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Summary 

Foodborne contaminations are a global burden on public health worldwide. For many 

years, and until recently, the microbial contaminants have always been analyzed and 

characterized after isolation. Since the advent of second generation sequencing, it has been 

possible to characterize the complete genome of these isolates to the SNP level. It was proven 

that whole genome sequencing has a higher resolution than any combination of tests carried 

out so far. But the isolation is not always possible, and it is time-consuming. A new method 

based on the sequencing of all genetic material of the sample without isolation has become 

available some years ago, e.g. shotgun metagenomics. It allows to get a screenshot of every 

microbiological contaminant present in the sample at once, possibly also at the SNP level.  

At the time this study started, shotgun metagenomics for the study of food contaminants 

was in its infancy. Moreover, strain-level characterization had only been achieved in a handful 

of studies, and had not been proven possible when more than one strain of the same species 

were present. Moreover, the genome obtained from metagenomics sequences had only rarely 

been associated with human cases of an outbreak, let alone during a real outbreak. Therefore, 

this PhD centered on the development of shotgun metagenomics methods to study 

microbiological foodborne contaminants to the strain level and with achievement of a 

relatedness study (phylogeny), with a focus on the applicability of the method in order to be 

easily implemented in reference laboratories in the future.  

The method was first tested on minced beef spiked with shiga toxin-producing E.coli 

(STEC) at very low level (5 CFU/25g). After enrichment for 16 or 24 hours in buffered peptone 

water, the DNA was extracted with two classical commercial kits or with a kit performing 

depletion of the host DNA. The extracted DNA also was amplified or not using Phi29 

polymerase. We showed that all sample preparation methods allowed to obtain a full 

characterization to strain level of the spiked strain in the beef sample, carrying another non-

pathogenic strain of E.coli.  

The simplest protocol was chosen for further studies (i.e. 24 hours enrichment as stated 

in the current international standard procedure, classical commercial DNA extraction and no 

amplification). Cheese samples were spiked with two different STEC strains, and we could 

cluster separately the reads corresponding to each strain and perform relatedness 

(phylogeny), however not all genes harbored in the isolate’s genome could be retrieved when 

two strains of the same species were present.  

The same protocol was then followed to investigate a real Salmonella foodborne 

outbreak. Two food samples were investigated and the Salmonella Enteritidis strain linked to 

the outbreak could be obtained, fully characterized, and related to the food and human 

isolates from the outbreak in a phylogenetic tree containing other Belgian sporadic cases and 

another Salmonella outbreak happening in Europe at the same time. Therefore, we could 

resolve the outbreak to its food source, and show the time saved (i.e. about two weeks) with 

shotgun metagenomics compared to the conventional methods. 
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The meat previously spiked with STEC was also used to investigate the difference between 

Illumina short reads or Oxford Nanopore Technologies (ONT) long reads sequencing. We 

showed that the same level of information could be obtained after sequencing with either of 

the two technologies, although ONT offered real-time sequencing, and 12 hours were enough 

to decipher the STEC strain from the endogenous E.coli strains while an Illumina MiSeq run 

takes 48 hours. Moreover, the lower-cost Flongle flow cell showed the same results after 24 

hours of sequencing when using the host depletion DNA extraction method. 

We then investigated the issue of the detection and characterization of genetically 

modified microorganisms (GMMs) in microbial fermentation products as a case study within 

the problematic of the spread of antimicrobial resistance in the environment. These organisms 

are genetically modified to enhance the production of a compound (e.g. enzymes, vitamins), 

and therefore a selection marker is often used to detect the bacteria who have included the 

modification in their genome. Antimicrobial resistance genes are often used as one of these 

markers. The construct may also include dependency to certain growing conditions, which 

hinders culturing or obtaining an isolate, in particular when the GMM is unknown. For these 

reasons, shotgun metagenomics was considered a good alternative to detect and characterize 

the contaminant, and no enrichment was conducted on these samples, that are considered as 

non-complex matrices as most of the DNA contamination should belong to the producing 

GMM if present. We showed that we were able to detect unnatural associations including 

AMR genes after sequencing all DNA in the samples, confirming the presence of a GMM and 

characterizing it. 

Finally, we also investigated the contamination of food by viral pathogens such as 

norovirus and hepatitis A. In order to detect these RNA viruses, we extracted all RNA from the 

food (raspberry, bivalve). These samples were not enriched as it is particularly arduous to 

culture these viruses in laboratory conditions. Because the contamination level was low in a 

complex matrix, we tested several sample preparation methods that could enhance the 

detection of the virus in the sample or during the sequencing (i.e. adaptive sampling). Overall, 

we showed that shotgun metagenomics, with or without amplification, gave satisfactory 

results for moderate contamination levels (higher than 107 genome copies). Moreover, 

depending on the RNA extraction method, it might be used even for lower contamination 

levels (103 genome copies). Finally, a targeting of the norovirus by hybridization capture 

enhanced the relative quantity of reads classified as norovirus but at the expense of using a 

less open approach that can only characterize one viral species in the sample. 

Overall, this thesis advanced the scientific knowledge about shotgun metagenomics for 

the study of food contaminants by attaining for the first time strain level resolution in samples 

with more than one strain of the same species, with both long and short reads sequencing 

technologies. Moreover, it offered proof of concepts of the feasibility of such a method, as 

asked by EFSA in a recent scientific opinion. This work also gave a precedent in outbreak 

resolution to the food source using metagenomics to the strain level, and detecting GMMs in 

microbial fermentation products. And finally, it presented clearly to the scientific community 

which sample preparation methods can or cannot allow to detect viral pathogens at low 
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contamination levels in food samples without enrichment. All protocols that have been 

proposed have been chosen to be as close as possible to the ones currently used in the 

reference laboratories so they can be adapted to be used in routine in the future. Ultimately, 

a validation of the method is still necessary in order to obtain a precise limit of detection based 

on the analysis of a large dataset of samples. Moreover, other technologies can still be 

investigated to improve the results in particular when skipping the culture enrichment of the 

food and other applications for public health can be explored as well such as the analysis of 

the human microbiomes or the emergence of new contaminants. 
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Samenvatting 

Voedselinfecties vormen een wereldwijde last voor de volksgezondheid. Jarenlang, en tot 

voor kort, werden de microbiële contaminanten altijd geanalyseerd en gekarakteriseerd na 

isolatie. Sinds de komst van de tweede generatie sequencing is het mogelijk het volledige 

genoom van deze isolaten te karakteriseren tot op SNP-niveau. Gebleken is dat sequencing 

van het volledige genoom een hogere resolutie heeft dan elke combinatie van tot nu toe 

uitgevoerde tests. Maar de isolatie is niet altijd mogelijk, en het is tijdrovend. Een nieuwe 

methode, gebaseerd op de sequencing van al het genetisch materiaal van het staal zonder 

isolatie, werd enkele jaren geleden beschikbaar, i.e. shotgun metagenomics. Hiermee kan in 

één keer een beeld worden verkregen van elke microbiële contaminant in het staal, eventueel 

ook op SNP-niveau.  

Toen deze studie begon, stond shotgun metagenomics voor de studie van 

voedselcontaminaties nog in de kinderschoenen. Bovendien was karakterisering op 

stamniveau nog maar in een handvol studies bereikt, en was het nog niet mogelijk gebleken 

wanneer meer dan één stam van dezelfde soort aanwezig was. Bovendien was het uit 

metagenomics-sequenties verkregen genoom slechts zelden in verband gebracht met 

menselijke gevallen van een uitbraak, laat staan tijdens een echte uitbraak. Daarom richtte dit 

doctoraat zich op de ontwikkeling van shotgun metagenomics methoden om microbiologische 

voedselcontaminanten te bestuderen tot op stamniveau en met hierbij het kunnen uitvoeren 

van een verwantschapsstudie (fylogenie), met een focus op de toepasbaarheid van de 

methode om in de toekomst gemakkelijk in referentielaboratoria te kunnen worden 

geïmplementeerd.  

De methode werd eerst getest op rundvlees gehakt waarin shiga toxine-producerende 

E.coli (STEC) op een zeer laag niveau (5 CFU/25g) artificieel was geïntroduceerd (‘spike’). Na 

aanrijking gedurende 16 of 24 uur in gebufferd pepton water werd het DNA geëxtraheerd met 

twee klassieke commerciële kits of met een kit die het DNA van de gastheer verwijdert. Het 

geëxtraheerde DNA werd ook al dan niet geamplificeerd met Phi29-polymerase. Wij toonden 

aan dat alle staalvoorbereidingsmethoden een volledige karakterisering tot op stamniveau 

mogelijk maakten van de gespikete stam in het rundvleesstaal, dat een andere niet-pathogene 

stam van E.coli bevatte.  

Voor verdere studies werd het eenvoudigste protocol geselecteerd (d.w.z. 24 uur 

aanrijking zoals vermeld in de huidige internationale standaardprocedure, klassieke 

commerciële DNA-extractie en geen amplificatie). Aan kaasstalen werden twee verschillende 

STEC-stammen artificeel toegevoegd. We konden de reads van elke stam afzonderlijk 

clusteren en verwantschap vaststellen (fylogenie), maar niet alle genen in het genoom van het 

isolaat konden worden gevonden wanneer twee stammen van dezelfde soort aanwezig 

waren.  

Hetzelfde protocol werd vervolgens gevolgd om een echte uitbraak van Salmonella in 

levensmiddelen te onderzoeken. Twee voedselstalen werden onderzocht en de Salmonella 
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Enteritidis-stam gerelateerd met de uitbraak kon verkregen en volledig gekarakteriseerd 

worden. Deze kon bovendien gerelateerd worden aan de voedsel- en humane isolaten van die 

uitbraak in een fylogenetische boom met daarin andere Belgische sporadische gevallen en een 

andere Salmonella-uitbraak die op hetzelfde moment in Europa plaatsvond. Hiermee konden 

we de uitbraak terugbrengen tot de voedselbron, en de tijdwinst aantonen (ongeveer twee 

weken) met shotgun metagenomics in vergelijking met de conventionele methoden. 

Het eerder met STEC gespikete vlees werd ook gebruikt om het verschil te onderzoeken 

tussen Illumina short reads of Oxford Nanopore Technologies (ONT) long reads sequencing. 

Wij toonden aan dat hetzelfde niveau van informatie kon worden verkregen na sequencing 

met beide technologieën, hoewel ONT real-time sequencing aanbood, en 12 uur voldoende 

was om de STEC-stam te onderscheiden van de endogene E.coli-stammen, terwijl een Illumina 

MiSeq run 48 uur duurt. Bovendien toonde de goedkopere Flongle flowcel dezelfde resultaten 

na 24 uur sequencing bij gebruik van de gastheer-depletie-DNA-extractiemethode. 

Vervolgens onderzochten wij de kwestie van de opsporing en karakterisering van 

genetisch gemodificeerde micro-organismen (GGM's) in microbiële fermentatieproducten als 

een casestudy binnen de problematiek van de verspreiding van antimicrobiële resistentie in 

het milieu. Deze organismen zijn genetisch gemodificeerd om de productie van een substantie 

(bijv. enzymen, vitaminen) te verhogen. Hiervoor wordt vaak een selectiemerker gebruikt om 

de bacteriën op te sporen die de modificatie in hun genoom hebben opgenomen. 

Antimicrobiële resistentiegenen worden vaak als een van deze markers gebruikt. Het 

construct kan ook afhankelijkheid van bepaalde groeiomstandigheden inhouden, wat het 

kweken of verkrijgen van een isolaat bemoeilijkt, met name wanneer het GGM onbekend is. 

Om deze redenen werd shotgun metagenomics als een goed alternatief beschouwd om de 

contaminant op te sporen en te karakteriseren. Er werd geen aanrijking uitgevoerd op deze 

stalen, die als niet-complexe matrices worden beschouwd, aangezien het grootste deel van 

de DNA-verontreiniging, indien aanwezig, tot het producerende GGM zou moeten behoren. 

Wij toonden aan dat wij onnatuurlijke associaties inclusief AMR genen konden opsporen na 

sequentiebepaling van al het DNA in de stalen, waardoor de aanwezigheid van een GGM werd 

bevestigd en gekarakteriseerd. 

Ten slotte onderzochten we ook de besmetting van voedsel met virale pathogenen zoals 

het norovirus en hepatitis A. Om deze RNA-virussen op te sporen, extraheerden we al het RNA 

uit het voedsel (framboos, weekdieren). Deze stalen werden niet aangerijkt omdat het 

bijzonder moeilijk is om deze virussen in laboratoriumomstandigheden te kweken. Omdat het 

besmettingsniveau laag was in een complexe matrix, testten wij verschillende 

staalvoorbereidingsmethoden die de detectie van het virus in het staal of tijdens het 

sequencen (adaptive sampling) konden verbeteren. In het algemeen toonden wij aan dat 

shotgun metagenomics, met of zonder amplificatie, bevredigende resultaten gaf bij matige 

besmettingsniveaus (hoger dan 107 genoomkopieën). Bovendien kan het, afhankelijk van de 

RNA-extractiemethode, zelfs voor lagere besmettingsniveaus (103 genoomkopieën) worden 

gebruikt. Ten slotte verbeterde een gerichtheid op het norovirus door hybridisatie ‘capture’ 

de relatieve hoeveelheid sequencing reads die als norovirus werden geclassificeerd, maar dit 



  Samenvatting 

 

vii 
 

ten koste van een open benadering, aangezien slechts één virale soort in het staal kan 

gekarakteriseerd worden met deze ‘capture’. 

In het algemeen heeft dit proefschrift de wetenschappelijke kennis over shotgun 

metagenomics voor de studie van voedselcontaminanten bevorderd door voor het eerst een 

resolutie op stamniveau te bereiken in stalen met meer dan één stam van dezelfde soort, met 

zowel long-reads als met short-read sequencing technologieën. Bovendien leverde het een 

bewijs van de haalbaarheid van een dergelijke methode, zoals gevraagd door de EFSA in een 

recent wetenschappelijk advies. Dit werk gaf ook een precedent in het oplossen van uitbraken 

tot de voedselbron met behulp van metagenomics tot op stamniveau, en het opsporen van 

GGM's in microbiële fermentatie producten. En ten slotte heeft het de wetenschappelijke 

gemeenschap duidelijk gemaakt met welke staalvoorbereidingsmethoden virale pathogenen 

bij lage besmettingsniveaus in voedselstalen zonder aanrijking al dan niet kunnen worden 

opgespoord. Alle voorgestelde protocols werden zodanig gekozen dat ze zo gelijkaardig 

mogelijk zijn aan de huidige in referentielaboratoria geïmplementeerde protocols. Hierdoor 

kunnen ze in de toekomst aangepast worden om in de routine gebruikt te worden. Uiteindelijk 

is nog een validatie van de methode nodig om een precieze detectielimiet te verkrijgen op 

basis van de analyse van een grote dataset van stalen. Bovendien kunnen andere 

technologieën nog worden onderzocht om de resultaten te verbeteren, met name wanneer 

de cultuur-gebaseerde aanrijking van het voedsel wordt overgeslagen, en kunnen ook andere 

toepassingen voor de volksgezondheid worden onderzocht, zoals de analyse van het 

menselijke microbioom of de opkomst van nieuwe contaminanten. 
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1.1. General context 

1.1.1. The global burden of foodborne contaminants  

Globally, every one person out of ten will get sick after eating contaminated food each 

year. Indeed, the World Health Organization (WHO) estimated that foodborne hazards cause 

approximately 600 million illnesses and 420,000 deaths per year worldwide (WHO, 2015; Lee 

and Yoon, 2021). Foodborne contaminations are a worldwide burden, not only for the health 

risk they represent, but also because of the economic impact caused by productivity loss. 

WHO created a parameter to estimate this overall burden, the Disability Adjusted Life Years 

(DALYs). This measure takes into account the years of life lost and the number of years to live 

with a disability, in this case due to the infection. The 31 foodborne hazards, including 

bacterial and viral foodborne pathogens, taken into account in their study summed up as 33 

million DALYs, just for the year 2010. Salmonella and toxigenic E. coli were amongst the 

bacterial contaminants causing the highest burden while norovirus was the virus that caused 

the most illnesses. Interestingly, the same study was conducted in the USA in 2011, and 

concluded that 1 person out of 6 would get a foodborne infection each year (Scallan et al., 

2011). The risk posed by foodborne hazards is therefore not restrained to people living in low-

income regions.  

Bacterial infections can theoretically be treated with antibiotics. However, overuse in 

humans, and preventive use in animals and the food-producing environment, combined with 

the large scale production of antibiotics leading to manufacturing waste and residues in the 

environment at sub-lethal dose, generated an increase in antimicrobial resistance (AMR), 

including in bacteria that can be found in food (EFSA-ECDC, 2022). The global issue of AMR 

represents a high impact that also can be calculated in DALYs: in 2019, it was estimated that 

bacterial AMR can be associated with 4.95 million deaths and almost 200 million DALYs yearly 

worldwide (Cassini et al., 2019; Murray et al., 2022). The potential for a bacterium to acquire 

resistance is greater when an antibiotic is present at low dose or sub-lethal concentration 

(Ching et al., 2020). The transfer of the antimicrobial resistance gene (ARG) can be vertical (i.e. 

from parent to offspring) or horizontal (i.e. transfer between different bacteria via 

conjugation, transformation, transduction or membrane vesicles). Notably, the horizontal 

transfer can occur even between distantly related species as it has been shown for plasmids, 

a circular DNA molecule found in microorganisms (Klümper et al., 2015). As a consequence, 

some multi-drug resistant strains have emerged, including in pathogens, and adversely 

influence the morbidity and mortality rate of patients undergoing some medical procedures 

(Prestinaci et al., 2015). Therefore, antimicrobial resistance is now recognized as a major 

global threat (Prestinaci et al., 2015; EFSA, 2021b).
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Figure 1.1: Potential foodborne contamination routes at a local (One Health) and at a global level. Figure adapted from Hernando-Amado et al. and WHO 

(WHO, 2015; Hernando-Amado et al., 2019)
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1.1.2. The One Health approach in foodborne contamination control and 

surveillance 

The food contaminants, including microorganisms containing ARGs, travel via different 

routes (Figure 1.1) before reaching the human population through consumption of food. This 

can be by consumption of a direct product of an animal (dairy, eggs, meat), but also by direc 

contact with an infected animal, for example at a petting farm. However, the animal product 

might first be processed at a manufacturing site. The contaminant can persist in a processing 

site and spread through food products transformed there. The human infections associated 

with an animal reservoir (often asymptomatic) are called zoonotic (EFSA, 2021c). People can 

also be infected through the environment (water, soil…) that can be contaminated by an 

animal carrying the pathogen (faeces…). This includes drinking contaminated water but also 

the bioaccumulation for example in shellfish (Nagarajan et al., 2022) or the contamination of 

fresh products such as leafy greens by irrigation water or water used for spraying insecticides 

(Okoh et al., 2010; Bottichio et al., 2020). Finally, infection can also occur by contact with a 

person that was previously infected (human-to-human transmission). This comprises also the 

contamination of food by contaminated food handlers (Bidawid et al., 2000; Somura et al., 

2019). Some foodborne contaminants are preferably spread through one of these 

contamination routes, and they are not all zoonotic.  

It is clear that there are several transmission routes possible, involving human, animal and 

environmental reservoirs. The One Health approach is a relatively new interdisciplinary 

concept based on the interdependence of human health, animal health and the environment, 

including the study of the food, through these transmission routes (EFSA, 2021c). Global 

Health (Hernando-Amado et al., 2019; Sinclair, 2019) is the connection of all One Health 

aspects at a worldwide level, influenced by travel, animal migration or trade for example 

(Figure 1.1). 

Therefore, foodborne contamination control requires a One Health approach. Indeed, as 

shown with the transmission routes (Figure 1.1), foodborne pathogens can infect humans 

through animals, food products, the environment or contact with another infected person. 

Microorganisms containing ARGs also travel through the same routes. Several instances are 

in charge of the surveillance of these reservoirs. In Europe, the national reference centers 

(NCR) for the human samples, and the national reference laboratories (NRL) for the food and 

environmental samples, are the intersection between the local, regional and federal 

laboratories and authorities (Figure 1.2). They receive information and samples at a local and 

regional level from the medical sector, the clinical laboratories, the regional health authorities 

and the Regional Association for Animal Health and Identification (ARSIA/DGZ) and at a 

national level from the Federal Agency for the Safety of the Food Chain (in Belgium, 

AFSCA/FAVV), They also communicate at an international level to the European reference 

laboratories (EU-RL), the European Food Safety Authority (EFSA), the European Centre for 

Disease prevention and Control (ECDC) and the World Health organization (WHO).  
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Figure 1.2: Overview of the information exchange during foodborne outbreak investigations in Belgium and in Europe. Green: food surveillance. Orange: 

human surveillance. Arrow: data/sample exchange. Dotted arrow: voluntary data/sample sharing. Figure inspired by De Rauw, Gand, Sciensano and Uelze et 

al. (De Rauw et al., 2019a; Gand et al., 2020; Sciensano, 2020; Uelze et al., 2021). Figure made with Biorender.com 
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Figure 1.3: Overview of a foodborne outbreak from farm to fork (example from an egg farm). Green: contamination route. Brown: sampling and analysis 

of the human samples. Blue: Sampling and analysis of the food/environmental samples. Black: exchange of information on the investigation on human and 

food samples to establish relatedness
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This communication is particularly active in case of an outbreak. A foodborne outbreak is 

declared when the same pathogen is detected in several people in a short time period (Figure 

1.3). The information is centralized at the NRC and an epidemiological survey is conducted 

(through a food consumption questionnaire) to determine the food that might have caused 

this contamination. The suspect food is then sampled (Figure 1.3), along with possible 

investigation at the production site or at the farm (coordinated by FAVV/AFSCA in Belgium, 

Figure 1.2). Both human and food samples are tested to find the pathogen that caused the 

outbreak and characterize it. This information is gathered at the NRL for the food samples and 

the NRC for the human samples (Figure 1.2, 1.3). The NRC and NRL finally compare their 

reports. Based on the characterization data of the pathogens detected in the food and human 

samples, they can establish if there is a relatedness between the strains. This means that they 

can determine if the contaminant that caused the outbreak in the humans is the same as the 

one found in the food or environment (Figure 1.3). This is called the resolution of the food 

source of an outbreak, or trace back study, and it can lead back to the restaurant or shop 

where the food was purchased, food production site where the food was transformed or even 

the farm where it was produced (Figure 1.3). In some cases, foodborne outbreaks can spread 

across multiple countries, potentially also leading to more infections (ECDC, 2016; Hill et al., 

2017). NRC and NRLs have communication channels within Europe to exchange at an 

international level (Figure 1.2). Many tests are available to detect and characterize pathogens 

within the food and human samples, but these need to obtain a sufficient level of information 

in order to present a strong evidence that the strains are related. EFSA defined this strong 

microbiological evidence : “Strong microbiological evidence includes the identification of an 

indistinguishable causative agent in a human case and in a food, a food component, or its 

environment, which is unlikely to have been contaminated coincidentally or after the event, 

or the identification of a causative agent, such as a toxin or bio-active amine, in the food 

vehicle, in combination with clinical symptoms and an onset of illness in outbreak cases 

strongly indicative/pathognomonic to the causative agent” (EFSA, 2014a) When this level of 

confidence is not attained, it is described as a weak-evidence outbreak resolution. When the 

contaminant cannot be characterized at all, it is described as an unknown agent. 

