2161 3 

8 CFS3542 1  16 CFS4398 2 
 

24 F2166 3 

 
The isolates were cultured as described in the SOP, provided in D4.8, section 3.1.1.  

3.1.2. DNA Extraction 

Bacterial genomic DNA (gDNA) was purified from 24 selected bacteria, representing three genera 
of importance to food safety.  The details of the extraction method are provided in an SOP, described 
in D4.8, section 3.1.2.  

3.1.3. Quantification of bacterial genomic DNA 

Quantification of bacterial genomic is described in a detailed SOP in D4.8, section 3.1.3. 
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3.2  LIBRARY PREPARATION 

3.2.6 Fragmentation/End Prep 

DNA fragmentation was carried out using the NEBNext® Ultra™ II FS DNA Library Prep Kit for 
Illumina®. The details of this protocol are described in an SOP shown in D4.8, section 3.2.6. 

3.2.7 Adaptor Ligation 

Adaptor ligation and the steps involved are described in an SOP shown in D4.8, section 3.2.7. 

3.2.8 Size Selection of Adaptor-ligated DNA fragment Sizes >550 bp 

Once adaptors are attached, these are then size selected, as described in an SOP shown in D4.8, 
section 3.2.8.  

3.2.9 PCR Enrichment of Adaptor-Ligated DNA 

Prior to a clean-up step, the ligated adaptors are then subjected to PCR enrichment to add “indexes” 
to the samples being tested. This step described in an SOP shown in D4.8, section 3.2.9.  

3.2.10 Clean-up of PCR Reaction 

Clean-up of the Adaptor ligated DNA is described in an SOP shown in D4.8, section 3.2.10.  

3.2.11 Normalisation 

Finally, in order to normalise each of the samples within the library, two measurements for each 
sample are needed - fragment size and DNA concentration. Quantification of bacterial genomic DNA 
may be carried out using the Qubit™ 2.0 Fluorometer in combination with the Qubit™ dsDNA HS 
(High Sensitivity) Assay Kit, or alternatively using the Nanodrop™ 1000 Fluorospectrometer, while 
fragment size is assessed using the Agilent Tapestation This is described in an SOP shown in D4.8, 
section 3.2.11.  

3.2.12 Library Denaturation 

After the clean-up step above, and prior to loading, the library is denatured described in an SOP 
shown in D4.8, section 3.2.12.  

3.2.13 MiSeq Loading 

For loading samples onto the Illumina MiSeq platform, see the SOP shown in D4.8, section 
3.2.13.  
 

4. OUTPUT FROM WGD 

The Bioinformatics Pipeline used is detailed in full in the appendices of D4.8. However, the general 
scheme involved initial quality control (FastQC, MultiQC), followed by filtering and trimming of reads 
(fastP). Quality Control was then repeated and subsequently reads filtering and trimming were 
repeated as necessary. K-mer analysis against known genome databases was performed for 
species identification. De novo assembly using SPADES was carried out. File ordering was carried 
out to allow for collection and renaming of scaffolds. Contigs were examined and counted, and 
contigs smaller than 500 bp were removed using a script in perl language optimised at CFS. 
Following this, the quality of results were assessed using the Quality Assessment Tool for Genome 
Assemblies (QUAST). Genome Size estimation was carried out using K-mer analysis. Annotation 
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using Prokka was carried out, followed by MLST (mlst + PubMLST), Resistome analysis (ABRicate 
+ Resfinder, Argannot, CARD, NCBI), Virulome analysis (ABRicate + VFDB) and Variant 
identification (Snippy). Other Antimicrobial Resistance Gene Databases such as ARDB, BacMet, 
CARD, etc were then searched, followed by Plasmid sequence detection with Plasmid Finder and 
for Salmonella sp. isolates,  SeqSero was used for the prediction of the serotypes. Finally, the GO 
annotation was prepared. A schematic representation is shown in Figure-1. 