1.2. Diverse spectrum of foodborne contaminants 

1.2.1. Foodborne disease agents 

The estimations on the burden of foodborne diseases presented above were calculated 

based on different foodborne hazards: biological agents such as viruses, bacteria, protozoa, 

helminths or chemical agents (Scallan et al., 2011; WHO, 2015). In this thesis, we will focus on 

microbiological contaminants. In particular, we will work on bacterial and viral agents. 

In the 2015 WHO report on the burden of foodborne diseases (Figure 1.4.A), norovirus 

represented the highest count of illnesses per year worldwide (over 124 millions) while 

Salmonella Typhi and non-typhoidal Salmonella enterica caused the highest counts of deaths 

(over 50 thousand per year each) and highest DALYs. Campylobacter spp. and pathogenic or 



Chapter 1: Introduction  

 

8  
 

toxigenic Escherichia coli complete the top 5 (Figure 1.4.A). In Europe, Salmonella and 

norovirus are the most frequent sources of foodborne outbreaks (Figure 1.4.B) while 

Campylobacterioses, salmonelloses and shiga toxin-producing E.coli (STEC) infections are the 

most notified confirmed human zoonoses, as reported by EFSA in non-COVID circumstances 

(EFSA, 2021c). These results were obtained from the reporting of the NRL of each pathogen 

from the different countries of EU. Notably, strong-evidence outbreak resolutions are scarce 

compared to the weak-evidence outbreak resolution, and outbreaks caused by an unknown 

agent are placed in the top 3 of causes of foodborne outbreaks (Figure 1.4.B). 

In this work, several case studies of foodborne pathogens have been investigated to 

deliver proofs of concept, based on high importance disease agents, i.e. Salmonella enterica, 

norovirus and Shiga toxin-producing Escherichia coli (STEC). 

1.2.1.1. Salmonella enterica 

The primary microbial agent causing foodborne outbreaks in Europe and worldwide is 

Salmonella (Figure 1.4.A and B). However, the associated disease (salmonellosis) has a low 

fatality rate of 0.19% (EFSA, 2021d). Two distinct species are part of the Salmonella genus: 

Salmonella enterica and Salmonella bongori, both pathogenic for humans. While S. bongori is 

rare and associated with cold-blooded animals (Fookes et al., 2011), S. enterica is a more 

common source of food infections and is divided in subspecies: arizonae, diarizonae, 

houtenae, salamae, indica, and enterica (Le Minor, 1988). S. enterica subsp. enterica is the 

most prevalent subspecies reported in Europe, further subdivided in more than 2700 serovars, 

with the serovar Enteritidis representing approximatively 50% of all Salmonella infections 

(EFSA, 2021d). Salmonella Enteritidis are the cause of zoonotic gastrointestinal diseases. The 

infectious dose is relatively high with approximatively 106 bacteria necessary to cause illness 

(Forsythe, 2000). The Salmonella genome, approximatively 5 million base pairs long, is also 

often harbouring antimicrobial resistance genes which can influence the response to the 

treatment of the patients and be transmissible into the environment (Thung et al., 2018). 

Although Salmonella can contaminate a variety of food matrices (e.g. fruit and vegetables, fish 

and fishery products, milk, meat…. (EFSA, 2021d)), the main source attribution of 

salmonellosis are eggs (Pijnacker et al., 2019). Salmonella are relatively easy to culture and 

can grow in a large range of temperatures and acidity (7-8 to 40°C approximatively and pH 4.5 

to 9 (Uyttendaele, 2020)).  

1.2.1.2. Foodborne viruses (norovirus and hepatitis A virus) 

The second most common cause of foodborne outbreaks in Europe in non-covid 

conditions is norovirus (Figure 1.4.B, EFSA, 2021b) and it was reported to represent the 

highest burden of foodborne contaminations worldwide (WHO, 2015). It causes non-severe 

gastroenteritis and rarely leads to death (EFSA, 2021d). It is a positive-sense RNA virus with a 

genome of 7 kb. It has been divided in several genogroups, of which 3 are infecting humans 

(GI, GII and GIV). It is not a zoonosis and the infection is linked to the fecal-oral route. It is 
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often linked to human-to-human contaminations, but has also been reported in 

bioaccumulating shellfish such as oysters (Strubbia et al., 2020), and it has been involved in  

 

 

 

 

 

 
Figure 1.4: A: DALYs for each foodborne pathogen ranked from lowest to highest with 95% 

uncertainty intervals, 2010 (WHO, 2015). B: Distribution of outbreaks per causative agent in EU, 

2019 (EFSA, 2021c) 
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outbreaks linked to the consumption of frozen berries that are handpicked (De Keuckelaere 

et al., 2015; Bartsch et al., 2018). The infectious dose is particularly low, with less than 100 

viral particles potentially posing a risk (Yang et al., 2017) and it is very complex to culture 

viruses in laboratory conditions as it would require human cells (Jones et al., 2015).  

Hepatitis A virus (HAV) is also a viral foodborne pathogen, but it is less common than 

norovirus and has a lower burden (WHO, 2015; EFSA, 2021c). It is a positive-strand RNA virus 

as well, with a genome of about 7 kb, and associated with contaminations through the fecal-

oral route (Jeong and Lee, 2010). It has also been involved in large outbreaks linked to the 

consumption of shellfish (Halliday et al., 1991). Infection is asymptomatic in a large portion of 

the cases, especially in young children, but may lead to acute viral hepatitis. A vaccine is 

available since 1991 (Patravale et al., 2012), but is not mandatory.  

1.2.1.3. Shiga toxin-producing Escherichia coli (STEC) 

Escherichia coli are Gram-negative bacteria from the Enterobacteriaceae family, with a 

genome of about 5 million bases, that can be found along the gastrointestinal tract of humans 

and other animals. Most of them are commensal, but some can present pathogenic traits 

(Baker et al., 2016). It is the case for STEC, that acquired genes encoding the Shiga toxins (stx1 

and/or stx2) through integration of a phage (the stx phage). STEC is the fourth most frequent 

bacterial pathogen reported in Europe (EFSA, 2021d), and can lead to large outbreaks (Werber 

et al., 2012; Braeye et al., 2014) after consumption of only 10 to 100 bacteria (Feng et al., 

2011). Eating undercooked meat or dairy products contaminated by the asymptomatic cattle 

carrying the pathogen, but also of other food products such as salads and sprouts sometimes 

contaminated through the water, can lead to diarrhea. But the infection can in some cases 

also end up in more serious conditions such as the hemolytic uremic syndrome (HUS). The 

presence of some genes other than the toxin encoding genes (e.g. ehxA, eae, aaiC, aggR) have 

shown a correlation to the seriousness of the disease (De Rauw et al., 2019b). STEC are divided 

in serogroups based on the antigen determination of an O and H type. The O157:H7 is the 

most common STEC associated with human infections (Butcher et al., 2016; Jajarmi et al., 

2017), and the top 5 which represents most of the surveillance in Europe includes O157, O26, 

O103, O111 and O145 (EFSA, 2021d). STEC are able to grow and survive in a large panel of 

environmental conditions, however some strains and serotypes require more specific 

conditions to be cultured (Verhaegen et al., 2015). 

1.2.2. Genetically modified microorganisms, a potential food contaminant 

harbouring ARGs 

Food (or feed) products could not only be contaminated by pathogens but may also 

still contain for example microorganisms that were used for their production. This is the case 

for microbial fermentation products such as some food supplements like enzymes and 

vitamins. In that case, sometimes genetic modifications are introduced in the producing 

microorganism (in the genome or via introduction of a plasmid) in order to optimize the  
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Figure 1.5: Schematic representation of the example of the construction of a genetically modified microorganism (GMM) based on a recombinant plasmid 

with a gene of interest and selection marker, incorporated as a plasmid in the producing bacterium or incorporated in the genome of the producing 

bacterium. Figure made with Biorender.com
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manufacturing of the desired product (Deckers et al., 2020a). This is what we call a genetically 

modified microorganism (GMM, Figure 1.5). In order to detect the microorganism that 

assimilated the genetic modification during the modification process, selection markers are 

sometimes used. These selection markers are often the resistance to an antimicrobial agent. 

Therefore, all microorganisms that can grow on a media containing this antimicrobial have 

incorporated the genetic modification and will produce the desired enzyme. Moreover, some 

dependence to specific products in the culture environmnent can be introduced as well, 

leading to an auxotrophy. The introduction of genes from another bacterium in the genome 

of the modified microorganism induces the presence of unnatural associations (Figure 1.5). 

These unnatural associations can be found in the genome or on a plasmid introduced in the 

bacterium. Although according to EU regulations EC1331/2008, EC1332/2008 and 

EC1333/2008 (European Parliament and the Concil of the European Union, 2008; European 

Parliament and the Council of the European Union, 2008a, 2008b) the producing organism has 

to be removed from the final product, there have been reports of the accidental 

contamination of the food or feed product by the genetically modified microorganisms or its 

DNA (Barbau-Piednoir et al., 2016; Fraiture et al., 2020a)). These contaminants do not directly 

threaten the health of the consumers, but might represent a public health risk through the 

potential transfer of the acquired antimicrobial resistance to other species (WHO, 2018). 

Therefore, National Reference Laboratories are responsible for the screening of food and feed 

products for the potential presence of GMMs. 

1.3. Evolution of methods for the detection, identification and 

characterization (typing) of microbiological contaminants in 

food samples 

Several methods have been developed over the years to detect, identify and characterize 

the microbial contaminants in food samples. The various phenotypic tests and genotypic tests, 

which include PCR-based methods and sequence-based methods will be explained in this 

section. 

1.3.1. The germ theory 

Foodborne contaminants have had a close relationship with humanity since prehistory. 

Some have been found in Egyptian mummies (Hibbs et al., 2011) or microbiota of fossilized 

feces (Appelt et al., 2014) and it is even theorized that Alexander the Great died from water 

or food-borne contamination (Oldach et al., 1998). However, it was not before the 19th century 

that the link was made between the microorganism and the disease. In 1854, Dr. John Snow 

demonstrated that contaminated water was the source of the cholera epidemic (Snow, 1856). 

By the end of the 19th century, Dr. Louis Pasteur and other researchers confirmed the germ 

theory (Pasteur et al., 1879). They associated bacteria to diseases, and scientists started to try 

to find the source of a contamination at a microbiological level. This led to the discovery of 

many pathogens in the following decades, and the implementation of methods preventing the 

spreading of the diseases such as hygiene and pasteurization. 
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1.3.2. Phenotypic tests 

The confirmation of the germ theory allowed to study microbiological foodborne 

contaminants, including those related to outbreaks, at the microbial level, by discovering the 

causative agent in the human samples and in the contaminating source. Another achievement 

from Dr. Louis Pasteur was the development of the first artificial liquid medium, allowing to 

culture microorganisms in a reproducible way. This medium was further optimized, leading to 

the development of a plethora of liquid or solid selective or non-selective media now available 

(Bonnet et al., 2020). These media enabled scientists to observe and count the 

microorganisms present in a sample, or a subset of them sharing some growing 

characteristics. These culture media allowed to discriminate an isolate, and therefore to 

identify or further characterize it. This was first done by observation of phenotypical traits. 

For example (non-exhaustive list), morphology examination under the microscope, Gram 

staining classifying bacteria based on their cell wall composition, biochemical tests such as the 

catalase test or later the analytical profile index (API), a miniaturized set of tests for which the 

compiled result can be compared to references, allowing to quickly identify relevant 

bacteria.The antibody typing, discriminating between different antigens present on the 

proteins at the surface of the microorganisms, led to the determination of the serotypes 

(Towner and Cockayne, 1993). The antibiotic susceptibility test (Dubourg et al., 2018; Pradhan 

and Tamang, 2019) is based on culturing in the presence of an antibiotic to determine from 

which concentration of the product the organism can grow in solid or liquid medium. Bacterial 

identification can also be conducted using gas chromatography analysis of the fatty acid 

methyl esters that have been extracted from whole cultured cells (GC-FAME, Tang and Row, 

2013; Santos et al., 2018). The distribution of fatty acid methyl esters is dependent from one 

organism to another. However, these tests are often slow (Table 1.1), analyze only one 

bacterium at a time, and the microorganism do not always grow on the culture media (in 

particular viruses, but also some difficult to culture microorganisms such as GMMs). 

Moreover, several tests are necessary to identify and characterize the microorganism and the 

interpretation of the results can be subjective (Table 1.1). 

Another phenotypic test which has been implemented as a high-throughput method to 

obtain a rapid identification of the isolated pathogen is based on matrix-assisted laser 

desorption/ionization-time-of-flight mass spectrometry (MALDI-TOF MS). This test allows the 

detection of the pathogen at a low price, and to analyze many samples at once in a short time-

frame. Although this method improved the accuracy of the bacterial identification, the 

characterization of the strain is not possible, and the method is only comparable for species 

for which a validated database has been built (De Bruyne et al., 2011; Veloo et al., 2018).
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Table 1.1: Perceived characteristics of conventional and newer methods for the characterization of 

microorganisms. *Other phenotypic tests described in this introduction e.g. API tests, maldi-TOF MS, 

GC FAME. The symbols describe ‘overall perceived as a negative/positive/neutral intrinsic 

characteristic/(dis)advantage for the user’, and more into detail: +: positive characteristic; + +: very 

positive characteristic; +/-: average/neutral characteristic; -: negative characteristic; - -: very 

negative characteristic. Adapted from Jasson et al. (Jasson et al., 2010) 
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1.3.3. Genotypic tests 

1.3.3.1. Polymerase chain reaction 

As exposed in the above section, the interpretation of the results of most of the 

phenotypic tests is subjective (Tang et al., 1998). Moreover, the accumulation of various tests 

to obtain a characterization of the isolate is fastidious (Table 1.1). A scientific breakthrough 

led to the development of fast and cost-effective genotypic tests (Kornberg et al., 1956; Kleppe 

et al., 1971), based on the characterization at the DNA level. With the polymerase chain 

reaction (PCR), the gene responsible for a specific phenotypic trait is detected after several 

cycles of amplifications. In addition, a real-time and quantitative monitoring of the DNA 

amplification, the real-time PCR (qPCR), was later developed based on the use of fluorescent 

dyes. These methods not only allowed to detect (and quantify) the DNA targets such as the 

strain type or virulence and antimicrobial resistance genes in isolates, but also directly in the 

matrices. Moreover, they offered a sensitive detection method (Table 1.1) in the case of 

viruses for which no culture was possible (Kralik and Ricchi, 2017). These methods became the 

gold standard in genetic testing for food microbiology and are still present in the protocols 

and international standards followed by the reference laboratories nowadays (ISO: 

International Organization for standardization, 2012, 2017). 

1.3.3.2. Sequence-based methods 

1.3.3.2.1. First generation sequencing 

Although PCR methods allowed to unravel the presence of one or several genes within a 

genome, there was a need to develop methods to sequence the whole genome or whole 

genes in order to obtain the information at nucleotide level. The first generation of sequencing 

technologies (Figure 1.6) was made accessible when Frederick Sanger and colleagues 

developed the dideoxy chain-termination method (or Sanger sequencing), in 1977 (over 

twenty years after the discovery of the double helix structure by Watson & Crick). This 

technique was based on the use of technical analogues to the deoxyribonucleotides (dNTPs) 

lacking the 3’ hydroxyl group (dideoxyribonucelotides, ddNTPs), therefore preventing the 

formation of the 5’ phosphate bond to the next dNTP. Four parallel reactions of DNA extension 

were conducted with addition of one radiolabeled ddNTP in each of them (Sanger et al., 1977). 

The method was further improved by replacing radiolabeling by fluorescence detection, and 

using capillary based electrophoresis, to make the process automated and much faster. This 

allowed to produce the first sequencing machines.  

Although this method has been exploited to sequence complete genomes (P Deloukas et 

al., 2001; Bentley et al., 2002), Sanger sequencing is reading one strand at a time and is mostly 

used to sequence smaller portions of genomes (hundreds base pairs, Figure 1.6). Therefore, it 

is often associated with PCR to sequence specific portions of a genome. It is used for 

determining the sequence of 16S rRNA gene which is commonly used for the identification of 
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Figure 1.6: Different generations of sequencing technologies. *: accuracy depends on the reagents, flow cell and basecalling tool (Wang et al., 2021). 

Figure made with Biorender.com
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an organism in combination with reference databases (Loong et al., 2016) and has allowed a 

phylogenetic analysis revealing the repartition in three lines of descent, the eukaryotes, the 

bacteria and the archaea (Woese and Fox, 1977). It is also used e.g. for the typing of norovirus 

or in the context of GMMs to unravel unnatural associations in a genome, in combination with 

several PCR assays, in order to sequence the genomic regions flanking a known DNA sequence 

(i.e. based on DNA walking, Fraiture et al., 2015) 

 

1.3.3.2.2. Second and third generation sequencing – high throughput sequencing 

In the early 2000s, several new technologies such as 454 (later Roche), Sodexa (later 

Illumina) or Ion Torrent, each based on specific methodologies, were commercialized after 

two decades of research (Shendure et al., 2017). These new technologies, called the second 

generation (Figure 1.6) or next generation, supported massively parallel sequencing. They 

allowed to generate high amounts of sequences considerably faster than the process designed 

by Sanger (Mestan et al., 2011) as it would not sequence only one sequence at a time but 

many. High throughput sequencing allowed the characterization of the whole genome in one 

single test, providing a higher resolution in the characterization of microbes. This high 

throughput as well as the competition between the different instruments on the market lead 

to a rapid drop off in sequencing price per genome (or per bases), which is not yet over 

(Wetterstrand KA). Although various technologies have been developed based on different 

chemistries, Illumina sequencing has reached a near monopoly in the field (Heather and Chain, 

2016). It is based on a sequencing by synthesis method after fragmentation. It relies on bridge 

amplification and reading of each nucleotide one by one using fluorophores (Figure 1.7). It 

allows to produce large datasets of paired short reads (100 to 300 bp depending on the 

chemistry) in runs of 48 to 72 hours with an accuracy averaging 99.9% (Sekse et al., 2017; 

Shendure et al., 2017, Figure 1.6).  

In the next decade, a third generation of sequencing instruments emerged (Escobar-

Zepeda et al., 2015). These methods are still considered under the umbrella of the “next 

generation sequencing” (Figure 1.6) but differ from their predecessors due to their ability to 

sequence single molecules, therefore generating longer reads. They also allow a sequencing 

and data analysis in real time (Eid et al., 2009). One of these approaches was developed by 

Pacific Biosciences (PacBio) and allowed since 2011 to observe via fluorescence the 

nucleotides integrated in the DNA chain during the polymerase reaction. This method allowed 

to obtain reads of several thousand base pairs and therefore opened new fields of possibilities, 

but it came at the cost of lower output and high error rate (about 10%) although randomly 

distributed (Shendure et al., 2017). It is also a big machine and a big investment like the second 

generation sequencing devices. In 2014, a new sequencing instrument was available for early 

access: The MinION from Oxford Nanopore Technologies (ONT). It is a very small device, in 

principle portable, and comes at a low cost. Its concept relied on the recording and translating 

into nucleotide sequence of the electric signal resulting from the flow of ions passing through 

the sequencing pore along with the DNA (or later developed also the RNA) fragment. This  
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Figure 1.7: Sequencing procedure for Illumina (Nextera XT tagmentation) and for Oxford 

Nanopore Technologies (ONT). The DNA is extracted from the sample. Then the library is prepared 

following a protocol depending on the sequencing technology. For Illumina sequencing, a 

fragmentation is required, which can be conducted during the tagmentation if using the Nextera XT 

kit. The sequencing is then performed by using reversible dye-terminator sequencing-by-synthesis. 

Each individual DNA molecule is hybridized to the flow cell and the complementary DNA strand is 

created forming a double-stranded bridge. The fragments are amplified to form localized clusters on 

the flow cells from which the fluorescence corresponding to the nucleotide that has been added can be 

measured after each cycle. The basecalling is immediately done by the sequencing instrument and a 

fastq file is produced. For ONT’s single molecule squencing, the library preparation does not 

necessarily include a fragmentation (optional). The information is obtained by translating the ionic 

current from the DNA fragment passing through the pore into nucleotide information. The basecalling 

is conducted post sequencing by the user to obtain a fastq file. Figure inspired by Zhou et al. and 

Loman et al. (Zhou et al., 2010; Loman et al., 2012) and made with Biorender.com.  
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rapidly evolving technology showed a high error rate of around 10% at launch, but this has 

now decreased to 6% (Delahaye and Nicolas, 2021, Figure 1.6). Moreover, this instrument 

allows to sequence long and even ultra-long fragments of DNA, with the longest read recorded 

of 2.2 million bases and routine sequencing of fragments of several tens or hundreds of kbs 

(Payne et al., 2018). Lastly, another feature of the device is its portability, with the MinION 

being approximatively the size of a USB stick, that can be connected to a laptop to start a 

sequencing run. 

 Recently, a new type of flow cell, the Flongle, was launched by ONT as a low-cost 

alternative with about one tenth of the sequencing pores (between 50 and a hundred) and a 

consequently smaller output (Avershina et al., 2022, Figure 1.6). Other bigger devices are 

available (the GridION and the PromethION), corresponding to several MinIONs placed in 

parallel. A new feature has been presented on the GridION called “adaptive sampling” 

(denomination from ONT), which corresponds to a preferential sequencing of the reads 

corresponding to sequences in a database which is provided to the instrument prior to 

sequencing (Martin et al., 2022). ONT sequencing, however, requires 1000 times more DNA 

input and preferably high molecular weight (HMW) DNA to obtain longer reads, which can be 

challenging conditions.  