 
Figure 1. Schematic representation of the workflow included in this study, the upstream process includes the 
preparation of the samples, sequencing and generation of the raw data while the core process summarised 
the bioinformatics analysis and the tools used for the data output and visualization of the results. 
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5. GENOMIC COMPARISON OF 22 ISOLATES 

 
The genomes were identified using a hybrid approach, combining the results of the MLST typing 
scheme and the extraction of 16s gene sequencing. Details on the quality of the assemblies as 
determined with QUAST are presented in Figure-2. 

 

  
Figure-2. Quality assessment of the 24 isolates included in this study. The figure includes the values of the 
size of the contigs, GC contents (%) and parameters on the quality of the sequences (N75, L50 and L75). Two 
samples are not included (n.a: not appliable). 
 

Two samples were identified as Franconibacter sp., which are bacteria genetically related to 
Cronobacter sakazakii (identified in four samples). Eight samples resulted Salmonella enterica and 
eight isolates were identified as Listeria monocytogenes (Table 2). 

 
Table 2. Details on the identification of the isolates included in the study and MLST results 

 
n.d.: not determined (the typing scheme could not assign a ST) 
n.a.: not appliable, the strain was not analysed because not all the laboratories were able to sequence the 
isolate (not included in the analysis). 

 
The genes identified for the identification of the ST are presented in Figure-3 which include the 
typing scheme for salmonella and the prediction of the serotype.  
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Figure-3. Genes identified for the detection of the sequence types according to the MLST scheme and for ins-
silico the serotyping of Salmonella. Two samples are not included (n.a: not appliable). N/A* The predicted 
antigenic profile does not exist in the White-Kauffmann-Le Minor scheme; N.A. not applicable. 

 
The assembled sequences were analysed for the presence of AMR genes using different databases 
(Argannot, CARD, NCBI and ResFinder). The unique results are presented in Figure-4. 

 
Figure-4. AMR genes identified among the isolates. Different databases were used and the unique results are 
presented in the figure. The value correspond to the percentage of coverage to the reference sequences. Two 
samples are not included (n.a: not appliable). 
 

The presence of plasmids was predicted with the use of the tool PlasmidFinder and were  detected 
multiple marker genes on all the Salmonella spp. isolates, that carrying AMR-resistance genes, 
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including RepA_1_pKPC-CAV1321, IncHI2A_1 and IncHI2_1. The marker 
IncL/M(pMU407)_1_pMU407 was also identified in the isolates 12 (CFS4394 ). All the L. 
monocytogenes resulted negative for the presence of plasmids while  the ColRNAI_1 plasmid was 
detected in the assemblies of both C. sakazakii and Franconibacter spp while Col440II_1 and 
IncFIB(pCTU1)_1_pCTU1 were detected only in the four C. sakazakii isolates (Table 3). 

 
Table 3. Plasmid identified among the 22 isolates. 

 
 
In order to represent  the genomic relationship of the isolates, the samples were grouped according 
to the identified species, with genomes falling into multiple groups of only remotely related genomes 
(Figure-5): group 1, Listeria monocytogenes; group 2, Salmonella enterica; and group 3 
Franconibacter sp. And Cronobacter sakazakii. The group of Salmonella spp. was identified as 
Salmonella enterica and it was possible to assign the serotype Mbandaka according to the prediction 
of the White-Kauffmann-Le Minor scheme for seven out of eight isolates. One sample (CFS4394) 
resulted as a non-existent profile. 

  
Figure-5. Phylogenetic tree representing 20 genomes (CFS-indexed) of the three major species included in 
the study. 
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In group 3, two Franconibacter spp. were identifed and it was not possible to assign the MLST. C. 
sakazakii were identified as ST4 (Table 2). The samples included in group 3 were represented in 
the phylogram (phylogenetic tree) Figure-6. 

 

 
Figure-6. Phylogenetic tree representing the 6 genomes (CFS-indexed) included in the study and reference 
genome gnomically related. 
 