 Whatever the generation of the sequencer, whole genome sequencing (WGS) comes 

at a higher cost compared to the previously available methods (Table 1.1), but it allows to fully 

characterize the organism in just one test (Table 1.1). Generation of such big datasets initiated 

the new challenge to store and organize this data, and to obtain information that is easy to be 

interpreted (Table 8.1). Finally, as for all genotypic tests, WGS can only detect the presence of 

a gene, but it is not able to determine if the gene is expressed unlike the phenotypic tests. 

Once the sequencing data is produced from the genetic material of the isolated 

contaminant, under the format of reads containing the nucleotide information, a data analysis 

is conducted to obtain the information on the organism that was sequenced (Figure 1.8). This 

can be done after first, second or third generation sequencing and on short or long reads, 

although the tools to use might vary depending on the sequencing technology. First, a quality 

check is conducted, which might include a profiling step to determine if the isolate’s DNA was 

contaminated with the DNA of another organism. The profiling or taxonomic classification 

consists in determining to which species belong the sequenced DNA or RNA and therefore if 

the isolate is of the expected organism, and if a contamination was present within the genetic 

material. This profiling can be conducted with various tools based on the use of different 

databases. They are usually referred to as DNA-to-DNA methods, DNA-to-protein methods 

and DNA-to-marker methods (Govender and Eyre, 2022). DNA-to-DNA methods such as 

Kraken2 (Wood et al., 2019) using for example the Refseq database (O’Leary et al., 2016) are 

widely used and score best when compared to the others (Ye et al., 2019; Govender and Eyre, 

2022; Wright et al., 2022).  

After the quality check, the reads can be filtered to retain only those with sufficiently good 

quality. Subsequently, the sequences can be analyzed as such or aligned to form longer 

fragments (contigs), and eventually reconstruct the genome of origin (Figure 1.8). Two   



Chapter 1: Introduction  

 

22   
 

 

 

 

 

 

Figure 1.8: Various possible steps of a WGS data analysis workflow. Figure made with 

Biorender.com 
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alignment approaches are possible: the de novo assembly is based only on the overlapping of 

the reads without a priori information while the reference-based mapping consists of mapping 

the reads against a reference genome. The reads or contigs can then be characterized by 

mapping to a database of genes to detect if an element was present in the DNA and the degree 

of identity and coverage to the reference. In the case of the analysis of foodborne 

contaminants, the presence of ARGs within the genome of the contaminant can be 

determined by using databases such as ResFinder (Bortolaia et al., 2020). The pathogenic 

potential can be determined by detecting virulence genes using VirulenceFinder (Kleinheinz 

et al., 2014), while the serotype can be obtained based on serotyping genes (Joensen et al., 

2015). All information from phenotypic and PCR-based tests can be obtained in one test. 

1.3.3.2.3. Molecular-based methods to study relatedness between cases 

No phenotypic method allows sufficient resolution to evaluate the relatedness between 

different strains of a same species that might or might not be linked. However, several 

molecular-based methods have been used for this purpose. The first developed method was 

the pulsed-field gel electrophoresis (PFGE (Arbeit et al., 1990)), a technique based on enzyme 

cutting sites used to separate large DNA molecules by periodically changing the direction of 

the electric field in a gel matrix. Although public databases are available with results of PFGE, 

this method has had limited reproducibility before the introduction of digital analysis and is 

relatively slow. It has been used as a gold standard for relatedness studies with the PulseNet 

database (Nadon et al., 2017). Multilocus enzyme electrophoresis or MLEE (Selander et al., 

1986) is an alternative method based on the assessment of intracellular enzymes 

polymorphism using gel electrophoresis. PFGE has been shown to have better results for 

closely related isolates, for example in case of outbreaks, while MLEE is more appropriate to 

study further relationships and long term epidemiology of a contaminant (Tomayko and 

Murray, 1995; Maiden et al., 1998). Later, an approach based on PCR, the multiple loci variable 

number of tandem repeats analysis (MLVA (Keim et al., 2000)), has been proposed. It is based 

on the polymorphism in tandemly repeated sequences. It is a faster method and the profiles 

are easier to compare, but this method is not available for all pathogens. Moreover, it was 

shown that the comparison of PFGE or MLVA profiles can be misleading for the resolution of 

some foodborne outbreaks (Butcher et al., 2016; Nouws et al., 2021). Therefore, obtaining 

information at nucleotide level of the entire genome of the biological contaminant would give 

the highest resolution and discrimination as well as allowing to obtain all the informations 

from several tests at once. A first method based on the first generation sequencing of several 

housekeeping genes was presented, the multilocus sequence typing (MLST (Maiden et al., 

1998)), and this was also used after whole genome sequencing with second or third-

generation sequencers with an increased number of alleles to take into account (core genome 

(cg) or whole genome (wg) MLST). Finally, each nucleotide of the whole genome can be 

compared. Each nucleotide is compared between the genomes. A single nucleotide variant or 

single nucleotide polymorphism (SNP) is a variation of a single nucleotide that occurs at a 

specific position in the genome relative to the reference sequence. When SNPs are detected, 
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if they pass specific filters to differentiate them from sequencing errors, this is referred to as 

SNP calling (Figure 1.8). 

1.4. The current status of foodborne microbiological contaminants 

detection and characterization in NRLs and the need for a new 

method 

1.4.1. Foodborne pathogens 

Presently at the Belgian NRL for foodborne outbreak, when the pathogen is suspected to 

be present in the extracted DNA from a food sample after a qPCR test, the bacterial pathogen 

is attempted to be isolated from the food samples following enrichment using selective and 

non-selective media (Figure 1.9). If an isolate can be obtained, it is further typed using qPCR 

for specific markers (serogroup, virulence…) and/or phenotypic methods such as MALDI-TOF 

(ISO: International Organization for standardization, 2012, 2017). Depending on the 

contaminant, the trace back study can be performed using MLVA or PFGE (Figure 1.9).  

In the case of viral pathogens, enrichment nor isolation is undergone, as it is not possible 

for most foodborne viruses. The virus is detected through qPCR in all reverse transcribed RNA 

extracted from the food sample. If the result is positive, a PCR is conducted for specific regions 

of the genome and these are Sanger sequenced to further type the contaminant (Figure 1.9, 

ISO: International Organization for standardization, 2019). No relatedness study is conducted. 

Simultaneously with the technical developments of new characterization methods, 

recommendations have arisen from international agencies to use WGS (based on second 

generation sequencing) for major foodborne microbiological hazards (EFSA, 2013, 2014b; 

FAO, 2016; WHO, 2018). Indeed, obtaining the complete genome of a pathogen allows the 

highest level of characterization (Figure 1.9): the typing of the strain, the detection of 

virulence or antimicrobial resistance genes (also used for risk assessment), the detection or 

resolution of outbreaks, and high-resolution epidemiology (EFSA, 2014b; Tang et al., 2019). It 

also enables easy data sharing between institutions, even when different protocols are 

followed by the laboratories. Following these recommendations, sequencing-based typing of 

foodborne pathogenic isolates has gradually increased in Public Health Reference 

Laboratories for routine national surveillance (Revez et al., 2017; Van Goethem et al., 2020). 

It is now becoming the new standard method and its high level of sensitivity and specificity 

for outbreak investigations at local or international level has already been demonstrated in 

many studies (Butcher et al., 2016; Inns et al., 2017; Pijnacker et al., 2019; Nouws et al., 

2020a). It has also been established that using WGS for routine surveillance is overall 

beneficial in terms of public health costs (Jain et al., 2019; Brown et al., 2021). 

Although the increasing use of WGS as a characterization method allows to obtain the 

highest level of information, it is still not enough to solve the majority of foodborne outbreaks. 

In Europe we observe that the causative agent is identified in about 60 to 70% of the cases 

(EFSA, 2019a, 2021c, 2021d) but characterized (strong evidence outbreak resolution) only in  
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Figure 1.9: Overview of the current methods (conventional methods and WGS) used for the detection, characterization and relatedness of foodborne 

contaminants.
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15% of these (EFSA, 2021c). For the remaining 85% of outbreaks, the resolution is based on 

weak evidence which means that the contaminant could not be isolated from the food in order 

to be characterized further, while it was however positively detected. In these high number 

of cases, no markers could be compared to confirm that it was the exact same strain that was 

present in the food and in the infected persons. Moreover, when the pathogen is not 

characterized, no risk assessment can be conducted on the pathogenicity or the transmission 

of antimicrobial resistances, but also the strain cannot be related to future or even historical 

cases and therefore the contamination cluster might not be fully cleared or followed up. 

Another important issue is the case of co-contaminations, by two strains of the same species 

or by two different species (Kinnula et al., 2018; Petronella et al., 2018; Liu et al., 2020), which 

might not always be correctly isolated to be sequenced later on. These have been shown to 

occur in some outbreaks, but the current isolation procedures might prevent from detecting 

another contaminant present in the sample in most cases. 

1.4.2. Genetically modified microorganisms 

The procedure used by the NRL for the identification and characterization of GMMs in 

food samples is based on the same methods and technologies (Figure 1.9), but with a different 

goal. Currently, the DNA of the sample is extracted with or without culture enrichment of the 

sample, and two rounds of qPCR screening are executed: a first-line screening for the 

detection of ARGs typically found in known GMM constructs (Fraiture et al., 2020b), a vector 

also associated with publicly accessible GMM patents (Fraiture et al., 2020e) or the Bacillus 

subtilis group, a species often used as GMM (Fraiture et al., 2022). It is followed by a second-

line screening for previously characterized (event-specific) GM constructs (Barbau-piednoir et 

al., 2015; Fraiture et al., 2020a, 2021a, 2021b). Notably, at the time of writing, only three GM 

constructs (i.e. B. subtilis producing protease (Barbau-piednoir et al., 2015), B. velezensis 

producing protease (Fraiture et al., 2021a) and B. amyloliquefaciens producing alpha-amylase 

(Fraiture et al., 2021b)) are known and can be screened for. When a sample gives a positive 

signal for first-line screening but not for second-line screening, it can potentially be an 

unknown GMM. One way of characterizing the contaminant is to attempt to obtain an isolate. 

If the isolate can be cultured, a WGS analysis can be performed (Berbers et al., 2020). The 

WGS data can then be used to detect unnatural associations and then develop new second-

line screening methods (Barbau-piednoir et al., 2015; Fraiture et al., 2020a). When the isolate 

cannot be obtained, another way to characterize the contaminant and assess if it is a GMM, 

is to conduct DNA walking around genes of interest (Fraiture et al., 2017, 2020e) such as the 

ARGs and shuttle vectors positive in the first-line screening. This is however only possible with 

a priori information, i.e. primers to anchor the sequencing, and it often requires several 

sequential tests to obtain sufficient information to confirm the presence of an unnatural 

association. 
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Accordingly, the current situation is not effective enough as only a handful of specific 

screening tests are currently available (the second-line qPCR tests), while the vast majority of 

recombinant organisms stay undetected, with their sequences unknown. 

1.5. Metagenomics as an alternative to the conventional methods 

1.5.1. The metagenomics approach 

Because isolation is not always possible for all organisms and might not offer a correct 

overview of all the microbes present in a sample due to the enrichment conditions, 

microbiologists have for long wanted to characterize the whole genome of the various 

microorganisms directly in the sample at nucleic acid level (Escobar-Zepeda et al., 2015). This 

would allow to study microbial communities, discover novel organisms or to observe the 

species present in the food. The main bias is the uncertainty about the living state of the 

organism from which DNA was extracted (Quince et al., 2017). 

A first approach to obtain information on the bacteria present in samples, including food 

samples, i.e. metabarcoding, was developed as PCR targeting of the 16S ribosomal RNA gene, 

used to identify microorganisms present in a sample (Grützke et al., 2019; Deckers et al., 

2020c). This method was first developed to identify isolated organisms (see chapter 1.3.3.2.1) 

and was later used without isolation. It can only target organisms harbouring a 16S rRNA gene 

(bacteria, archea), while fungi and eukaryotes are characterized by the ITS or 18S rRNA 

regions, respectively. With this method only a small part of the genome is sequenced, which 

does not allow to obtain all the genomic information about the organisms present in the 

samples. Nonetheless, this approach is much less expensive approach than a whole genome 

sequencing, and is therefore used to profile the microorganisms present in a sample. The 

identification at species level, however, has been reported as challenging (Winand et al., 

2019).  

Later, another approach, i.e. shotgun metagenomics, or what will be referred to as 

“metagenomics” in the remainder of this work, was developed to sequence all the genetic 

material without any selection. This includes the matrix (human, animal or plant DNA 

depending on the sample), and all the microorganisms living on it. DNA extraction is 

conducted on the entire sample, and these nucleic acids are all sequenced. RNA extraction 

can also be conducted followed by direct RNA sequencing or sequencing of the 

complementary DNA (cDNA) after reverse transcription of the RNA, and is associated to the 

study of the transcriptome (metatranscriptomics) but also the analysis of the genomes of RNA 

viruses (Rajagopala et al., 2021).  

When characterizing genomes, both methods rely on the same data analysis workflows. 

A profiling of the sequenced reads (determination of the species present in the sample) can 

be conducted in order to have a view on all the species originally present in the extract of the 

sample. It is done by comparing the metagenomics reads to a database of reference 

sequences, most often of whole genomes (Quince et al., 2017). A commonly used tool for 

taxonomic classification is Kraken2 (Wood et al., 2019; Govender and Eyre, 2022). When used 
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with metagenomics datasets, it is often combined with a database of full genomes (such as 

Refseq (O’Leary et al., 2016)). This tool can also be used on isolates for the quality check as 

previously described.   

As previously stated, the advantage of the shotgun metagenomics compared to the 

metabarcoding or qPCR is the access to the entire genetic information and the genetic context 

(presence of a gene on a specific genome). The goal is therefore to re-obtain the genetic 

information of each strain, based on the sequenced reads, and to be able to characterize these 

genomes the same way as if the genome had been sequenced from an isolate (Figure 1.8). In 

order to do this, the reads have to be re-attributed to each species or strains originally present 

in the sample. The reconstruction can be performed using databases of previously sequenced 

microorganisms (reference-based analysis) or without any information (de novo assembly). In 

the case of low contaminations (low coverage of the contaminant), reference-based classifiers 

are most appropriate. Tools like Sigma will classify each read to the most closely related 

reference from the database used (Ahn et al., 2015). All reads classified as one or several 

closely related reference genomes can be considered a strain and further characterized. This 

is however not appropriate when the contaminant is unknown and therefore not present in 

the databases. Then, a de novo assembly is more appropriate. The obtained strain/genome 

after reference-based or de novo analysis can then be characterized such as an isolate after 

WGS, e.g. with gene detection, in order to obtain for example, the virulence profile, the 

resistance to antibiotics or the subtype. Moreover, the strain/genome can be compared to 

other cases in a relatedness study. Therefore, it can help in resolving outbreak investigations 

by linking the strains from food and human origin and would offer a valid alternative to the 

characterization of the isolate with conventional methods or with WGS (Figure 1.9).  

In order to detect sequences of the contaminant within the mix of reads, it is important 

to have this contaminant in the DNA extract. Therefore, several sample preparation methods 

can be used (Figure 1.10). Before DNA extraction, the food can be incubated (culture 

enrichment) in selective or non-selective media for various durations and at different 

temperatures, in order to enrich for possible biological contaminants. After DNA extraction  

(for which many kits or methods are available), the genetic material can be amplified in order 

to increase the quantity of DNA that can be sequenced, including the reads of the 

contaminants (Conceição-Neto et al., 2015). Finally, a selection can be operated at the level 

of the genetic material with the aim to increase the sequencing of reads corresponding to the 

contaminants. This can be done with various methods with various degrees of openness, 

targeting or depleting the genetic material that is not the contaminant (depletion of 

eukaryotic DNA (Grützke et al., 2021), depletion of rRNA (Liefting et al., 2021), targeting of 

poly-adenylated RNA (Fonager et al., 2017), capture of specific targets (Brown et al., 2016; 

Hyeon et al., 2018)). Finally, adaptive sampling is also an option to increase the number of 

sequenced reads corresponding to the pathogen or to decrease the sequenced reads 

corresponding to the genetic material of the matrix. 
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Figure 1.10: Various preparation methods used for metagenomics samples: the extraction of the genetic material can follow or not a culture 

enrichment step. If the concentration is very low, the genetic material can be amplified e.g. by random DNA amplification. If the contamination is low, a 

selection of the genetic material can be conducted to increase the portion of the contaminant within the extract Figure made with Biorender.com 
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1.5.2. Current situation of shotgun metagenomics for the study of 

foodborne contaminants 

Metagenomics was first presented in 1996 (Stein et al., 1996) and the terminology was 

proposed by Handelsman in 1998 (Handelsman et al., 1998). The method was at that time 

mostly used for environmental studies to investigate the microbiome, including non-

culturable organisms, in environments that were not yet fully described. Therefore, when this 

PhD started, shotgun metagenomics for the study of food contaminants was still in its early 

development while conventional isolation-based or 16S metabarcoding were more widely 

adopted.  

The first level of information that was shown to be obtained from metagenomic 

sequencing in food samples was the identification of the species using reads of the entire 

genome instead of only using a small part of the genome (metabarcoding). In 2011, Park and 

colleagues used shotgun sequencing (Roche 454), producing a few tens of thousands reads to 

look at the viral communities in fermented food (Park et al., 2011). In 2012, Kawai et al. 

studied unresolved outbreaks linked to the consumption of raw fish, and were able after 

shotgun metagenomic sequencing to identify Kudoa septempunctata as the causative agent 

(Kawai et al., 2012). Later, teams applied shotgun metagenomics to identify potential human 

and animal viruses in fresh produce (lettuce, parsley leaves) and irrigation water, working with 

both RNA and DNA that were amplified with non-biased PCR (Aw et al., 2016; Fernandez-Cassi 

et al., 2017).  

Some studies went further and also used the metagenomics reads to detect genes that 

were present in the mix. In 2012, Nieminen and his team looked at the bacteria linked to 

spoilage in different meats but also at the associated metabolic genes using Roche 454 

sequencing (Nieminen et al., 2012). Yang et al. used Illumina sequencing to identify the 

microbial species along the beef production chain and looked at the potential presence of a 

pathogen by detecting virulence factors in the sequenced reads (Yang et al., 2016). 

However, the genes detected in these studies were not linked to a genome. In 2014, 

Zhang and colleagues were able to detect and partially characterize viruses present in beef, 

pork and chicken meat after non-specific amplification and Illumina MiSeq sequencing (Zhang 

et al., 2014). They could detect protein-coding genes and open reading frames (ORFs) in the 

viruses. The following years, Leonard et al. reported in two consecutive studies the 

characterization at strain level of a bacterial pathogen (STEC) in spinach spiked at very low 

level (0.1 CFU/g) after 8 hours of enrichment with specific antibiotics, and Illumina sequencing 

(Leonard et al., 2015, 2016). 

Lastly, the strain-level information with relatedness to other case studies was first 

described for foodborne pathogens after working with faeces of infected patients, such as the 

study of Loman and colleagues in 2013, who presented a STEC foodborne outbreak 

investigation based on metagenomics sequencing (Loman et al., 2013). They were able to 

assemble de novo the genome of the outbreak strain, map reads of each metagenomics 

sample to this genome, and look for the presence of particular genes such as the stx genes in 
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each of these samples. Notably, in these fecal samples, the STEC outbreak strain accounted 

for a large proportion of the total sequenced reads, while a STEC contamination in a food 

sample, which was not investigated, would represent a few hundreds to a few thousand 

genome copies. Other teams worked on the detection and characterization of viruses in faeces 

and required special sample preparation methods increasing the viral load in the sample 

(Figure 1.10): Fonager et al. used poly(A) capture (Fonager et al., 2017), Van Beek and 

colleagues used hybridization with custom baits (Van Beek et al., 2017) and Nasheri et al. used 

non-specific amplification (Nasheri et al., 2017). Finally, this was also attempted on food 

samples with the work of Yang et al. and Bartsch et al. on foodborne viruses, with no specific 

sample preparation but with a targeted bioinformatics analysis after Illumina sequencing 

(Yang et al., 2017; Bartsch et al., 2018) while Walsh et al. analyzed the microbial content of a 

fermented beverage to the strain level and performed phylogeny on the detected strains with 

the same sequencing technology (Walsh et al., 2017). Hyeon et al. found relationships 

between their quasimetagenomics-based strains after long reads sequencing (Hyeon et al., 

2018). However, they targeted the pathogen (Salmonella) with immunomagnetic separation 

followed by DNA amplification, which is not a totally open approach (therefore the name 

quasimetagenomics) and they still showed relatively high levels of SNPs between closely 

related cases. 

For the case of the GMM contaminations, at the time this PhD started, very few studies 

had been published. Only one GMM had been previously isolated and fully characterized with 

WGS (Barbau-Piednoir et al., 2016; Paracchini et al., 2017). A qPCR screening was developed 

for this specific GM construct (Barbau-piednoir et al., 2015), and a DNA walking strategy based 

on PCR and Sanger sequencing was also available to possibly investigate other cases (Fraiture 

et al., 2015, 2017). The other qPCR methods used for the screening (Chapter 1.4.2 and Figure 

1.9) were not yet available and shotgun metagenomics had never been used for this case 

study. 

1.5.3. Challenges to implement shotgun metagenomics as an alternative 

method to study biological foodborne contaminants 

Although at the time this PhD research started, the work already published was very 

promising, several challenges still had to be overcome to use shotgun metagenomics at the 

strain level for the characterization of foodborne contaminants and the resolution of 

outbreaks at the same level as the conventional methods. First of all, proofs of concept were 

necessary. These proofs of concept should show that strain-level metagenomics could be 

attained, even at low levels of contamination in food samples, with a fully open approach, and 

allow to determine relatedness to linked cases. The results should prove to be comparable to 

those of WGS on isolates, from food and human origin.  

The approach should also be evaluated on several food matrices and contaminants. 

Moreover, depending on the contaminant, the level of contamination will vary due to the 

lowest infective dose but also the possibility to enrich the sample by culturing. When no 
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culture enrichment is possible (GMMs, viruses), obtaining sufficient reads for a 

characterization of the genome of the contaminant is very challenging. Therefore, different 

sample preparation methods (Figure 1.10) might have to be investigated. The extraction of 

the genetic material should also be evaluated, in particular on different food matrices, as it 

might impact the species that are preferentially extracted and therefore the detection of the 

contaminant within the genetic material and sequenced reads. Another added value of 

metagenomics is its possible ability to characterize more than one strain in a sample with only 

one test. However, this is very arduous and had not yet been achieved when this PhD started.  

The choice of the sequencing technology will possibly also have an impact on the level of 

information that can be obtained from the contaminant. Illumina was widely used when this 

work started, including for shotgun metagenomis studies. But Oxford Nanopore Technologies, 

as well as the low-cost Flongle flow cells, had not yet been fully compared for a strain-level 

metagenomics analysis. Notably, the use of another sequencing technology will impact the 

laboratory protocols and data analysis tools to be used, which should be carefully investigated.  

Improving the time and cost to obtain the characterization of the contaminant would 

have an important impact on the field, and shotgun metagenomics might contribute to this 

progress. However, it has not yet been carefully evaluated. The real-time sequencing 

technologies (ONT) could offer a solution, although the error rate must be carefully taken into 

account to determine if strain-level characterization with low levels of contamination is 

achievable with this sequencing technology.  

Finally, a new protocol will only be implemented in a routine environment if it is able to 

detect the contaminants at the low levels comparable to those detected with the current 

methods, stated in the current international standards and norms. This would facilitate future 

possible accreditation of the method. Furthermore, the developed methods should get out of 

the research setting to become more easily applicable in a routine laboratory. For this, the 

sample preparation and genetic material extraction should be as close as possible to the 

current methods in the reference laboratories, and follow normal working hours’ conditions, 

while still obtaining a high level of characterization. Such practical protocols have not been 

proposed yet. Moreover, achieving to study a real foodborne outbreak, with relatedness to 

human cases, if possible, would convince the authorities and scientific community of the 

strength of this method in real conditions.
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2.1. Scientific problems addressed 

Rapid and accurate characterization of the microbiological composition of a food sample 

allows the detection of the biological contaminants that might be present in it, and lead to the 

prompt management of a foodborne outbreak. In recent years, a reflection has begun on the 

use of next-generation sequencing (NGS) methods to improve outbreak investigations. 

Indeed, it allows to obtain the complete DNA sequence and to infer relevant information such 

as subtype, presence of virulence genes or antibiotic resistance factors, as well as tracing the 

origin of the contamination, at single nucleotide resolution. Therefore, NGS is set to become 

the new standard for rapid characterization of contaminants in food microbiology. The focus 

of this endeavour has, however, mostly been on the use of whole genome sequencing (WGS) 

of pathogenic isolates, whereas the process of obtaining an isolate from food samples is often 

time-consuming and not straightforward.  

Metagenomics is an alternative approach based on the sequencing of all genetic material 

in the samples, that requires no isolation, and can be applied for the full genomic 

characterization of foodborne bacteria but also viruses or parasites. However, it is a very new 

approach and proofs of concepts still have to be established for its ability to characterize food 

contaminants at strain level. 

The aim of this PhD research was to develop and deliver a proof of concept for a method 

able to characterize, if possible, to the strain level, a biological contaminant present in food 

samples without prior isolation, i.e. a shotgun metagenomics-based approach. In the scope of 

this work, several research questions have been investigated: 

• Which metagenomics approach (sample preparation, sequencing, bioinformatics 

analysis) could allow characterization and relatedness at least at the same level as the 

conventional methods?  

• How does the contamination load and/or matrix influence the approach to be 

followed?  

• How to adapt the approach depending on the biological contaminant? 

• How does the sequencing technology influence the results? 

• How to achieve fast and cost-efficient results? 

• How to implement this approach in routine analyses? 

2.2. Outline of the thesis 

The outline of the different chapters of this thesis is presented in Figure 2.1. The first 

chapter provided an introduction of the general context, the food contaminations, the current 

methods to detect and characterize them in order to provide safe food, the need for a new 

approach and a presentation of the status of shotgun metagenomics as an alternative 

approach at the time this doctoral research started, with several challenges to overcome. The 

second chapter states the aim and the outline of the thesis and several scientific questions to 

answer during this work. Chapter 3 describes the development of a strain-level metagenomics 

approach for short-reads sequencing applied to the case of a bacterial contaminant spiked at 
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a low contamination level in an enriched food matrix. Chapter 4 presents the application of 

the workflow developed in Chapter 3 on a real foodborne outbreak. Chapter 5 states the 

adaptations to the workflow introduced in Chapter 3 when using a long reads sequencing 

approach and compares the outputs and cost-effectiveness of the two approaches on the 

same samples. Chapter 6 describes how shotgun metagenomics can be used to detect and 

partially characterize a GMM present in a non-complex food matrix, without enrichment, 

using short or long reads sequencing. Chapter 7 outlines different approaches to characterize 

foodborne viruses present at low contamination doses without enrichment in complex 

matrices using long reads sequencing. Finally, Chapter 8 gives a general discussion and some 

conclusions and perspectives on this thesis. 

 

 

Figure 2.1: Outline of the thesis. 



Chapter 2: Scientific problems and aims  

 

36 
 

  



Chapter 3: STEC Illumina 

 

37 
 

 

 

 

 

 

CHAPTER 3 

A Practical Method to Implement Strain-

Level Metagenomics-Based Foodborne 

Outbreak Investigation and Source 

Tracking in Routine based on STEC as a 

case study 

 

 

 

 

 

This chapter was adapted from the previously published manuscript: 

Buytaers, Florence E.*, Assia Saltykova*, Sarah Denayer, Bavo Verhaegen, Kevin Vanneste, Nancy H. 

C. Roosens, Denis Piérard, Kathleen Marchal, and Sigrid C. J. De Keersmaecker. 2020. "A Practical 

Method to Implement Strain-Level Metagenomics-Based Foodborne Outbreak Investigation and Source 

Tracking in Routine" Microorganisms 8, no. 8: 1191. https://doi.org/10.3390/microorganisms8081191. 

(* equal contribution) 

 

 

Authors’ contributions: 

F. E. Buytaers designed the study and methodology, produced and analysed the data, 

interpreted the results and drafted the manuscript. A. Saltykova helped to develop the data 

analysis workflow and interpret the results. S. Denayer, B. Verhaegen and D. Piérard curated 

bacterial isolate collection and provided bacterial isolates. K. Vanneste was responsible for 

providing the data analysis infrastructure. S. Denayer, B. Verhaegen, D. Piérard, K. Vanneste, 

N. H. C. Roosens and K. Marchal provided specialist feedback. S. C. J. De Keersmaecker 

conceived and supervised the study, helped to design the study, to interpret the results and 

to draft the manuscript. All authors have read and approved the manuscript. 

  



Chapter 3: STEC Illumina 

38 
 

Abstract: 

The management of a foodborne outbreak depends on the rapid and accurate 

identification of the responsible food source. Conventional methods based on isolation of the 

pathogen from the food matrix and target-specific real-time polymerase chain reactions 

(qPCRs) are used in routine. In recent years, the use of whole genome sequencing (WGS) of 

bacterial isolates has proven its value to collect relevant information for strain 

characterization as well as tracing the origin of the contamination by linking the food isolate 

with the patient’s isolate with high resolution. However, the isolation of a bacterial pathogen 

from food matrices is often time-consuming and not always successful. Therefore, we aimed 

to improve outbreak investigation by developing a method that can be implemented in 

reference laboratories to characterize the pathogen in the food vehicle without its prior 

isolation and link it back to human cases. We tested and validated a shotgun metagenomics 

approach by spiking food pathogens in specific food matrices using the Shiga toxin-producing 

Escherichia coli (STEC) as a case study. Different DNA extraction kits and enrichment 

procedures were investigated to obtain the most practical workflow. We demonstrated the 

feasibility of shotgun metagenomics to obtain the same information as in ISO/TS 13136:2012 

and WGS of the isolate in parallel by inferring the genome of the contaminant and 

characterizing it in a shorter timeframe. This was achieved in food samples containing 

different E. coli strains, including a combination of different STEC strains. For the first time, we 

also managed to link individual strains from a food product to isolates from human cases, 

demonstrating the power of shotgun metagenomics for rapid outbreak investigation and 

source tracking.   
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3.1. Introduction 

Food contaminations with pathogens are a major burden on our society, affecting an 

estimated 600 million people a year and impacting socioeconomic development at various 

levels (WHO, 2015). Microbial contaminations include bacteria, viruses, or parasites and 

regularly result in extensive outbreaks as foodstuffs can be processed and traded at a large 

scale. In case of foodborne outbreak investigation, the microbiological analysis of the probable 

responsible food vehicle is performed at two levels and consists of the detection of the 

pathogen, followed by the association of the food vehicle to the human cases using typing of 

the food isolate. The fast and accurate source attribution allows to remove the product from 

the market and limit its impact on the population. For the detection of bacterial pathogens in 

food, the European Regulation (CE) 2073/2005 refers to ISO standards, although alternative 

methods are allowed if their performance has been demonstrated to be equivalent. Based on 

the symptoms of the human case, a set of pathogens is looked for through stepwise cultures 

on selective media and if relevant, the targeting of specific genes with real-time polymerase 

chain reactions (qPCRs) to characterize the strain. If the contaminant is successfully isolated, 

for some, it is characterized with Pulsed-Field Gel Electrophoresis or Multiple-Locus Variable 

Number Tandem Repeat Analysis for relatedness (Fratamico et al., 2016). However, in the last 

decade, whole genome sequencing (WGS) of the isolate has been proposed as a higher 

resolution alternative for the full characterization of the micro-organisms (Deng et al., 2016; 

Franz et al., 2016). This approach allows the detection of all genes present on the bacterial 

genome in just one test as well as phylogenetic analysis to link cases of food and human origin 

at the single nucleotide level. This resulted in recommendations from the European Centre for 

Disease Prevention and Control (ECDC) and the European Food Safety Authority (EFSA) to 

implement WGS on isolates in Europe for surveillance and outbreak investigation for a short 

list of priority pathogens and diseases (EFSA Panel on Biology Hazards (BIOHAZ), 2014; ECDC, 

2016; Revez et al., 2017). 

However, the isolation of bacteria for the conventional method is a time-consuming 

process that is not always straightforward nor successful (McMeekin, 2003). In that case, the 

outbreak investigation cannot be resolved at the microbiological level. Although qPCR-based 

detection methods of the food matrices, i.e., without isolation of the pathogen, can suggest 

the potential presence of the contaminant, it is not possible to link it back to the human cases. 

Sequencing methods with sufficiently high resolution that do not require isolation could solve 

this issue. A shotgun metagenomics approach consists in the direct sequencing of all DNA 

present in a sample. This gives an overview of the genomic composition of all cells in the 

sample, including the food source itself and the microbial community. This novel approach 

promises the detection of pathogens present in the sample without the need for isolation, 

avoiding problems linked to viable but non-culturable or difficult to isolate contaminants, and 

even circumventing the need for a priori knowledge about the causative agent (Forbes et al., 

2017; Gardy and Loman, 2018). DNA sequencing may also allow, if a sufficient depth can be 

obtained, to have the complete genetic information about the pathogen (Gardy and Loman, 
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2018), to the single nucleotide polymorphism (SNP) level of accuracy. However, the challenge 

remains to correctly attribute each sequenced read to the appropriate strain with 

bioinformatics tools, in the presence of abundant host-originating reads, for a characterization 

of the pathogen’s genome, including the determination of which (virulence, serotyping…) 

genes are occurring on the same genome. The choice of the DNA extraction procedure might 

affect the quality of the obtained DNA as well as the proportion of the species including the 

host and the pathogen’s DNA. Some studies have previously researched the performances of 

several kits for metagenomics analysis on feces (Josefsen et al., 2015; Knudsen et al., 2016), 

but this has not yet been done for food. Another hurdle for the metagenomics analysis of food 

is the presence of the pathogens at very low abundances and the heterogeneity of the 

contamination in the food product. An enrichment of the target, already performed using the 

conventional microbiological methods, appears necessary. In previous metagenomics studies 

(Leonard et al., 2015; Hyeon et al., 2018), different enrichment durations have been tested 

with several selective broths, and the possibility to use a random DNA amplification to replace 

the natural growth of the bacteria has been proposed. Researchers have demonstrated the 

potential of short reads shotgun metagenomics to identify bacteria in naturally contaminated 

or spiked food samples to a species- or even strain-level precision (Leonard et al., 2016; Yang 

et al., 2016) or to characterize the pathogen by the detection of functional characteristics such 

as the presence of virulence genes (Walsh et al., 2017; Grützke et al., 2019). A metagenomics 

method has also shown its potential in feces to detect multiple pathogens in one sample 

(Huang et al., 2017) and even multiple strains of the same species (Singh et al., 2019), but this 

has not yet been achieved at the lower level of contamination observed in food. The detection 

of multiple pathogens, even from the same species, would represent an added value to 

metagenomics compared to all traditional analyses requiring isolation, for which commonly 

only one isolate is further characterized. The currently available studies rather stayed in the 

research laboratory setting. However, a method used for routine practices in reference and 

routine laboratories requires following the guidelines of the current regulations or achieving 

results with at least similar performances, with a standard protocol for sample preparation 

that can be applied to a range of different food matrices. Therefore, a thorough validation is 

necessary upon its implementation. 

The application of a metagenomics workflow to the issue of foodborne outbreaks could 

be particularly useful to circumvent the need for isolation in conventional methods and get a 

faster response in case of outbreak investigation. The Shiga toxin-producing Escherichia coli 

(STEC) is a particularly challenging pathogen to analyze with such an approach as its minimal 

infectious dose is very low, which is defined as 10 colony-forming units (CFU) (Feng et al., 

2011), and non-pathogenic E. coli are vastly represented in the environment and in food often 

associated with STEC contamination (Koutsoumanis et al., 2020). Therefore, it is difficult to 

differentiate various strains in a sample and infer the virulence genes to its corresponding 

genome, to characterize the specific E. coli pathotype, and hence its potential danger for 

human, based on the presence of specific virulence genes. STEC is a zoonotic disease that is 

mainly contracted through food consumption, but it is also related to animal contact, human-
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to-human contact, and water or soil absorption (WHO, 2015). It is a Gram-negative bacterium 

that is defined as a pathogen by its capability to produce one of two types of Shiga toxins, 

which are coded in a prophage containing the stx1 or stx2 genes (ISO: International 

Organization for standardization, 2012). Indeed, STEC bacteria share about 75% of their 

genome with non-pathogenic E. coli (Hayashi et al., 2001), and they acquire their toxicity 

through phages, which can also be present in food (Krüger et al., 2011). Another virulence 

factor of interest is the eae gene, which is present on the chromosome, and related to the 

production of intimin, a protein causing cell attachment to the intestinal wall. Using the 

presence of one or more of these genes, STEC are currently detected in routine laboratories 

through ISO/TS 13136:2012 (ISO: International Organization for standardization, 2012). STEC 

can cause bloody diarrhea that can lead to a hemolytic uremic syndrome (HUS) and even 

death. The severity of the disease can be predicted based on the subtype of the stx1 and stx2 

genes, as well as the detection of other virulence factors such as the eae, aaiC, or aggR genes 

causing aggregative adherence to the intestinal mucosa of the host, or the ehxA gene 

responsible for the production of hemolysin (Ethelberg et al., 2004; Braeye et al., 2014). 

However, this is not taken into account in the current regulations or international methods 

and requires extra qPCR tests or the sequencing of (parts of) the isolate’s genome. ECDC and 

EFSA have recommended the use of WGS to characterize this pathogen (EFSA, 2013; ECDC, 

2016), but the acquisition of isolates is not always straightforward. Some recent STEC 

outbreaks have stressed the arduousness for an accurate source attribution due to difficulty 

in isolating (Robert Koch Institute, 2011). Therefore, it could strongly benefit from a 

metagenomics approach. 

We present here a metagenomics workflow for the full characterization of STEC in food 

matrices using short reads sequencing. Our workflow was developed by testing different 

laboratory methods on minced beef meat spiked at the lowest infectious dose. Different 

enrichment and DNA extraction methods were tested in order to define a practical workflow 

that can be implemented in a routine setting. We evaluated the performances of the different 

sample preparations for the full outbreak-like characterization of STEC spiked in this complex 

food matrix by comparing the results obtained with a metagenomics analysis to the results 

obtained following the current official conventional methodology. Our bioinformatics 

workflow was set up in order to obtain the same output as expected from the conventional 

methods, i.e., the detection of Escherichia spiked in the sample, which is predicted here 

through taxonomic classification, and the prediction of the presence and severity of a 

pathogenic E. coli based on the detection of virulence factors in the sequenced reads. The 

genome of the STEC was then inferred, corresponding to obtaining an isolate’s genome. It was 

characterized through gene detection and SNP phylogeny, in order to evaluate relatedness to 

other cases from human and food origin, as would be expected from routine analysis. Our 

analysis also went one step further by testing the selected workflow on samples of fresh goat 

cheese simultaneously spiked with two different STEC serotypes but possessing identical 

virulence genes. 
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3.2. Materials and methods 

3.2.1. Spiked Sample Preparation  

The experiments on beef were conducted with one strain of STEC selected from the 

collection of the Belgian National Reference Laboratory (NRL) (TIAC 1152, O157:H7, stx1+, 

stx2+, eae+). This strain was related to an outbreak in Limburg in 2012 (Braeye et al., 2014), 

and its genome was previously sequenced in another study (Nouws et al., 2020b). The 

inoculum preparation and artificial contamination of the food matrix was carried out 

according to Barbau-Piednoir et al. (Barbau-piednoir et al., 2018). Briefly, a STEC culture in 

Brain Heart Infusion (BHI) broth was diluted to obtain an OD600nm of 1, which was then 

diluted to 10−7 in buffered peptone water. An enumeration of 100 µl of the dilution was 

performed in triplicate on nutrient agar plates incubated for 18 ± 2 h at 37 °C (see count in 

Supplementary Materials Table S1). Organic minced beef meat was purchased at a local store 

(composition: 99.7% organic beef, natural aroma; nutritional values per 100 g on the package: 

energy: 464 kJ, total fat: 2 g, carbohydrates: 0 g, proteins: 22 g, salt: 1.1 g). A test portion of 

25 g was 1/10 diluted in buffered peptone water (BPW), homogenized, and subsequently 

contaminated with 10 µl of the dilution 10−7, corresponding to the minimal infective dose of 

STEC (5–10 CFU). This artificial contamination was repeated three times (biological triplicates, 

representing biologically distinct samples accounting for random biological variation). One 

sample was not artificially contaminated (the “Blank”, Bk). 

The same procedure was followed on fresh organic goat cheese from raw milk purchased 

at a local store (composition and nutritional values were not specified on the package. Average 

values for goat cheese macronutrients per 100 g are proteins: 21.58 g, carbohydrates: 0.12 g, 

total sugars: 0.12 g, total fibers: 0 g, total fat: 29.84 g, (U.S. Department of Agriculture, 2020)) 

with the strains TIAC 1220 (O145:H28, stx1+, eae+) and TIAC 1878 (O103:H2, stx1+, eae+) from 

the Belgian NRL. The strains were spiked separately and co-spiked at a level of 5–10 CFU in a 

25 g food matrix. For milk and dairy products, the diluent as recommended in ISO/TS 

13136:2012 was used (ISO: International Organization for standardization, 2012): modified 

tryptic soy broth with the addition of acriflavin (12 mg/L) for inhibition of the growth of Gram-

positive bacteria.  

The samples were incubated for 24 h at 37 °C without shaking. The third biological 

replicate of the spiking was incubated for 16 h in the same conditions (methods D and E, Figure 

3.1). After enrichment, 1 mL of the culture was centrifuged at 6000× g for 10 min, and the cell 

pellets were stored at −20 °C until DNA extraction. No fat layer was observed at the surface of 

the centrifuged beef, but a fat layer was observed after centrifugation of the goat cheese and 

was manually removed before DNA extraction, following Volk et al. (Volk et al., 2014). 
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Figure 3.1: Presentation of 5 different workflows for the preparation of metagenomics samples of 

spiked beef (light blue) and the conventional method for Shiga toxin-producing Escherichia coli 

(STEC) detection and characterization based on several steps of qPCR and isolation on selective 

media (ISO/TS 13136:2012, grey). The extracted DNA (amplified or not, from metagenomics samples 

or isolate) is tested for quality control (DNA purity, integrity, concentration) before sequencing on the 

Illumina MiSeq in parallel to a qPCR check for the presence of stx genes (green). 
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3.2.2. DNA Extract Preparation 

Three commercial kits were used for the DNA extraction from beef samples. This was 

done on one of the biological replicates for the three kits: the Nucleospin Food (Macherey-

Nagel, Düren, Germany, methods A, D, E, Figure 3.1), the DNeasy Blood and Tissue (Qiagen, 

Hilden, Germany, method B, Figure 3.1), and the HostZERO Microbial DNA kit (Zymo Research, 

Irvine, CA, USA, method C, Figure 3.1). DNA from all blank beef samples was extracted with 

the Nucleospin Food DNA extraction kit. The protocol was followed according to the 

manufacturer’s instructions on cell pellets. The elution buffer of the DNeasy Blood and Tissue 

was replaced by TrisHCl 10mM. The Nucleospin Food extraction was repeated on all biological 

replicates. Technical triplicates were produced for the DNA extraction of the third biological 

replicate to account for the variability due to the extraction protocol. One DNA extract of the 

beef sample enriched for 16 h and extracted with the Nucleospin Food kit was amplified using 

phi 29 DNA polymerase (ThermoFisher scientific, Waltham, MA, USA) according to the 

manufacturer’s instructions (method E, Figure 3.1). 

Extraction blanks (extraction of water instead of the sample) were prepared for the three 

kits. Although no DNA could be detected using a Nanodrop 2000 (Thermo Fisher Scientific, 

Waltham, MA, USA), Qubit 3.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA), 

and 4200 TapeStation (Aglient, Santa Clara, CA, USA), they were included in metagenomics 

runs. The extraction blanks had very few reads, corresponding to less than 1% of the amount 

of reads sequenced per spiked beef samples (data not shown). The Escherichia genus was not 

detected in any of the reads from the blanks of the different kits after analysis using Kraken2 

(Wood et al., 2019). Therefore, it was concluded that none of the extraction kits contained 

DNA that could impact the results of our analysis. 

The goat cheese samples were handled according to workflow A (incubation of 24 h and 

DNA extraction with Nucleospin Food) as described above. 

The quality and quantity of all DNA extracts were evaluated using the Nanodrop 2000 

(Thermo Fisher Scientific, Waltham, MA, USA), Qubit 3.0 Fluorometer (Thermo Fisher 

Scientific, Waltham, MA, USA), and 4200 TapeStation (Aglient, Santa Clara, CA, USA). 