 

6. GENOMIC COMPARISON BETWEEN LABORATORIES 

The analysis was carried out in two different laboratories. Results from both laboratories 
corresponded and  all genomic markers were assigned correctly. 

In order to further-analyse the possible differences or biases resulting from technical issues, the 
analysis of the SNPs was implemented  in the 22 samples. Considering the complexity and the 
genomic differences among the three groups of bacteria, the Salmonella spp. group was chosen for 
the lower diversity of the genomes. Snippy was used for finding SNPs between the reference 
genome (NC_003197.2 - Salmonella enterica subsp. enterica serovar Typhimurium str. LT2) and 
the data of three different levels: 

• Raw reads – non-manipulated data, generated by sequencing machines (fastq format); 

• Cleaned reads – data filtered out for low quality and short reads, low quality bases,  removal 

of adapter sequences (fastq format); 

• Assembled genomes – draft genomes assembled using the cleaned reads as input. The 

data were processed with SPAdes and contigs smaller than 500 bases were filtered out 

(fasta format).  
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The software used for the SNPs detection, Snippy (Seemann, 2018), was able to find both 
substitutions (snps) and insertions/deletions (indels). Sets of Snippy results were used to generate 
core SNP alignments and ultimately phylogenomic trees. In addition, the algorithm Gubbins 
(Genealogies Unbiased By recomBinations In Nucleotide Sequences) was used for constructing a 
phylogeny based on the putative point mutations outside of regions containing elevated densities of 
base substitutions (Croucher et al., 2015) in the case of the collection of microorganisms used for 
this study. 

The three approaches provided matching results, in fact a total of  45,950 substitutions were 
found when comparing the 16 samples with the reference strain. However, the substitutions found 
among the samples amounted to 157 SNPs identified among the 8 isolates during the exercise 
between the two laboratories (Lab1 and Lab2), (Figure-7) across  the three approaches (raw reads, 
cleaned reads and assembled genomes). The patterns of SNPs are represented with different 
colours where SNPs are  matching in the two laboratories, while the SNPs coloured in red are 
identified only in one laboratory (13 cases). Interestingly, these cases were detected among the 
three different bioinformatics approaches, suggesting a possible mutation of the sub-cultured strains 
in the two laboratories. 11 cases out of the 13 were identified in the laboratory 2 which did not perform  
the laboratory analysis during  the same time frame as laboratory 1. 
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Figure-7. SNPs identified among the 8 isolates during the exercise between the two laboratories (Lab1 and 
Lab2). The patterns of SNPs are represented with different colours where SNPs are  matching in the two 
laboratories, while the SNPs coloured in red are identified only in one laboratory. Those highlighted in black  
indicate those corresponding to the original base substituted (SNP) in one laboratory only. In the figure, the 
position of the SNP (POS) and the corresponding base substituted from the reference (REF), strain 
NC_003197.2 - Salmonella enterica subsp. enterica serovar Typhimurium str. LT2, is indicated. 

 

7. CONCLUDING REMARKS 

A harmonised and effective method for the bioinformatic analyses of Whole Genome Sequencing 
data obtained from both bacteria of importance to human health and SARS-CoV-2 has been 
developed, and tested by partners in both EU and China.  

The use of SNP analysis, as part of this pipeline, allowed for a detailed comparison of these 
methods, by measuring the accuracy obtained by these laboratories at the level of single nucleotide.  
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A harmonised approach to manage the bioinformatic analysis of WGS data obtained from food safety 
relevant bacterial and viral hazards has been implemented. 

Through the use of these laboratory methods (described in D4.8) and adoption of a unified 
bioinformatic pipeline, sequencing applications can now be implemented between all parties on a 
routine basis.    

Furthermore these harmonised methods can also be used to support on-going surveillance across 
the food chain along with the potential in signalling any changes in epidemiology that may emerge.  
In this way these data can be shared, if appropriate, to support the risk assessment and risk 
management of a food safety issue or an outbreak, should this arise and threaten public health and 
food security. 
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