3.2.3. Real-Time Polymerase Chain Reaction Verification 

The presence of STEC with the expected virulence pattern in blank and spiked samples 

was verified in all DNA extracts from food matrices using qPCR for the genes uidA, eae, stx1, 

and stx2 as described by Barbau-Piednoir et al. (Barbau-piednoir et al., 2018). 

3.2.4. Validation with ISO Method 

The detection of STEC in the blank and spiked samples of all biological replicates of the 

experiment was validated in parallel following ISO/TS 13136:2012: qPCR on the crude extract, 

isolation on selective media (STEC colorex, CHROMagar), confirmation of the typical colonies 

by qPCR, isolation on nutrient agar, and confirmation with qPCR (ISO: International 



Chapter 3: STEC Illumina 

45 
 

Organization for standardization, 2012) (Figure 3.1). A detailed overview of the conventional 

methods used for the detection and characterization of STEC in food in the Belgian NRL can 

be found in Nouws et al. (Nouws et al., 2020a). Then, re-isolated STEC colonies from nutrient 

agar plates were cultured overnight in BHI, and the DNA was extracted with the DNeasy Blood 

and Tissue kit according to the manufacturer’s protocol. The elution buffer was replaced by 

TrisHCl 10 mM. 

3.2.5. Next-Generation Sequencing 

All DNA extracts, including isolates, were further processed with the Nextera XT library 

preparation kit (Illumina, San Diego, CA, USA) before sequencing on the Illumina Miseq, 

generating paired-end 250-bp reads with the reagent kit v3, according to the manufacturer’s 

instructions. The samples were sequenced in three different sequencing runs, each containing 

libraries of 12 samples (Supplementary Materials Table S1). 

3.2.6. Data Analysis 

The sequence reads obtained for the isolates were further processed with the pipeline as 

described in Nouws et al. (Nouws et al., 2020b). The number of reads sequenced per 

metagenomics sample is presented in Supplementary Materials Table S2. Then, raw reads 

were analyzed through a bioinformatics workflow presented in Figure 3.2. The reads were 

trimmed using Trimmomatic version 0.38.0 operating sliding window trimming averaged on 4 

bases requiring an average quality of 20 (Bolger et al., 2014) (Supplementary Materials Table 

S2). A taxonomic classification of the reads was conducted using Kraken2 version 2.0.7 (Wood 

et al., 2019) first with an in-house database of mammalian sequences containing the following 

genomes in order to filter out the host DNA: Bos taurus (GCF_000003055), Capra hircus 

(GCF_001704415), Chlorocebus sabaeus (GCF_000409795), Mesocricetus auratus 

(GCF_000349665), Cavia porcellus (GCF_000151735), Equus caballus (GCF_000002305), Mus 

musculus (GCF_000001635), Rattus norvegicus (GCF_000001895), Ovis aries 

(GCF_000298735), and Sus scrofa (GCF_000003025). Genomes were retrieved on 18/02/2019. 

Second, this was then followed by a classification on an in-house database of archaea, 

bacteria, fungi, human, protozoa, and viruses. This customized Kraken database was built 

using all available RefSeq “complete Genome” sequences of the targeted taxonomic groups 

downloaded from the RefSeq Genome  

(ftp://ftp.ncbi.nlm.nih.gov/genomes/refseq/) on 18/02/2019 (O’Leary et al., 2016). This 

classification step was done using a two-step approach because a joint search against both 

databases requires computational resources beyond what is available for the Belgian NRL. 

Graphs were created on the classification results using ggplot2 in R. A gene detection was 

performed on all trimmed reads with SRST2 version 0.2.0 (Inouye et al., 2014) on the 

databases of VirulenceFinder E. coli and shiga-toxin genes (Joensen et al., 2014) and 

SerotypeFinder O type and H type (Joensen et al., 2015) as accessed in January 2020, filtering 

genes covered at 80% and above with a maximum divergence of 20% (results presented in 
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Supplementary Materials Table S2). Graphs of the depth of detection normalized to 1 million 

trimmed reads per sample were drawn using R and the library ComplexHeatmap (Gu et al., 

2016). Strain-level metagenomics analysis was performed using Sigma (Ahn et al., 2015) 

following the method described by Saltykova et al. (Saltykova et al., 2020) with a database of 

728 complete genomes of Escherichia coli from the National Center for Biotechnology 

Information (NCBI). Gene detection with SRST2 was performed on the classified reads 

corresponding to the individual E. coli strains with the same databases using a minimal 

coverage of 30% and maximal divergence of 20% as parameters. All genes detected in the 

strains with these parameters were considered present if they were detected with 80% 

coverage and identity in all reads from the sample, taking into consideration that part of the 

sequence might be lost in the read classification by Sigma. For phylogenetic analysis, SNP 

calling was carried out on the classified reads as previously described by Saltykova et al. 

(Saltykova et al., 2020), with E. coli O157:H7 str. Sakai (BA000007.2) as a reference. A matrix 

of SNP differences per million genomic positions covered was calculated and presented in 

Supplementary Materials Table S3. Maximum likelihood substitution model selection and 

phylogenetic tree inference were done with MEGA (Kumar et al., 2018), using the NNI 

(nearest-neighbor-interchange) heuristic method, keeping all informative sites and using the 

bootstrap method with 100 replicates as a phylogeny test. The parameters of the model 

selected for the construction of each tree are presented in Supplementary Materials Table S4. 

iTOL (Letunic and Bork, 2016) was used for the representation of the tree with percentage of 

reference genome covered and gene detection displayed as annotations on the side of the 

branches. The percentage of the reference genome represents the fraction of the genome 

that was suitable for the phylogenetic analysis and not the percentage of positions in the 

genome that were covered by reads (due to (imperfect) repeats excluded during SNP calling 

because of lower mapping quality). The strains used in the tree were sequenced for another 

study based on isolates from the National Reference Laboratory of STEC (Nouws et al., 2020b) 

(accession numbers: SRR10201483, SRR10201465, SRR10201452, SRR10201427, 

SRR10201416, SRR10201408, SRR10201398, SRR11816083, SRR11816082, SRR11816006, 

SRR11816065, SRR11816010, SRR11816005, SRR11816071, SRR11816075, SRR11816012, 

SRR11816073). The data from all metagenomics samples presented in this study can be 

accessed under BioProject PRJNA645436. 
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Figure 3.2: Presentation of the bioinformatics analysis for the characterization of STEC in 

samples using a metagenomics approach. After sequencing and pre-processing of the reads, first, the 

species in the sample are detected by a taxonomic classification tool (Kraken2); then, the presence of 

a pathogen in the sample is predicted based on the detection of virulence genes in the reads (SRST2), 

after which individual bacterial strains are inferred (Sigma) and characterized with gene detection 

(SRST2) and single nucleotide polymorphism (SNP) phylogeny (SNP-calling pipeline). 
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3.3. Results 

3.3.1. Testing of 5 Sample Preparation Workflows for Metagenomics 

Analysis Applied on Spiked Beef 

Different parameters were tested in parallel for the handling of spiked beef samples as 

presented in Figure 3.1, to investigate which workflow would be the most appropriate and 

performant for a strain-level metagenomics-based outbreak investigation in reference and 

routine laboratories. We evaluated the performances of 5 metagenomics sample preparation 

workflows, which differed by the DNA extraction kit used and enrichment method (16 versus 

24 h enrichment, with or without a DNA amplification step) (Materials and Methods; Figure 

3.1). The outcome of metagenomics analysis of the samples was compared to the 

conventional methods involving isolation of the pathogen used in the National Reference 

laboratories, ISO/TS 13136:2012, followed by WGS of the isolate. Our metagenomics data 

analysis (Figure 3.2) aimed at obtaining at least the same results as the conventional methods, 

i.e., the detection of a STEC, serotype, and three virulence genes (eae, stx1, stx2), and the 

determination of relatedness to outbreak cases without isolation. 

3.3.1.1. Comparison of the Experiment with Conventional Methods 

The blank and spiked samples were tested following the conventional methods (i.e., 

ISO/TS 13136:2012), which are currently used in the National Reference laboratories 

(Supplementary Materials Table S5). All samples gave the expected results according to the 

spiking: detection of the stx and eae genes with qPCR in the crude extract (Supplementary 

Materials Table S5) and in isolates after consecutive culture steps (use of selective media and 

isolation of typical colonies on nutrient agar, Figure 3.1) (Nouws et al., 2020a), except in the 

blanks. Furthermore, sequencing of the isolates obtained from these samples with the 

conventional methods, an analysis recommended by EFSA but not included in the ISO, allowed 

the detection of the expected virulence profile and serotype in the sequencing reads. The 

isolate could be related to the other outbreak cases including patient’s strains in a 

phylogenetic analysis (see phylogenetic analysis below, Section 3.1.3, Section 3.1.4 and 

Section 3.1.6). These results confirmed the correct course of the spiking experiment. 

3.3.1.2. Analysis of Blank Beef Samples 

The absence of STEC in the food matrix was investigated using qPCR (Supplementary 

Materials Table S1) as well as shotgun metagenomics analysis (Figure 3.2) of the DNA extracts 

of the blanks. The uidA gene, an indicator for the presence of E. coli, was detected by qPCR in 

the DNA extracts of all blank samples, including the non-enriched blank where it was observed 

at a high quantification cycle (Cq 33). Some variation was present between the biological 

replicates of the enriched blank: the first biological replicate showed lower levels of E. coli (Cq 

22) compared to the two others (Cq < 20). 
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Figure 3.3: Percentages of reads classified to the genus level using Kraken2 

(taxonomic classification tool) from beef samples with in-house databases of mammals, 

archaea, bacteria, fungi, human, protozoa, and viruses. Light blue represents the proportion 

of “Bos” corresponding to beef reads. Yellow represents the presence of “Escherichia” in the 

sample. The reads that could not be classified to the genus level for mammals, archaea, 

bacteria, fungi, human, protozoa, or viruses are represented in gray. (A) Blank meat samples; 

Bk-0h—non-enriched blank; BK-24h—non-spiked meat sample enriched for 24 h, 1–3 

biological replicates. (B) Extraction kits; workflow A—Nucleospin Food, workflow B—

DNeasy Blood & Tissue and workflow C—Zymo HostZERO. (C) Enrichment times; workflow 

A—24 h culture enrichment, workflow D—16 h culture enrichment, workflow E—16 h culture 

enrichment, extraction followed by DNA amplification using phi 29 DNA polymerase; all 

extracted with Nucleospin Food kit. (D) Biological and technical replicates of workflow A. 

Small differences in the detected species shown in panels A, C, and D can be explained by the 

heterogeneity of the samples and biological variation, as different replicates of the 

experiment were used. 

 



Chapter 3: STEC Illumina 

50 
 

Figure 3.3A presents the taxonomic distribution to genus level in each blank sample. The 

non-enriched blank of the first biological experiment (beef_Bk-0h) presented 96% of reads 

classified as Bos, corresponding to the host food matrix (beef meat). No bacterial species could 

be detected without enrichment. After enrichment, the three biological replicates of the blank 

(beef_Bk-24h-1, -2, and -3) harbored on average about 50% of Bos reads (47%, 29%, and 64% 

respectively), while the other reads were distributed between bacteria naturally present in 

the beef meat. Of these, Escherichia was detected in each biological replicate as one of the 

major taxons, indicating that the bacteria of this genus were naturally present in the beef 

matrix. Therefore, the sequencing results confirmed the qPCR results for the uidA gene 

obtained for the food mix crude extract analyzed with the conventional method 

(Supplementary Materials Table S5), and the qPCR results on the DNA extracts of this food mix 

(Supplementary Materials Table S1). Escherichia was detected with less reads in the first 

biological replicate (1%), confirming the qPCR observations (higher Cq, Supplementary 

Materials Table S1). Hafnia and Kurthia were also detected in all blanks. These species are 

commensal in ruminants and often detected in meat products (Davies et al., 1998; EFSA, 

2016). Although Hafnia alvei has been described in rare cases as an opportunistic pathogen to 

humans, it is not considered to contribute to meat spoilage or pose a risk to human health 

(EFSA, 2016; Food Safety Authority of Ireland, 2019). We did not observe an issue with the 

integrity of the meat when the analysis was conducted (within the expiry date). Some other 

less represented genera varied between the samples (i.e., Klebsiella, Enterobacter, 

Citrobacter, Bacillus, and Lactococcus). 

The genes stx1, stx2, and eae were not detected in any of the blank samples with qPCR 

(Supplementary Materials Table S1) nor with gene detection in the sequenced reads (Figure 

3.4, Supplementary Materials Table S2). These observations, as well as the taxonomic 

classification, indicate that endogenous non-pathogenic E. coli were already present in the 

beef sample prior to spiking, as detected by qPCR. Accordingly, no STEC strains could be 

inferred for relatedness according to our bioinformatics protocol (Figure 3.2), although reads 

from non-pathogenic endogenous E. coli could be obtained 

3.3.1.3. Testing of 3 DNA Extraction Kits for the Spiked Beef Samples 

The DNA extraction of spiked beef enriched for 24 h was conducted with 3 different 

commercial kits (methods A, B, C) on the same sample (first biological replicate). The three 

DNA extracts tested positive for the presence of E. coli DNA, as indicated by the uidA qPCR 

assay, with a Cq of 20 for workflow A, 19 for workflow B, and 18 for workflow C 

(Supplementary Materials Table S1). 

 

.
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Figure 3.4: Gene depth per million trimmed reads per sample for the detection of genes encoding for serotype O157:H7 (wzx and fliC 

genes) and the stx1a, stx2a, eae, and ehxA virulence genes (5 genes from ISO/TS 13136:2012 and ehxA present on plasmid pO157) with more 

than 80% query coverage and 80% identity in all reads for beef samples processed with different workflows A-B-C-D-E, and in biological (A-1, 

A-2, A-3) and technical replicates (A1-3, A2-3, A3-3) of workflow A. Increasing depth (per million trimmed reads) is represented in shades of 

green to yellow according to the color gradient in the legend.
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After taxonomic classification, Escherichia reads could be retrieved in all DNA extracts 

from the spiked and blank samples (Figure 3.3B), and in higher proportions than in the 

corresponding blank (beef_Bk_24h-1, Figure 3.3A), as expected from the artificial addition of 

the STEC strain. No reads were classified as Bos in the sample extracted with HostZero 

(workflow C), demonstrating the efficiency of the kit to remove the DNA of eukaryotic cells. 

Meanwhile, 9.8% of the reads of the HostZero DNA extract were classified as Escherichia, 

while a very high percentage of all bacteria were classified as Hafnia. The use of the two other 

kits (workflows A and B) led to similar profiles with some variations in the percentages of the 

taxa. Escherichia was correctly detected in those DNA extracts (4% for workflow A and 8.5% 

for workflow B). 

The serotype and the virulence (based on the detection of 6 genes) were correctly 

determined after extraction with the three different extraction kits (Figure 3.4 and 

Supplementary Materials Table S2), confirming the results of the qPCR (Supplementary 

Materials Table S1). Even the subtyping of the stx1 and stx2 virulence factors could be 

achieved. After normalization per million trimmed reads, ehxA, a gene present on the pO157 

plasmid, was mapped with less reads (lower depth) than the ones present on the chromosome 

for workflows A and B, but with more reads for workflow C. The DNeasy Blood and Tissue kit 

(workflow B) had overall less reads mapping to all studied genes. 

Strain-level metagenomics analysis performed on the WGS data of complex food matrices 

indicated that the spiked samples contained more than one E. coli strain. For all samples, one 

strain was identified as STEC by the detection of stx genes and was used in the phylogenetic 

analysis. The other strains are considered as endogenous E. coli. For all three DNA extraction 

kits, the detected STEC strain clustered with food (TIAC 1151, 1152) and human (TIAC 1169, 

1165) isolates of the Limburg outbreak with 0 to 1 SNPs difference per million genomic 

position (Supplementary Materials Table S3) and separated from non-outbreak isolates (TIAC 

1153 and TIAC 1638) (Figure 3.5 A, B) on the phylogenetic tree. All DNA extraction kits allowed 

the determination of the 6 genes (typing genes wzx and fliC corresponding to serotype 

O157:H7 and virulence genes stx1, stx2, eae and ehxA) in the reads of the STEC strain, 

confirming that it was the spiked strain. The subtype of the stx genes could also be obtained 

in the inferred strains. The percentage of the reference genome covered after DNA extraction 

of the same biological sample, presented on the side of the tree in Figure 3.5B, was higher 

with workflow C (HostZero extraction) and lower for workflow B (DNeasy Blood & Tissue), but 

all were in line with the percentages observed for isolates, indicating that a sufficient 

sequencing depth could be achieved for the spiked strain for a robust phylogenetic placement. 

The remaining E. coli strains detected in the metagenomics samples were also screened for 

the presence of virulence genes but resulted negative for the detection of stx1, stx2, eae, and 

ehxA, indicating that they represented the endogenous E. coli present on the food matrix. 

Therefore, these were not investigated further. 
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Figure 3.5: (A) SNP-based phylogenetic tree of STEC strains inferred from 

metagenomics samples (dark blue) and of sequenced isolates (black). Reference: E. coli 

O157:H7 str. Sakai (BA000007.2). Beef/goat isolate: STEC isolate obtained after following the 

conventional method on the prepared spiked samples. (B) Phylogenetic tree of the STEC O157 

with percentage of the reference genome covered and gene detection in the strains. Orange: 

closely related strains from the outbreak cluster. (C) Phylogenetic tree of the STEC O103 

with percentage of the reference genome covered and gene detection in the strains. Blue: 

closely related strains. (D) Phylogenetic tree of the STEC O145 with percentage of the 

reference genome covered and gene detection in the strains. Green: closely related strains. 

The scale bar represents nucleotide substitution per 100 nucleotide site. Node values represent 

bootstrap support values.  
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3.3.1.4. Testing of Different Enrichment Procedures 

To see whether the enrichment of 24 h could be shortened, workflow A (24 h) was 

compared on the same sample (third biological replicate) to an enrichment of 16 h (workflow 

D) and an enrichment of 16 h with the same DNA extraction kit (Nucleospin Food), followed 

by a DNA amplification using phi 29 polymerase (workflow E). 

All extracts were positive for uidA tested in qPCR (Supplementary Materials Table S1). All 

three workflows showed comparable Cq values (A and D: 20, E: 23). Sequencing and 

taxonomic classification confirmed the low variation between the samples (Figure 3.3C). 

Escherichia was detected in the three DNA preparations and represented between 8% and 

10% of the reads. The amplification of the DNA (workflow E) did not qualitatively affect the 

distribution of the species in the sample, but resulted in a higher amount of unclassified reads. 

Two low abundance species (Comamonas and Enterobacter) detected in the 24 h enrichment 

were not detected in the 16 h enrichment samples (D and E). This can be due to growth 

differences during the culture and/or incubation time, which were conducted in two separate 

bags. 

qPCR on the virulence genes of interest (Supplementary Materials Table S1) gave similar 

results for the sample enriched for 16 h (workflow D) and the sample enriched for 24 h 

(workflow A). The sample processed with workflow E (16 h of enrichment and DNA 

amplification) had slightly higher Cqs for all genes tested. After sequencing, the 5 genes from 

the ISO standard and ehxA were detected in the DNA extracted from the food samples 

processed with the three different workflows (Figure 3.4). The time of enrichment did not 

impact the gene detection, as the depth (normalized per million trimmed reads) was in the 

same range for the food samples enriched for 16 or 24 h (Figure 3.4). The DNA amplification 

(workflow E) had similar results to the sample preparations without amplification (Figure 3.4 

and Supplementary Materials Table S2). 

After strain-level metagenomics analysis, one STEC strain was inferred from each 

metagenomics sample while other endogenous E. coli were present in the same samples. The 

obtained STEC strain could be related to the isolates from food and human origin of the same 

outbreak for the three workflows (Figure 3.5 A, B) in a phylogenetic analysis. The obtained 

strain of each of the three workflows had 0 SNP difference per million genomic position with 

the outbreak isolates (Supplementary Materials Table S3) and shared similar SNP differences 

as these isolates have with the non-outbreak cases. All 5 genes from the ISO standard could 

be detected in the inferred genomes, as well as ehxA, although a lower coverage for the gene 

coding for type H7 was observed in the DNA extracted from the food samples enriched for 16 

h (workflows D and E). 

3.3.1.5. Evaluation of the Performances of the Tested Metagenomics 

Workflows 

As elaborated above, all workflows allowed a characterization of the pathogen after 

enrichment, comparable to the conventional method, but without prior isolation: i.e., 
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detection of STEC in the sample, determination of the serotype and virulence factors of 

interest, and retrieval of the reads corresponding to the STEC strain to perform phylogenetic 

tracing back to the Limburg outbreak. However, some small drawbacks were noted. Workflow 

B, although easy to implement for an average cost, resulted in low depths for the detection of 

the genes of interest and a lower coverage of the genome for the reference strain. Workflow 

C yielded very good results for gene detection and linkage to the outbreak isolates as well, but 

it is more expensive compared to the other methods. Workflow E did not show sufficient 

added value of the DNA amplification to pursue this additional step. Workflows A and D 

consisted of DNA extraction with the Nucleospin Food kit, differing in the enrichment time (24 

or 16 h). Overall, workflow A showed a good performance for gene detection and strain-level 

metagenomics analysis with a short hands-on time and low price per sample. Additionally, 24 

h of enrichment followed by a fast DNA extraction protocol seemed to be the most practical 

during outbreak investigation and to be used in a reference or routine laboratory setting, as it 

is in line with the current ISO regulation (ISO/TS 13136:2012). Therefore, workflow A was 

selected for further analyses. 

3.3.1.6. Reproducibility of Workflow A 

The reproducibility of the selected workflow A was verified using biological and technical 

replicates, representing the random biological variation due to the spiking and enrichment of 

the samples, and the variability due to the extraction protocol, respectively. After DNA 

extraction, the uidA gene was detected with similar Cq (19.34 to 20.46), as tested with qPCR 

(Supplementary Materials Table S1). After sequencing, the obtained reads were classified per 

taxon (Figure 3.3D). Bos accounted for approximately half of the reads in all samples, while 

Kurthia, Hafnia, and Escherichia were also present in every replicate. Escherichia was detected 

at various levels in all the spiked samples, roughly twice as much as in the corresponding 

blanks (Figure 3.3A). The increase of bacteria of this genus results from the addition of the 

STEC inoculum, introducing a new strain of this genus in the mix. The same species were 

detected in the three technical replicates (A1-3, A2-3, A3-3), and the difference in the species 

distributions was low. The biological replicates had more variation, and the first one presented 

the least reads classified as Escherichia in the blank and the spiked sample. 

The genes of interest were detected in all replicates of the experiment using qPCR 

(Supplementary Materials Table S1) and in the sequenced reads (Figure 3.4). The gene ehxA 

was detected with a lower depth in all replicates. After normalization to a million trimmed 

reads, the first biological replicate of the experiment had overall lower depths for the 6 genes, 

while the second biological replicate showed higher amount of reads mapping to each gene 

of interest, but all genes could be detected, including the subtype of stx1 and stx2, for all 

samples. This can be linked to the lower percentage of reads classified as Escherichia in the 

DNA extracted from this food sample (Figure 3.3A) as well as a higher Cq in qPCR 

(Supplementary Materials Table S1). The variation between technical triplicates was lower 

than that between the biological replicates. 
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Strain-level metagenomics analysis allowed the detection of a STEC strain in all replicates 

of the experiment. These strains clustered correctly with the isolates linked to the outbreak 

on the phylogenetic tree (Figure 3.5A, B) with 0 to 1 SNPs distance per million genomic 

positions (Supplementary Materials Table S3). In every case, the strain harbored the 

serotyping and virulence genes as used in ISO characterization, as well as ehxA, and covered 

about 70% of the reference genome, except for the first biological replicate that covered 

45.7% of the reference genome. 

3.3.2. Detection and Characterization of Two STEC Strains in Goat Cheese 

The same metagenomics analysis was conducted on spiked goat cheese samples in 

parallel with the conventional method, as a reference. This matrix is known to be difficult to 

analyze due to its high fat content and complex bacterial community (Volk et al., 2014). 

Additionally, we increased the complexity further by spiking two other STEC serotypes (O103 

and O145) harboring identical stx and eae genes separately and in a co-contamination 

scenario (the two strains were spiked simultaneously). Sample preparation was conducted 

following the selected workflow A (enrichment of 24 h and extraction using Nucleospin Food, 

Figure 3.1), and the same bioinformatics analysis (Figure 3.2) was applied. 

3.3.3.1. Comparison of the Experiment with Conventional Method 

The blank and spiked goat cheese samples were tested following the conventional 

methods (ISO/TS 13136:2012) to verify the spiking step. The blank goat cheese (not spiked) 

was negative for uidA, eae, stx1, and stx2 with qPCR, and no isolate could be obtained 

(Supplementary Materials Table S5). All spiked samples could be completely characterized 

with the conventional method, including the co-spiked sample: i.e., the virulence genes were 

detected in the enriched food matrix (eae, stx1) with qPCR, the isolation of the STEC strain(s) 

on selective media, their isolation on nutrient agar, and the confirmation of obtaining of an 

STEC with qPCR was achieved. After sequencing of the obtained isolates with WGS, the 

expected virulence profile and serotype were obtained for both strains based on the 

corresponding gene detection in the sequenced reads. Then, the isolates were placed in 

phylogenetic trees after SNP calling (Figure 3.5A,C,D). These results were in agreement with 

the spiking of the samples. 

3.3.3.2. Metagenomics Analysis 

The DNA extracts of the goat cheese samples were first tested with qPCR (results 

presented in Supplementary Materials Table S1). The presence of E. coli was detected in the 

DNA extracted from all spiked samples (uidA, Cq of 16 to 22). It was not detected in the blank. 

The virulence factors eae and stx1, harbored on the genomes of the two spiked strains, were 

detected with a Cq of 16 in the DNA extracted from all spiked goat cheese samples (results in 

Supplementary Materials Table S1). 
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Figure 3.6: Percentages of reads classified to the genus level using Kraken2 (taxonomic classification tool) on all reads of goat cheese samples with in-

house databases of mammals, archaea, bacteria, fungi, human, protozoa, and viruses. Green represents the proportion of “Capra” corresponding to goat 

reads. Yellow represents the presence of “Escherichia” in the sample. The reads that could not be classified to the genus level for mammals, archaea, bacteria, 

fungi, human, protozoa, or viruses are represented in gray. (B) Gene depth per million trimmed reads per sample of wzx and fliC genes for the determination 

of types O103, O145, H2, and H28 and stx1a, eae, and ehxA virulence genes with more than 80% coverage and 80% identity in all reads of goat cheese samples. 

Increasing depth (per million trimmed reads) is represented in shades of green to yellow according to the color gradient in the legend. Goat_Bk_24h = Blank 

goat cheese enriched for 24 h. Goat_O103 = goat cheese spiked with STEC O103. Goat_O145 = goat cheese spiked with STEC O145. Goat_O103+O145 = 

goat cheese co- spiked with STEC O103 and STEC O145.
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After sequencing, goat DNA (Capra genus) could be detected in the blank and in small 

percentages in DNA extracted from the goat cheese sample spiked with STEC O145 (3%) and 

co-spiked with STEC O103 and STEC O145 (0.6%), but not in the sample spiked only with STEC 

O103 (Figure 3.6A). More reads were unclassified in that sample. The blank was also 

composed of Lactobacillus, Lactococcus, and SK1virus (a Lactoccocus virus). Only some 

Lactococcus were still detected in the spiked samples, and more than 50% of the reads were 

classified as Escherichia, which is a genus that was not naturally present in the goat cheese 

before the spiking. 

All genes of interest that were expected to be found linked to the spiked strain could be 

retrieved with a high depth in the sequencing reads of the DNA extracted from the spiked goat 

cheese samples (see Figure 3.6B). The subtype of the stx1 gene could be identified without 

ambiguity and was identical for the two spiked strains, as expected from the analysis of the 

isolates using WGS. The depth or number of reads mapping to the virulence factors in the co-

spiked sample was much higher than the number of reads mapping to serotyping genes in the 

co-spiked samples, which is as expected, because the virulence factors were to be found in 

the two strains, while both strains have a different serotype. 

After strain-level metagenomics analysis, one strain was detected for each of the single 

spiked samples, while two were detected for the co-spiked sample. The strains were identified 

as STEC O103 and STEC O145 based on the detection of the serotyping alleles. These were 

placed in a phylogenetic tree in proximity of the genomes of sequenced isolates, including the 

spiked isolates (Figure 3.5A). Figure 3.5C depicts only the cluster of the STEC O103. The strains 

obtained from metagenomics samples and the corresponding spiked isolate were separated 

from the other sequenced isolates. The inferred STEC strain from the co-spiked sample had 2 

SNPs difference per million genomic positions to the corresponding STEC O103 isolate, while 

the strain from the sample spiked only with STEC O103 had 1 SNP difference to this isolate 

(Supplementary Materials Table S3). The O-type, stx1, eae, and ehxA genes found in the isolate 

could be detected in the strains from the metagenomics samples. The spiked strain could be 

fully characterized using the reads obtained from the single as well as the co-spiked 

metagenomics samples. Interestingly, two isolates from the National Reference Laboratory 

(TIAC 1884 and TIAC 1878) were placed together in this cluster, with 1 SNP difference per 

million genomic positions (Supplementary Materials Table S2). These isolates come from food 

samples received at the same time period but that were not tested for relatedness at that 

time. Figure 3.5D details the cluster of the STEC O145. The inferred strains from metagenomics 

samples could be linked to the corresponding STEC O145 isolate with 2 and 0 SNPs difference 

per million genomic positions for the co-spiked and single spiked samples, respectively, and 

they could be separated from other sequenced isolates with the same range of SNPs distance 

as observed for TIAC 1220 to these other cases (Supplementary Materials Table S3). However, 

gene detection did not allow full characterization of the STEC O145, as stx1 could not be 

detected in the inferred genome with the set parameters, although it was detected with a 

high depth in all reads from the samples (Figure 3.6B). However, eae, ehxA, and the serotype 
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could be correctly detected, and the strain was placed in a cluster with the corresponding STEC 

strain, which indicates that there is a strong possibility that this strain is indeed a STEC. The 

reads containing the stx1 gene were mapped to a separate sequence from the database when 

performing the Sigma workflow, which was not included in the reads corresponding to the 

STEC O145 strain. 

3.4. Discussion 

To rapidly confine foodborne outbreaks, it is important to be able to identify and 

characterize the food pathogen and to link it with the patient’s strain, in order to take 

appropriate measures to prevent further spreading as quickly as possible. Conventional 

microbiological detection methods are based on culturing steps to obtain an isolate of the 

pathogen. This increases the turnaround time of the analysis and is not always successful. 

Besides, these methods are based on low resolution technologies such as qPCR. Recently, with 

the advance of WGS, the resolution has been significantly increased, although an isolate is still 

needed. With shotgun metagenomics, this issue would be resolved, as all DNA of the sample 

is sequenced, and prior isolation is not needed. However, the difficulty lies then in the correct 

characterization of the pathogen and the subsequent source tracking based on the 

metagenomics reads, i.e., a mix of everything in the sample. There is a need to disentangle 

the reads of pathogens present in the food sample before being able to characterize these 

and to link these to the patient’s isolates. Moreover, the method should be adapted to an 

application in national reference and routine laboratories. Our study tested the performances 

of 5 sample preparation workflows for a short read shotgun metagenomics analysis of 

contaminated foods. The workflows were defined to be as close as possible to the standard 

methods currently used in many (reference) laboratories in Europe (isolation according to 

ISO/TS 13136:2012, followed by relatedness analysis in case of an outbreak). Therefore, we 

worked with very low loads of contamination (<10 CFU for 25 g of food) and enrichment media 

that fit the requirements of the ISO standard. Moreover, as other studies previously 

highlighted the need for an enrichment of the samples to obtain a high resolution in the 

analysis, we tested enrichment times approaching 24 h. Our results proved the feasibility of a 

metagenomics method to obtain the same information as the conventional methods in a 

manner that is relatively easily applicable in laboratories, and this in a shorter time period, as 

no isolation is needed. Time is a crucial factor during a foodborne outbreak investigation. This 

analysis was performed for samples containing multiple strains of E. coli and even several 

different strains of STEC. We also managed, for the first time, to link individual STEC strains 

from different food matrices containing multiple (including endogenous) E. coli strains to 

genomes from human cases, which is essential in resolving an outbreak. 

In order to evaluate the possibility to implement our method as a new approach 

applicable in routine and demonstrate equal performance, we systematically compared the 

results obtained with metagenomics to the information collected using conventional 

methods. Therefore, our bioinformatics analysis was targeted at obtaining information 

comparable to that obtained with conventional methods. Such an approach has not yet been 
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followed in other studies that were more focused on the research aspect for proof of concept. 

The possible presence of an STEC in the food sample was first evaluated with a taxonomic 

classification tool and the screening for virulence genes through all sequencing reads. This 

step corresponds to the screening stage in the conventional method (qPCR of specific 

virulence genes on the crude extract of the enriched test portion) and allows predicting if a 

potential pathogen is present in the sample. Although more sensitive tools exist (Scheuch et 

al., 2015), the taxonomic classification tool (Kraken2) was chosen for its fast execution (results 

in a few minutes) (Wood et al., 2019), which is appreciated for fast outbreak resolutions. Then, 

a strain-level classification of the metagenomics reads corresponding to the isolation of the 

strain was conducted. The obtained strain is characterized through gene detection and SNP 

phylogeny, which is equivalent to qPCR, followed by PFGE for relatedness or WGS analysis on 

an isolate in routine. However, the information obtained with the metagenomics analysis 

exceeded the one obtained with the conventional workflow. Indeed, information that is not 

requested in the scope of the ISO standard was also obtained for three different STEC 

serotypes tested: the metagenomics method was capable of distinguishing the subtype of the 

stx1 and stx2 genes but also to detect the gene ehxA, which are all recognized as markers for 

the severity of the disease but not included in the regulations (De Rauw et al., 2019b). Shotgun 

metagenomics, such as whole genome sequencing, allows obtaining an overview of the 

complete genome of the organisms present in a sample, therefore giving access to all genes 

of interest present on this genome. In further studies, other genes of interest including 

antimicrobial resistance genes but also other virulence genes recognized for their importance 

in other outbreaks such as aaiC or aggR (not present in the spiked strains) could also be 

investigated. Obtaining the complete genome of the STEC strain also allows the detection of 

any serotype, while only O26, O103, O111, O145, and O157 are currently looked for with the 

current methods. 

The use of molecular methods in routine for food monitoring requires a DNA extraction 

protocol that is easy to implement with low costs and reproducible results. Therefore, we 

tested three commercial DNA extraction kits and two different food matrices, including one 

that is recognized as difficult due its higher fat content. All methods performed sufficiently 

well to detect and characterize the pathogenic strain in the food matrix and to link it to other 

outbreak cases from food and human origin. However, as previously shown, the choice of the 

kit can have a minor impact on the results obtained with a metagenomics study (Josefsen et 

al., 2015; Knudsen et al., 2016). Indeed, it can cause a variation in the distributions and even 

the detection of genera in the sequencing reads of the same sample. However, the presence 

of some taxa could also be explained by carry-over or index misidentification due to the used 

sequencing technology (Kircher et al., 2012) or performance of the taxonomy classification 

tool (Wood et al., 2019). It has also been previously described that commercial DNA extraction 

kits can have different performances for the extraction of plasmid DNA (Delaney et al., 2018), 

as observed in our study for the gene ehxA. As Nucleospin Food (workflow A) had good results 

for a low price and hands-on time and proved to be reproducible, it was selected for further 

experiments. 
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ISO/TS 13136:2012 demands an enrichment of the food matrix before the start of the 

analysis in order to be able to detect low levels of STEC. Moreover, implementation in a 

routine laboratory setting requires that the timing of the enrichment is practical for the 

technicians’ work schedule and allows a fast analysis, which is especially important in case of 

outbreak investigation. Previous studies have stressed the importance of an enrichment for 

metagenomics analysis of food samples and have focused on a shortening of the incubation 

time by using selective media or antibiotics (Leonard et al., 2015; Hyeon et al., 2018). In our 

study, the enrichment culture was conducted in the broths recommended in the ISO standard: 

the goat cheese was enriched in modified tryptic soy broth with acriflavin, and a non-selective 

broth (buffered peptone water) was used for the analysis of spiked beef, as it is recommended 

for stressed cells. The use of selective media has been shown to induce the identification of 

only certain serogroups of STEC (Brusa et al., 2016). We analyzed three different serotypes of 

STEC and noted no difference in the performances of our workflow. Two enrichment times 

were tested in our study (i.e., 24 h and 16 h). The information obtained after 16 h of 

enrichment, with the applied sequencing conditions, was already sufficient for outbreak 

investigation purposes with similar results to those obtained with the conventional methods, 

and we were able to conduct this analysis to the SNP level with the presence of endogenous 

E. coli in the food matrix. A DNA amplification, after 16 h of enrichment in non-selective broth, 

was not considered as an added value in the protocol, in contrast to what was previously 

reported after 12 h of incubation in selective broth followed by selective immune-based 

enrichment of the pathogen’s DNA (Hyeon et al., 2018). Although a shorter enrichment time 

can be considered, we chose to pursue our study with an enrichment of 24 h, corresponding 

to what is currently performed in routine and is also recommended for the analysis of STEC 

under stress conditions (Jasson et al., 2009). 

In routine, the isolation of a strain almost automatically involves the characterization of a 

single pathogenic strain present in the food matrix for relatedness. However, previous studies 

have shown the prevalence of co-contaminations, including several different pathogens or 

multiple strains of the same species (Kinnula et al., 2018; Somerville et al., 2018). Therefore, 

it is important to develop a method that can characterize all pathogenic strains in the food 

vehicle for outbreak investigation. In our study, we managed to characterize STEC in food in 

the presence of endogenous non-pathogenic E. coli and in a sample co-contaminated with two 

different strains (serotypes O103 and O145), which is a level of analysis that was not achieved 

in previous studies (Leonard et al., 2016). We were able to extract the pathogen’s reads and 

link them back to human cases using phylogenetics analysis, starting from very low levels of 

inoculum. This information might not be obtained for two separate strains in a routine setting, 

as only one STEC (when the same profile of virulence genes of single colonies is obtained by 

qPCR) is usually characterized for relatedness after isolation. Moreover, as metagenomics is a 

“pathogen-agnostic” approach, it allows the analysis of a food product without the need of a 

priori knowledge on the pathogen or the number of strains that might be present. The 

conventional methods of analysis of foodborne outbreak samples rely on symptom-based 

screening for a pathogen. In one out of four foodborne outbreaks, the causative agent cannot 
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be identified with the current method (EFSA, 2019a). This can be caused by the absence of 

leftover suspect food, by a limited quantity of leftover food impeding the ability to conduct 

several conventional tests, or due to the difficulty to obtain an isolate to characterize further. 

The implementation of a metagenomics approach would allow a complete screening of 

possible pathogens in one test with a limited amount of sample. This might lead to interesting 

results as shown with the detection of other species in the enriched beef and goat, including 

Hafnia, which is a rare possible source of infection to humans, for example in 

immunocompromised patients. Although this study has focused on STEC as a bacterial 

foodborne pathogen, we believe that the same approach could be applied to others with only 

minor modifications, such as the database used for read classification and gene detection. 

The possibility to implement new approaches in routine settings will also depend on the 

cost of the analysis per sample. Metagenomics studies still represent a high investment for 

laboratories. Yet, metagenomics provides access to much more information at once than 

conventional tests, which, if all conducted in parallel, would also become expensive, in 

addition to requiring a large portion of sample and therefore risking missing the causing agent 

if only a small amount is available (which is common for leftovers from a suspect meal). The 

cost is primarily linked to the low number of metagenomics samples sequenced in one run, 

although the price of sequencing has dropped significantly in the last few years. The amount 

of samples sequenced might vary depending on the desired depth, and therefore, the level of 

information obtained per sample could be improved by sequencing at a higher depth, but then 

also at a higher analysis cost. The necessary depth could also be evaluated from the qPCR 

result of specific markers of the pathogen in the food matrix, if it is known. However, although 

our metagenomics and qPCR results seemed to agree, other studies have shown that qPCR 

results are not directly linked to metagenomics outcome (Andersen et al., 2017). Moreover, 

in case of an outbreak, the time to wait for the accumulation of sufficient samples to start a 

run can be an obstacle for a fast response, although metagenomics runs require fewer samples 

than the WGS of isolates before the run is complete. To reduce the number of samples in a 

full run, new options with lower output such as the Flongle flow cell from Oxford Nanopore 

Technologies still have to be investigated and might prove cost-effective. The use of a long 

reads sequencing technology could offer additional advantages such as reducing the turn-

around time by allowing real-time analysis and preventing bleed-through by sequencing one 

sample per flow cell. It might also improve the reconstruction of the genomes and the species 

detection by bringing bigger pieces to the puzzle (Höper et al., 2016). However, the error rate 

of Oxford Nanopore Technologies is still relatively high and might impact the level of details 

obtained in the analysis, as observed by Hyeon et al. (Hyeon et al., 2018). Another important 

drawback for the implementation of metagenomics in routine is the need for adapted 

bioinformatics pipelines (Carleton et al., 2019). This has been improving in the last years with 

the development of new specialized tools that can be proposed in workflows such as the one 

presented in this study. In the future, this workflow should be implemented as a user-friendly 

analysis pipeline to be executed in a routine setting. This will be worthwhile, as metagenomics 
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approaches are now increasingly being explored, and studies such as this one prove their 

applicability for routine laboratories. 

Interestingly, our analysis was also able to detect an unanticipated link between two 

isolates from the Belgian NRL received during the same time period. Relatedness and typing 

analyses represents extra tests and therefore extra costs, and these are not performed on a 

standard basis for all food isolates outside outbreak investigations in a reference or routine 

laboratory, while it could be achieved for every sample when performing metagenomics. This 

highlights the added value of the whole genome sequencing of pathogens in food samples, 

and by extension even from environmental samples. Importantly, this will also contribute to 

the creation and use of a shared database of whole genome sequences, including genomes of 

contaminants from human origin, in order to rapidly detect relationships between linked 

cases. This would allow to rapidly trace back the source of a contamination, similarly to what 

is being done using the genomic tracking tool GenomeTrakr (Timme et al., 2018). The addition 

of pathogen whole genome sequences into a database could also improve our data analysis 

method, as Sigma, the strain-level inference tool used, is based on the use of reference 

genomes, for which 728 complete E. coli complete genomes were available in NCBI at the time 

of the analysis. The acquisition of circulating STEC genomes could help for the detection of 

strains less common in public databases such as the STEC O145 presented in this study, for 

which a virulence gene was missing after genome inference, although it could be detected 

with very high depth before the strain-level acquisition analysis. Although infrequently 

sequenced, STEC O145 is one of the top six most common non-O157 serotypes associated to 

human diseases (Carter et al., 2016), and it has previously been linked to a multi-strain 

outbreak in Belgium (De Schrijver et al., 2008). 

In conclusion, we presented a metagenomics method developed to be as close as possible 

to the actual ISO standard, but without requiring isolation. This study proved the applicability 

of metagenomics as a valid alternative to the standard protocols that are currently used in 

reference laboratories with a strain-level acquisition of reads replacing the isolation. We 

showed that this method can equal and even surpass the information that can be obtained 

with the conventional workflow, in one single test, allowing access to information on all genes 

in the DNA of the pathogen studied and the resolution of outbreaks by linking human cases to 

strains from food samples. However, the cost of the method, still high, might at first impose a 

rational use of the approach. The metagenomics method described in this study can be used 

as a faster alternative when urgent results are necessary, in particular in the case of outbreaks, 

or as an alternative to ISO for samples in which the isolate could not be obtained. It is also 

suitable to study emerging strains or pathogens such as the O104 strain from an international 

outbreak from German origin in 2011 (Cheung et al., 2011) and would even provide the 

necessary sequence information to design a conventional method allowing the detection of 

the same strain from food for other laboratories that do not have the capacity to invest in a 

metagenomics approach. Moreover, the ability to discriminate and characterize several 

strains in case of multi-strain outbreaks is not yet covered in current procedures in routine 

but, as presented in this work, it can be achieved by following a metagenomics approach. New 
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technologies allowing a metagenomics analysis at a lower cost and in an even shorter time-

frame are yet to be explored further for a facilitated implementation in routine. This will only 

be feasible if guidelines are adapted to fit the methods that are being developed for public 

health and food chain safety needs. The possibility of applying whole genome sequencing and 

metagenomics for outbreak investigation, source attribution, and risk assessment of 

foodborne microorganisms has now been assessed by the EFSA (EFSA, 2019b), demonstrating 

the initiation of a reflection on future regulations in this matter. Studies such as ours can 

contribute to convincing the policy makers to adopt these new methods into practical 

procedures that may be applied in reference and routine laboratories in the near future. 
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Abstract: 

Food-borne outbreak investigation currently relies on the time-consuming and 

challenging bacterial isolation from food, to be able to link food-derived strains to more easily 

obtained isolates from infected people. When no food isolate can be obtained, the source of 

the outbreak cannot be unambiguously determined. Shotgun metagenomics approaches 

applied to the food samples could circumvent this need for isolation from the suspected 

source, but require downstream strain-level data analysis to be able to accurately link to the 

human isolate. Until now, this approach has not yet been applied outside research settings to 

analyse real food-borne outbreak samples. In September 2019, a Salmonella outbreak 

occurred in a hotel school in Bruges, Belgium, affecting over 200 students and teachers. 

Following standard procedures, the Belgian National Reference Center for human 

salmonellosis and the National Reference Laboratory for Salmonella in food and feed used 

conventional analysis based on isolation, serotyping and MLVA (multilocus variable number 

tandem repeat analysis) comparison, followed by whole-genome sequencing, to confirm the 

source of the contamination over 2 weeks after receipt of the sample, which was freshly 

prepared tartar sauce in a meal cooked at the school. Our team used this outbreak as a case 

study to deliver a proof of concept for a short-read strain-level shotgun metagenomics 

approach for source tracking. We received two suspect food samples: the full meal and some 

freshly made tartar sauce served with this meal, requiring the use of raw eggs. After analysis, 

we could prove, without isolation, that Salmonella was present in both samples, and we 

obtained an inferred genome of a Salmonella enterica subsp. enterica serovar Enteritidis that 

could be linked back to the human isolates of the outbreak in a phylogenetic tree. These 

metagenomics-derived outbreak strains were separated from sporadic cases as well as from 

another outbreak circulating in Europe at the same time period. This is, to our knowledge, the 

first Salmonella food-borne outbreak investigation uniquely linking the food source using a 

metagenomics approach and this in a fast time frame.  
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4.1. Introduction 

The detection and characterization of pathogens in food aims at avoiding contamination 

of consumers if carried out as a continuous screening, but also at putting an end to epidemics 

when consumers have already been infected. According to European Union legislation, 

typically the analysis of a suspect food sample involved in a food-borne outbreak includes an 

attempt at obtaining an isolate of the micro-organism, most often by the official control 

laboratories, such as the National Reference Laboratory (NRL), to further characterize it, e.g. 

by real-time PCR (qPCR) or whole-genome sequencing (WGS) (Naravaneni and Jamil, 2005; 

UE, 2005; ECDC and EFSA, 2019). To unambiguously identify the source of the outbreak, the 

food contaminant also has to be uniquely linked to the pathogens usually obtained from 

human cases by the National Reference Center (NRC). This strengthens the assumption on the 

food source based on epidemiological studies only. However, isolation from food samples is 

not straightforward nor always successful, as opposed to the human samples, which typically 

contain higher loads of the pathogen. In these cases, the relatedness to the human isolates 

cannot be obtained and the outbreak is never resolved to its food source. Indeed, the 

European Food Safety Authority (EFSA) reported that the causative agent was unknown in 

23.8 % of outbreaks that occurred in 2018 (EFSA, 2019a; Sala et al., 2020). In some cases, the 

wrong foodstuff can even be blamed, leading to huge economic losses in the sector (European 

Commission, 2011). A novel approach, i.e. shotgun metagenomics, has been investigated in 

recent years in an attempt to characterize the pathogen but without the need to isolate it 

from the food matrix (Höper et al., 2016; Kovac et al., 2017; Carleton et al., 2019); therefore, 

in a possibly shorter time frame and, most importantly, increasing the chance of finding the 

source of the outbreak. EFSA recently published an opinion on the use of WGS and 

metagenomics for outbreak investigation, confirming the possibility for typing and source 

attribution from shotgun metagenomics data, in particular if a draft reconstructed genome of 

the pathogen at the strain-level can be obtained (EFSA, 2019b). Until now, only a few studies 

have investigated the possibility of achieving strain-level characterization for pathogens in 

food samples; however, these did not link strains obtained from the food samples to isolates 

from the human cases, a prerequisite for the trace back of the outbreak (Leonard et al., 2015, 

2016; Yang et al., 2016; Walsh et al., 2017). We have previously developed such a 

metagenomics approach to be implemented for food-borne outbreak investigations (Buytaers 

et al., 2020; Saltykova et al., 2020) using artificially contaminated samples, targeting the Shiga 

toxin-producing Escherichia coli (STEC), and we were able to link it back to isolates from 

humans. This method has, however, not yet been implemented for another pathogen or 

during a real outbreak. 

Among food-borne outbreaks occurring in Europe, food contaminations due to 

Salmonella are the second most commonly reported cause of gastrointestinal infections 

(EFSA, 2019a). Salmonelloses are caused by thousands of different serovars, of which 

Salmonella enterica subsp. enterica serovar Enteritidis accounts for over 40 % of all infections 

for which the serovar has been identified. They are most often related to eggs and have been 
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associated with a high proportion of food-borne outbreaks, due to the use of the raw product 

in several food preparations (EFSA, 2019a). The standard protocol for analysing food products 

potentially contaminated with Salmonella according to European Union legislation is to isolate 

the pathogen through several enrichment and plating steps (ISO 6579 : 2017 (ISO: 

International Organization for standardization, 2017)). The isolated strain is then 

characterized through biochemical and/or serological testing, as well as multilocus variable 

number tandem repeat analysis (MLVA) to infer phylogeny against a well-characterized 

background. However, EFSA has now recommended WGS of Salmonella isolates, particularly 

when linked to outbreaks (EFSA, 2014b). WGS offers the possibility to study the full genome 

of the isolate, including potential virulence and antimicrobial-resistance (AMR) genes (EFSA, 

2014b; Ellington et al., 2017). It also allows the highest level of precision in relatedness studies 

based on SNP differences between strains, and allows sporadic bacteria to be distinguished 

from persistent bacteria in a food-production environment (Franz et al., 2016; Tang et al., 

2019). Using metagenomics, Salmonella has thus far only been characterized in faeces (Loman 

et al., 2015; Huang et al., 2017) or in food after selective concentration of Salmonella genomic 

DNA by immunomagnetic separation (Hyeon et al., 2018). However, food samples 

contaminated with this species have not yet been tested with an open metagenomics 

approach in the scope of a real outbreak. 

From September 5th 2019 until September 14th 2019, over 200 students and teachers at 

a hotel and tourism school in Belgium suffered from food poisoning, with symptoms such as 

abdominal pain, headache, diarrhoea and fever (Centre National de Référence Salmonella & 

Shigella, 2020; Sciensano, 2020). The outbreak was thoroughly investigated by the local 

authorities [regional health agency Zorg en Gezondheid, the Federal Agency for the Security 

of the Food Chain (FASFC) and the NRL (food and feed) and NRC (human)]. Laboratory analyses 

were conducted on 65 samples obtained from food leftovers and kitchen surfaces, as well as 

isolates from infected patients. This resulted in the identification of the contamination as 

being S. enterica subsp. enterica serovar Enteritidis, found in a meal prepared on September 

5th 2019 by students and served in the school restaurant. The meal consisted of fish sticks 

with mashed potatoes and freshly made tartar sauce. After WGS of isolates from food and 

human origins, the source of the contamination was established as being the sauce, prepared 

with raw eggs (AFSCA, 2019; Centre National de Référence Salmonella & Shigella, 2020; 

Sciensano, 2020). A rare MLVA profile, i.e. 3-12-5-5-1, was determined for the human and 

food isolates by the NRC (Centre National de Référence Salmonella & Shigella, 2020). After 

disinfection of the kitchen and kitchen equipment, Salmonella was not detected anymore in 

environmental samples and no new cases were recorded. The outbreak was reported through 

the European Epidemic Intelligence Information System (EPIS) ('Urgent Inquiry' UI-608) and 

the Rapid Alert System for Food and Feed (RASFF, 2020.3675) and allowed the tracing of this 

outbreak back to an egg-producing farm in Spain, considered as the source of the 

contamination (Centre National de Référence Salmonella & Shigella, 2020; Sciensano, 2020). 

At the same time period (ongoing since 2016), another outbreak was circulating in Europe and 

was linked to eggs of Polish origin. However, this strain of S. enterica subsp. enterica serovar 
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Enteritidis was distinct from the isolates from the hotel-school outbreak and was 

characterized with MLVA profiles 2-9-7-3-2, 2-9-6-3-2, 2-9-10-3-2, 2-10-6-3-2, 2-10-8-3-2 or 2-

11-8-3-2 (Pijnacker et al., 2019; ECDC and EFSA, 2020). 

As this was an ideal case study to apply our previously developed strain-level 

metagenomics approach on contaminated food samples to be used during a food-borne 

outbreak, we received from the Belgian NRL, in parallel to the conventional investigation, two 

samples that were positive for S. enterica Enteritidis and linked to the hotel-school outbreak. 

Both samples were processed with a metagenomics workflow described previously (Buytaers 

et al., 2020). After short-read sequencing, we conducted data analysis in order to infer the 

pathogenic strain’s genome, characterize it and link it back to the human isolates to resolve 

the outbreak. The food strain obtained from metagenomics reads was included in a SNP-level 

phylogenetic tree containing human and food isolates from the hotel-school outbreak, as well 

as strains related to another outbreak circulating in Europe during the same time period 

(Pijnacker et al., 2019; ECDC and EFSA, 2020) and other sporadic strains that occurred in 

Belgium in 2019. The time of analysis of such a shotgun metagenomics approach was then 

compared to the time necessary to elucidate this outbreak with food isolates’ data. 

4.2. Materials and methods 

4.2.1. Sample preparation 

Two aliquots of cultured food samples (i.e. a mixture of the meal components and the 

sauce as a separate component) linked to the outbreak were received from the NRL after a 

first non-selective enrichment according to ISO 6579 (ISO: International Organization for 

standardization, 2017) (i.e. 25 g foodstuff was mixed with 225 ml buffered peptone water and 

incubated for 18±2 h at 37±1 °C). The sample dish was an aluminium tray with three 

compartments, one for each component (mashed potatoes, fish stick, tartar sauce). The tartar 

sauce was tested separately as well, after confirmation that it was the probable source of the 

contamination. The food enrichments had been tested for the presence of Salmonella prior to 

their selection for this study, using the iQ-Check Salmonella II PCR detection kit (Bio-Rad) 

according to the manufacturer’s instructions, and showed positive results (Cq of 18 and 17, 

respectively) as opposed to the blanks and to other samples collected in the school during the 

investigation. Aliquots of 4–15 ml of the two cultured food samples were stored in the fridge 

until metagenomics DNA extraction was carried out. 

4.2.2. DNA extraction and qPCR 

The sample preparation was carried out according to Buytaers et al. (Buytaers et al., 

2020). Briefly, 1 ml of the aliquots was centrifuged at 6000 g for 10 min and the cell pellets 

were used for DNA extraction using a Nucleospin food kit (Macherey-Nagel). In order to 

confirm the presence of the contaminant (Salmonella) in the DNA extracts, a qPCR was 
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performed for the genes invA and rpoD, according to Barbau-Piednoir et al. (Barbau-Piednoir 

et al., 2013). 

4.2.3. Shotgun metagenomics sequencing 

The quality and quantity of all DNA extracts were evaluated (Buytaers et al., 2020) using 

the NanoDrop 2000 (Thermo Fisher Scientific), Qubit 3.0 fluorometer (Thermo Fisher 

Scientific) and 4200 TapeStation (Agilent). All DNA extracts were further processed using the 

Nextera XT library preparation kit (Illumina) before sequencing on the Illumina MiSeq, 

generating paired-end 250 bp reads with the reagent kit v3. The samples were sequenced in 

one run of eight libraries. The number of (paired-end) reads sequenced per metagenomics 

sample is presented in Table 4.1. Sequencing metrics were obtained using FastQC version 

0.11.7 (Andrews, 2010). 

 

Table 4.1: Quality metrics of the metagenomics sequencing and metagenomics assemblies 

  Sauce Meal 

Sequencing metrics 

Total reads 2,653,700 4,857,796 

Sequences flagged as poor 
quality 0 0 

Sequence length 35-251 35-251 

% GC 49 47 

mean quality score 35.83 36.1 

median quality score 30 31 

Strain assembly metrics* 

# contigs                    78 75 

Largest contig               325,096 325,086 

Total length               4,703,829 4,704,090 

GC (%)                 52.13 52.13 

N50              106,626 128,74 

Mean coverage 93.9 88.35 

Median coverage 73.5 65.5 

*Statistics based on contigs of size ≥500 bp. 

 

4.2.4. Isolate data 

Sequencing data from S. enterica subsp. enterica serovar Enteritidis isolates (see Table S1, 

available with the online version of this article) included data from five isolates of the hotel-

school outbreak from food origin (the leftover meal and the three components of this meal 

that were all probably contaminated through spreading of the sauce between the 

compartments, and a chicken-based meal consumed on September 24th 2019 at the hotel 
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school that was probably contaminated in the rubbish bin) and from five isolates from human 

origin linked to the hotel-school outbreak, obtained following conventional methods (EFSA 

Panel on Biology Hazards (BIOHAZ), 2014). These 10 isolates showed the same MLVA profile. 

As background for the phylogenetic analysis, data were also included from isolates linked to 

the still ongoing Polish outbreak (Pijnacker et al., 2019; ECDC and EFSA, 2020), presenting 

distinct MLVA profiles, i.e. seven Belgian isolates from food origin, five Belgian isolates from 

human origin and four isolates from public databases representing the different outbreak 

clusters defined by the Public Health England SNP pipeline described in an outbreak 

assessment from the European Centre for Disease Prevention and Control (ECDC) and EFSA 

(ECDC and EFSA, 2020), supplemented with ten isolates of human origin from Belgian sporadic 

cases from 2019, also presenting a different MLVA profile to the one of the hotel-school 

outbreak. 

4.2.5. Data analysis 

The metagenomics sequencing data were analysed through the workflow presented by 

Buytaers et al. (Buytaers et al., 2020): after trimming, a taxonomic classification of all reads to 

the genus level was performed using Kraken2 (Wood et al., 2019) (same databases as 

previously described (Buytaers et al., 2020)) in order to obtain an overview of the taxa present 

in the sample. The taxonomic classification results from Kraken2 (Wood et al., 2019) were 

verified using the online tools PathogenFinder (designed for isolate WGS) (Cosentino et al., 

2013) using the model created for all bacteria, as well as CCMetagen (Marcelino et al., 2020a) 

used with the National Center for Biotechnology Information (NCBI) nucleotide database. 

Then, a strain-level read classification was performed using Sigma (Ahn et al., 2015) on a 

database of 787 complete genome assemblies of Salmonella (all serovars) from NCBI (list 

available upon request), using the default parameters as described by Saltykova et al. 

(Saltykova et al., 2020) to obtain the reads of the pathogenic strain, as Salmonella was the 

only pathogen detected after analysis of the taxonomic classification results. These reads as 

well as the sequencing reads from all isolates were assembled using SPAdes 3.13.0 (Bankevich 

et al., 2012). Quality metrics from the assemblies (Table 4.1) were obtained using quast 

version 5.0.2 (Gurevich et al., 2013). All assemblies from isolates and metagenomics samples 

were then typed (serovar prediction) using the online Salmonella In Silico Typing Resource 

(SISTR) (Yoshida et al., 2016) and the presence of AMR genes was detected using blast 2.6.0 

on the ResFinder database (Zankari et al., 2012), with a minimum identity threshold of 90 % 

and a minimum length of 60 % for metagenomics assemblies, and 90 % minimum identity and 

minimum length for isolate assemblies (Bogaerts et al., 2019). The parameters were lowered 

for the metagenomics assemblies compared to the parameters (90 % gene coverage and 90 % 

nucleotide identity) chosen for the study of isolates, considering the lower depth obtained 

with metagenomics sequencing. For phylogenetic analysis, SNP calling was carried out on the 

classified (unassembled) reads as previously described (Saltykova et al., 2020), with S. enterica 

subsp. enterica serovar Enteritidis strain EC20120200 (Enterobacteria) as a reference 
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(GenBank accession no. CP007434.2). Maximum-likelihood substitution model selection and 

phylogenetic tree inference were done with mega (Kumar et al., 2018), using the NNI (nearest-

neighbour-interchange) heuristic method, keeping all informative sites and using a bootstrap 

method with 100 replicates. The model selected to build the phylogenetic tree was that of 

Tamura and Nei (Tamura and Nei, 1993). iTOL (Letunic and Bork, 2016) was used for the 

representation of the tree, with the percentage of the reference genome covered annotated 

on each branch. 

4.3. Results 

4.3.1. Taxonomic classification of the metagenomics samples 

Two food samples (meal and sauce component) that could be related to the outbreak 

after a first screening (culture and qPCR) were tested using a shotgun metagenomics approach 

in parallel to the conventional outbreak investigation carried out at the NRL. After culture-

based enrichment of the food matrices, the DNA was extracted and sequenced. The reads 

obtained were then taxonomically classified to determine the genera that were present in the 

food matrices. 

Only bacteria could be detected in both samples (89 and 96 % of the sequenced reads for 

the meal and the sauce, respectively), although the meal consisted of fish, mashed potatoes 

and sauce, and the sauce was made with fresh eggs. This was expected as the latter species 

(fish, potato and chicken) are not represented in the taxonomic databases used and, 

therefore, should be part of the unclassified section of the reads (Fig. 4.1). The same bacterial 

genera were detected in both matrices albeit at different relative abundances, except for 

Streptococcus, which was only present in the meal sample. The consensus in detected 

bacterial genera was to be anticipated since the sauce was sampled from the meal. 

Salmonella, the genus implicated in the outbreak, was detected at a high percentage in both 

matrices (70 % in the sauce, 40 % in the meal). This is consistent with the qPCR detection of 

the Salmonella-specific invA and rpoD genes in the DNA extracts of both samples (Table S2). 

However, other detected genera like Escherichia, Bacillus, Klebsiella or Streptococcus may also 

represent pathogenic species. Therefore, in an attempt to use the taxonomic classification as 

an agnostic tool to identify the causative food-borne pathogen, two other data analysis tools 

were used to determine the presence of a pathogen in the sample (CCMetagen and 

PathogenFinder). CCMetagen and PathogenFinder identified S. enterica as the main or only 

pathogen in the two samples (the results are shown in Table S3) after analysis based on KMA 

sequence alignments on the NCBI nucleotide database (CCMetagen) or prediction of 

pathogenicity based on the detection of groups of genes associated with human pathogenic 

bacteria (PathogenFinder). The output of the three different tools used, based on different 

bioinformatics approaches, confirmed that Salmonella was considered as the only pathogen 

meriting further investigation in this study. 
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4.3.2. Salmonella strain inference from metagenomics samples and in silico 

typing 

Obtaining strains from the metagenomics reads is necessary to mimic the recovery and 

characterization of an isolate with conventional methods. This was done for each 

metagenomic sample following a previously reported metagenomics strain-level analysis 

pipeline (Buytaers et al., 2020; Saltykova et al., 2020). After classification of the reads to a 

database of Salmonella genomes, 1 843 873 and 1 618 032 reads were classified as 

ASM303203v1 [ S. enterica subsp. enterica serovar Enteritidis (enterobacteria), RefSeq 

accession no. GCF_003032035.1], respectively, for the meal and the sauce (Table S4). This 

represents 38 % of the total sequenced reads for the meal and 61 % of the reads for the sauce. 

Less than 7000 reads (<0.5  % of the total reads) were classified to other Salmonella genomes 

for both samples, indicating that most probably only one strain of this species was present in 

the sample and that the reads assigned to ASM303203v1 correspond to that strain. 

Consecutively, a sequence-based characterization can be performed on the reads of each 

inferred strain, corresponding to the characterization of the isolate with conventional 

methods. The reads were assembled (Table 4.1) and then typed in silico. The results (Table S5) 

confirmed that the strains obtained are indeed S. enterica subsp. enterica serovar Enteritidis,  

based on O- and H-type prediction (serogroup D1, H1 g, m, H2-), multilocus sequence 

typing (MLST) clustering (ST11) and matches of their closest public genome. When comparing 

to the in silico typing of sequenced isolates from food and human origin from the outbreak 

(Table S5), the results were identical except for the detection of all 330 whole-genome MLST 

alleles in the isolates and 329 identical alleles in the metagenomics-based strains (one allele 

present partially). Other isolates obtained from the NRC, the NRL and from another outbreak 

circulating in Europe (not related to the hotel-school outbreak) were typed with the same tool. 

These were also defined as S. enterica subsp. enterica serovar Enteritidis, but were related to 

other genomes from public databases (Table S5). 

The presence of AMR genes was also investigated in the assembled contigs of the 

metagenomics-based strains (Table S6), to follow the analysis that is usually performed on 

isolates (using the technique of microdilutions in broth), but then at the genotype level. The 

locus aac(6′)-Iaa_1, linked to resistance to aminoglycoside due to a chromosomally encoded 

aminoglycoside acetyltransferase, was detected in all strains from the hotel-school outbreak, 

including strains derived from metagenomics sequencing, as well as all non-outbreak-related 

strains included in this study with 96.35 % identity and 100 % coverage (Table S6). The 

prevalence of this gene in S. enterica WGS from NCBI is 29 % (Mcarthur et al., 2013). No other 

AMR genes were detected in any strain. 
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Figure 4.1: Percentages of reads classified to the genus level using a taxonomic 

classification tool (Kraken2) from metagenomics samples (full meal and sauce) with in-

house databases of mammals, archaea, bacteria, fungi, human, protozoa and viruses. Red 

represents the proportion of ‘ Salmonella ’ in the samples. The reads that could not be 

classified to the genus level for mammals, archaea, bacteria, fungi, human, protozoa or 

viruses are represented in grey. 
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4.3.3. Metagenomics-based trace back investigation of the outbreak to its 

food source 

Finally, in order to relate cases from food and human origins, the MLVA profiles can be 

compared with traditional methods, but EFSA now recommends WGS of Salmonella isolates 

and uses core-genome MLST in data sharing platforms such as EPIS. In our analysis, all isolates 

and metagenomics-derived strains were compared using SNP calling and reconstruction of a 

phylogenetic tree (Fig. 4.2). SNP calling offers the possibility of comparing the full genome and 

is considered more suited to use for metagenomics-derived strains (Saltykova et al., 2020). 

The cluster corresponding to the hotel-school outbreak (represented in blue in Fig. 4.2) 

includes the isolates from patients and suspicious food vehicles obtained by the NRC and NRL, 

as well as the two inferred strains obtained from direct sequencing of two food samples 

(suspect meal and sauce) using a shotgun metagenomics approach. The breadth of coverage 

of the reference genome for the two reconstructed strains from metagenomics samples is 97 

and 85 % for the sauce and the meal, respectively. These values are in the same range as the 

values obtained for the isolates of the same outbreak. All strains of the hotel-school outbreak 

cluster, including the strains from the metagenomics samples, have 0 SNP differences per 

million genomic positions (Table S7). Other S. enterica subsp. enterica serovar Enteritidis 

circulating in Europe at the same time period, including isolates linked to an outbreak of Polish 

origin that started in 2016 but was still ongoing (shown in purple in Fig. 4.2), were included in 

the analysis, and could be separated both from the isolates and the metagenomics strains 

from the hotel-school outbreak. 

4.3.4. Timing for a conventional and a metagenomics-based approach to 

resolve outbreak investigation to the food source 

A schematic representation of the theoretical timeline of the conventional analysis 

conducted at the NRL on food samples, in parallel to the investigation on human samples 

conducted at the NRC, is presented in Fig. 4.3 (upper line). After receipt of the samples, the 

confirmation of the presence of Salmonella in the food is first conducted with qPCR on the 

food matrices, then normally isolates are obtained after approximatively 1 week (if isolates 

can be produced from the food samples), and characterized for serotype and MLVA profile. 

Once the MLVA profile is confirmed to be identical to the one detected in the patients’ 

isolates, the DNA of the food isolates is extracted for WGS analysis. At the Belgian NRL, the 

serotyping and MLVA profile of the food isolates, if obtained, are currently prerequisites 

before sequencing, to prove that the strains have a high chance of being linked to the 

outbreak, as only outbreak cases are eligible for obtaining budget and priority for WGS. 

Notably, the isolates from human origin are most often already characterized at that stage as 

they are detected and isolated most often more easily and earlier in the investigation process. 

Together with library preparation, the sequencing takes approximately 4 days. The sequencing 

typically occurs 2 to 3 weeks after receipt of the samples depending on the isolation time, the  
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Figure 4.2: SNP-based phylogenetic tree representing the isolates and metagenomics-derived strains from food samples linked to the hotel-

school outbreak (UI-608, in blue) in the global context of S. enterica subsp. enterica serovar Enteritidis circulating in Belgium and in Europe 

during the same time period. Isolates linked to the Polish outbreak (UI-367) are indicated in purple, and isolates from sporadic cases in Belgium 

in 2019 in black. Percentage of the reference genome covered is presented on the side of each branch. Bar, nucleotide substitutions per 100 

nucleotide sites. Node values represent bootstrap support values.
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time necessary to gather sufficient isolates to be cost-efficient for multiplexing in a single 

sequencing run, and to perform the sequencing run. Data analysis is then conducted, followed 

by sharing of the information, with national and international instances (in this case: RASFF 

2019.3675 on October 16th 2019 and EPIS UI-608 updated on October 24th 2019 with the 

NGS data). In this outbreak, it allowed determination of the source of the contamination as 

an egg-producing farm in Spain and detection of 13 related human cases from France and 2 

human cases in both the Netherlands and the UK (Sciensano, 2020). In the same time period, 

an outbreak was reported in the Netherlands involving eggs originating from Spain (RASFF 

2019.3069, UI-601). However, the strains of S .enterica Enteritidis had distinct MLVA profiles, 

2-11-7-3-2, 3-10-5-4-1, 2-10-7-3-2, 3-11-5-4-1, and 170 core-genome MLST allelic differences 

from our outbreak strain. The UK also reported an outbreak linked to eggs (RASFF 2019.1412, 

UI-602), but again no link with the Belgian outbreak strain was established. The WGS data of 

these strains were not publicly available and, therefore, could not be added to the 

phylogenetic analysis in this study. 

This timeline was compared to that of a metagenomics-based analysis of the food 

samples. DNA from the meal and the sauce was extracted from a small fraction of the cultured 

food matrices for subsequent metagenomics analysis after suspicion of the contamination 

with qPCR (not necessary for a metagenomics-only workflow). From the time of the DNA 

extraction, depending on the availability of a sequencing instrument and the preparation of 

the libraries, the sequenced reads could be obtained in a minimum of 4 days (Fig. 4.3, lower 

line). Thereafter, a taxonomic classification was obtained in a few minutes and, after 1 day, a 

pathogenic strain was obtained and fully typed. In less than a week after receipt of the samples 

in the laboratory, the pathogen was fully described and related to other cases from the  

outbreak (from food and human origin) in a phylogenetic tree. This corresponds already to the 

mean time necessary to only obtain an isolate from food in routine analysis, if obtained, with 

no information about relatedness of the cases at that stage of the conventional analysis. 

Indeed, in the conventional analysis, obtaining a food isolate is a prerequisite for performing 

the molecular analysis, including WGS, to be able to determine relatedness. 
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Figure 4.3: Comparison of theoretical processing time for the conventional approach (upper level) and the shotgun metagenomics 

approach (lower level) for Salmonella -contaminated food samples from receipt of the samples to strain typing and trace back between human 

and food strains. A range of days (D x–y) accounts for a range of duration of some laboratory analyses, which can vary due to the presence of 

technicians during weekends, success in the isolation process or cost-effectiveness (start of the sequencing run with sufficient samples)
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4.4. Discussion 

We deliver in the present study a proof of concept for the shotgun metagenomics 

approach on food samples previously developed on food samples artificially spiked with STEC 

(Shiga toxin-producing E. coli ) (Buytaers et al., 2020) to resolve a Salmonella outbreak in 

Belgium up to the food source. We described the analysis of an outbreak that affected over 

200 students and teachers at a hotel school in Belgium, using a strain-level shotgun 

metagenomics-based approach in parallel to the investigation based on WGS of isolates 

performed by the NRL and NRC. Two suspect samples of leftovers of the meal and the tartar 

sauce included in this dish were analysed with a shotgun metagenomics workflow, in a 

relatively very short time frame, and the pathogenic strain was inferred from the sequenced 

metagenomics reads and characterized as a S. enterica subsp. enterica serovar Enteritidis that 

was related with 0 SNP differences to the isolates of human origin from the same outbreak. 

Therefore, the outbreak could be resolved, i.e. source attribution, using metagenomics data 

for the food samples. As this was a proof of concept, isolates were also obtained and 

characterized from the food samples through conventional analysis, and were also related to 

the metagenomics strains with 0 SNP differences, as a validation of the obtained results. 

Moreover, the outbreak cluster was placed in a global perspective of the situation of 

salmonelloses in Belgium and Europe using a phylogenetic tree including other strains 

circulating at the same time period. 

The timing of an outbreak investigation is a critical factor to limit the propagation of the 

contamination. Shotgun metagenomics is an alternative to the conventional approaches 

circumventing the need for isolation, which is time-consuming and most importantly not 

always achievable in routine analysis. This study showed the potential of metagenomics to be 

used during outbreak investigations on food samples for obtaining the same level of 

information as from food isolates, in a time frame reduced by over 1 week. Moreover, this 

constitutes a pathogen-agnostic approach dependent on a non-selective enrichment, which 

allows the detection of the pathogenic strains (here Salmonella ) and the characterization of 

this contaminant without prior knowledge on the species or the number of different species 

and/or strains present in the sample (Sciensano, 2020), in contrast to conventional methods 

where the assumption of the species to test for is based on the symptoms of the patients. 

Therefore, this metagenomics approach is also advantageous in case of a limited quantity of 

food leftovers, because no choice for best fit symptoms-pathogen should be made as for 

conventional methods. Hence, this approach can potentially increase the range of pathogens 

detected in a mixed sample, and help reduce even more the economic burden of such food-

borne pathogens, as was already stated for WGS of isolates (Jain et al., 2019). Our approach 

still relies on the isolation of the pathogen from the human samples and is not a stand-alone 

metagenomics approach. As the bacterial load is generally higher in human samples, isolation 

is not reported as a challenge in these matrices. Moreover, the isolation in the human samples 

is often not a limiting factor for the timing of food-borne outbreak investigation, as these 

samples are often obtained before the food samples in the case of outbreaks. Nevertheless, 
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metagenomics studies of stool samples, included during outbreaks, have been published 

previously (Loman et al., 2013; Quick et al., 2015; Huang et al., 2017), and such an approach 

could be performed in parallel to the one we present, in the corresponding institution (NRC). 

However, this would represent a higher cost and the sequencing of human DNA might lead to 

ethical and privacy issues, in particular in Europe. 

At a national scale, the typing data of food and human isolates are shared between the 

NRL and NRC, and matches are reported at the European level, i.e. EFSA and ECDC (Sciensano, 

2020). No shared database is publicly available at the moment and access to this data or the 

samples must go through contact between both national entities. Communication concerning 

human health at the international level for outbreaks in Europe is done through the use of a 

communication platform and data sharing between public-health experts, by 'Urgent 

Inquiries' at the EPIS platform. For food safety, communications are done by the competent 

authorities through the RASFF system. These tools were used in the hotel-school outbreak 

investigation and helped to trace back and link the outbreak to eggs originating from Spain 

and other human cases in France, the UK and the Netherlands ECDC (Sciensano, 2020). 

However, for confidentiality reasons, these data were not made publicly available and, 

therefore, could not be included in our presented phylogenetic tree. Our study highlights that 

access to scientific data, including both raw WGS data and processed results, from public-

health and food-safety authorities at both the national and international level will help to 

strengthen analyses on international outbreaks such as the one presented in this study, and 

consequently should be considered in the line of data sharing systems that have proven their 

efficiency. 

The shotgun metagenomics approach has proven its potential for outbreak investigation 

through studies like this one, yet additional research could help with the actual further 

implementation of this method in routine settings. First, the culture of the food matrix as 

currently specified in the ISO (International Organization for Standardization) method could 

be adapted to suit a larger number of species concurrently for pathogen-agnostic 

metagenomics studies. Second, the optimal quality-control metrics for metagenomic 

sequencing have not yet been established, in contrast to ongoing efforts for WGS of isolates 

(e.g. ISO/DIS 23418 (ISO: International Organization for standardization)). In the current 

analysis, eight metagenomic food samples (six were not related to this study) were 

multiplexed in a single MiSeq run, with a relatively high cost per sample as a result. This 

allowed achievement of a sequencing depth of >85× for the single detected Salmonella strain 

for both metagenomic samples, which is comparable to values typically achieved for isolates 

and is more than sufficient for the reconstruction of the pathogen’s genome. This indicates 

that, in the future, sequencing of a higher number of samples simultaneously can be 

attempted, lowering the cost. The observed coverage is, however, much higher than in our 

previous work, where multiplexing of 12 minced meat samples resulted in sequencing depths 

between 0.9× and 10× for detected E. coli strain(s) (Buytaers et al., 2020). Leonard et al. 

(Leonard et al., 2015, 2016) reported that multiplexing of 12 enriched spinach samples yielded 

coverages between 5× and 145× for an E. coli reference genome, with 4 samples having 
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coverages less than 30×. Therefore, the minimal required sequencing depth will likely differ 

for each sample type, and will depend on biological factors such as the initial load of 

contamination or the efficiency of the enrichment procedure, and the expected number of 

bacterial strains. Generally, we have observed that coverages of over 5–10× can be sufficient 

for detection of virulence genes and phylogenetic placement of bacterial strains in case 

reference-based assembly is used (Saltykova et al., 2020). However, there is a need to 

precisely establish the reliability of the strain characterization and subtyping results obtained 

using data of different sequencing depth. Third, user-friendly pipelines need to be developed 

to be used directly in the laboratory by non-expert bioinformaticians. Moreover, 

bioinformatics taxonomic identification tools should be further tested and improved, so that 

different tools, each with their advantages and limitations, provide the same results, and to 

avoid misclassifications (Marcelino et al., 2020b). However, the focus of this study was not to 

present a benchmarking of bioinformatics tools for strain-level shotgun metagenomics, but 

rather a proof of concept based on previously developed bioinformatics methodologies 

(Buytaers et al., 2020; Saltykova et al., 2020). Other approaches and tools might still improve 

the results (accuracy, speed of analysis) and could be evaluated in further studies (Seeman, 

2015; Minh et al., 2020). This confirms the need for studies such as this one to produce data 

to make benchmarking analyses possible or help in the design of new tools. Another 

perspective for the implementation of this method in routine analysis is the reduction of the 

analysis cost. As elaborated above, shotgun metagenomics analyses imply runs with a very 

limited number of samples on Illumina sequencers in order to maximize the sequencing depth. 

Other sequencing devices as manufactured, for instance, by Oxford Nanopore Technologies 

offer real-time long-read sequencing of one sample at a time, at a low price if using the Flongle 

flow cell. Such fast sequencing could also further reduce the turnaround time of a 

metagenomics-based outbreak investigation (Juul et al., 2015). However, its applicability for 

strain-level characterization in complex samples remains to be demonstrated. 

In 2019, the EFSA published an opinion on the use of metagenomics for outbreak 

investigation (EFSA, 2019b), describing the possibilities offered by an isolation-free method. 

However, at that time, metagenomics had not yet been used to resolve a food-borne outbreak 

investigation to its food source and was considered as experimental. Moreover, it was 

considered technically challenging to obtain a draft genome of the pathogenic strain in order 

to assign particular genetic determinants to the causative agent. This study has shown that a 

Salmonella outbreak caused by a complex food matrix could be resolved to strain resolution 

using shotgun metagenomics, in a shorter time frame than needed for isolation of the strain, 

paving the way for future studies to use this method outside the experimental scope and to 

support the EFSA opinion. 

 

 

  



Chapter 4: Salmonella outbreak  

 

82 
 

Acknowledgements 

We would like to thank all collaborators from the agency Zorg en Gezondheid, the Federal 

Agency for the Security of the Food Chain and the Sciensano epidemiology department who 

participated in this outbreak investigation. We are grateful to the technicians from the NRL 

and NRC of Salmonella (Sciensano) for their work on the bacterial isolates and the food 

enrichments, as well as Stefan Hoffman, Maud Delvoye and Els Vandermassen from 

Transversal Activities in Applied Genomics (Sciensano) for their involvement in the sequencing 

runs. Finally, we acknowledge Mathieu Gand for sharing his expertise about Salmonella and 

serotyping. 

Supplementary data 

The NCBI accession numbers for the new sequence data presented in this paper are 

SAMN15963373–SAMN15963404, SAMN15957185 and SAMN15957186 (see Table S1). 

All supporting data, code and protocols have been provided within the article or through 

supplementary data files. Seven supplementary tables are available with the online version of 

this article. 

  



Chapter 5: STEC ONT 

83 
 

 

 

 

 

 

CHAPTER 5 

Towards Real-Time and Affordable 

Strain-Level Metagenomics-Based 

Foodborne Outbreak Investigations 

Using Oxford Nanopore Sequencing 

Technologies 

 

 

 

 

 

This chapter was adapted from the previously published manuscript: 

Buytaers, Florence E.*, Assia Saltykova*, Sarah Denayer, Bavo Verhaegen, Kevin Vanneste, Nancy H. 

C. Roosens, Denis Piérard, Kathleen Marchal, and Sigrid C. J. De Keersmaecker. 2021. “Towards Real-

Time and Affordable Strain-Level Metagenomics-Based Foodborne Outbreak Investigations Using 

Oxford Nanopore Sequencing Technologies.” Frontiers in Microbiology 12 (November): 1–13. 

https://doi.org/10.3389/fmicb.2021.738284. (* equal contribution) 

 

 

Authors’ contributions: 

F. E. Buytaers, A. Saltykova, and S. De Keersmaecker conceptualized the study, conducted 

the formal analysis, conducted the investigation, were responsible for the methodology, and 

wrote the original draft. F. E. Buytaers designed and performed the wet lab (spiking), 

performed the strain-level data analysis and the in silico DNA walking. A. Saltykova designed 

and implemented the SNP data analysis workflow. F. E. Buytaers, S. Denayer, B. Verhaegen, 

and D. Piérard curated the data. N. H. C. Roosens and S. De Keersmaecker were involved in 

the funding acquisition and were involved in project administration. F. E. Buytaers, S. Denayer, 

B. Verhaegen, K. Vanneste, N. H. C. Roosens, and D. Piérard provided the resources. F. E. 

Buytaers, A. Saltykova, and K. Vanneste were responsible for the software. K. Marchal and S. 

De Keersmaecker supervised the study. S. Denayer, N. H. C. Roosens, D. Piérard, and S. De 

Keersmaecker performed the validation. F. E. Buytaers was responsible for the visualization. 

All authors reviewed and edited the manuscript, contributed to the article, and approved the 

submitted version.  



Chapter 5: STEC ONT 

 

84 
 

Abstract: 

The current routine laboratory practices to investigate food samples in case of foodborne 

outbreaks still rely on attempts to isolate the pathogen in order to characterize it. We present 

in this study a proof of concept using Shiga toxin-producing Escherichia coli spiked food 

samples for a strain-level metagenomics foodborne outbreak investigation method using the 

MinION and Flongle flow cells from Oxford Nanopore Technologies, and we compared this to 

Illumina short-read-based metagenomics. After 12 h of MinION sequencing, strain-level 

characterization could be achieved, linking the food containing a pathogen to the related 

human isolate of the affected patient, by means of a single-nucleotide polymorphism (SNP)-

based phylogeny. The inferred strain harbored the same virulence genes as the spiked isolate 

and could be serotyped. This was achieved by applying a bioinformatics method on the long 

reads using reference-based classification. The same result could be obtained after 24-h 

sequencing on the more recent lower output Flongle flow cell, on an extract treated with 

eukaryotic host DNA removal. Moreover, an alternative approach based on in silico DNA 

walking allowed to obtain rapid confirmation of the presence of a putative pathogen in the 

food sample. The DNA fragment harboring characteristic virulence genes could be matched to 

the E. coli genus after sequencing only 1 h with the MinION, 1 h with the Flongle if using a host 

DNA removal extraction, or 5 h with the Flongle with a classical DNA extraction. This paves the 

way towards the use of metagenomics as a rapid, simple, one-step method for foodborne 

pathogen detection and for fast outbreak investigation that can be implemented in routine 

laboratories on samples prepared with the current standard practices.  
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5.1. Introduction 

 Foodborne diseases represent a major burden worldwide (WHO, 2015). Foodborne 

pathogens can cause large outbreaks affecting multiple people sometimes in different regions. 

In case of an outbreak, the common practice of public health institutions is to investigate 

human cases and try to relate them to the contaminated food, in order to remove it from the 

food chain and prevent further contaminations. This process is called source attribution (EFSA, 

2019a). This investigation consists of a microbiological and epidemiological part. In many 

countries, a surveillance system is also in place, screening the food chain in order to remove 

contaminated foodstuffs before they reach the consumer. In that case, microbial risk 

assessment and hazard identification are conducted, and the pathogen does not need to be 

linked to patient’s data, but its characteristics could be added to a database in order to 

conduct retrospective studies and link related cases or serve as background to detect clusters 

and thus putative outbreaks outbreaks (ECDC and EFSA, 2019). 

In both circumstances (i.e., surveillance or the microbiological part of the outbreak 

investigation), conventional microbiology methods based on sequential culture steps have 

been the standard for many years to obtain information on the bacterial contaminant(s) 

present in food. However, this depends on a series of steps that should be conducted on the 

samples, therefore requiring larger quantities of the sample that is not always easy to obtain, 

and most importantly, it requires obtaining an isolate, which is often time-consuming and not 

always successful. The heterogeneous contamination of food products, the complexity of the 

matrix, and the difficulty to culture certain organisms might not allow to detect a pathogen at 

levels as low as the infectious dose reported for human (Food and Authority, 2018). When an 

isolate is obtained, it is characterized with several (real-time) polymerase chain reactions 

[(q)PCRs] to detect pathogenicity markers and/or multiple locus sequencing typing (MLST), 

pulsed-field gel electrophoresis (PFGE), multiple locus variable-number tandem repeat 

analysis (MLVA), or other typing methods to relate cases of an outbreak, depending on the 

pathogen. This workflow does not always offer optimal resolution to discriminate the 

pathogenic agents at a desired level (Nouws et al., 2020a) and requires sequential tests to be 

conducted in the laboratory (Nouws et al., 2020a), which adds to the total cost and turnaround 

time of the analysis. 

As an alternative, whole-genome sequencing (WGS) offers the ultimate resolution to the 

single-nucleotide polymorphism (SNP) level of the bacterial genome, allowing the 

simultaneous detection of all genes present in the bacterium as well as relatedness inference 

with phylogenetics (Sandora et al., 2014; Bogaerts et al., 2019), and has been recommended 

by the European Food Safety Authority (EFSA) for use on a list of pathogens in European 

laboratories (EFSA, 2014b). However, circumventing the need for isolation can accelerate the 

collection of results even more, as well as allow the resolution of cases for which no isolate 

could be obtained following the detection protocol. Strain-level shotgun metagenomics 

approaches offer the possibility to obtain the same resolution as WGS, without the need for 

isolation (Forbes et al., 2017). A recent publication of the EFSA highlighted the need for 
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demonstrating the ability of metagenomics to be used as a new alternative for risk 

assessment, source attribution, and outbreak investigation (EFSA, 2019b). 

In our previous work, we have presented a metagenomics approach to obtain the same 

level of precision as the conventional bacterial detection methods and isolate’s WGS, through 

direct sequencing of all DNA in the sample after enrichment in a non-selective medium 

following the ISO standard ISO 13136:2012 (ISO: International Organization for 

standardization, 2012; Buytaers et al., 2020, 2021c). After short-read sequencing of 12 DNA 

extracts with or without removal of host DNA in a 48-h Illumina MiSeq run, we were able to 

link the pathogenic strains derived from metagenomics sequencing of samples containing 

multiple strains of the same species (Escherichia coli) to human isolates from the same 

outbreak (Buytaers et al., 2020). This was possible using a bioinformatics workflow classifying 

short reads to a reference genome database (Saltykova et al., 2020). Although Illumina is a 

widely used sequencing technology generating short reads with high accuracy, it still comes 

at a high cost for metagenomics, impeding a real implementation in routine. Moreover, the 

rather long library preparation time for multiple samples that have to be multiplexed to make 

the run cost-effective, as well as the 48-h sequencing run time, is not ideal for a fast response 

in case of an ongoing outbreak. Real-time long-read sequencing is now offered by Oxford 

Nanopore Technologies (ONT) with faster library preparation protocols coupled with the 

flexibility to cost-efficiently sequence one sample at a time on the flow cells. This could speed 

up the analysis of samples in an outbreak investigation and help to decrease the cost, which 

remains important, of metagenomics if using more cost-effective consumables for lower 

amounts of samples such as the MinION flow cell or the new lower output Flongle flow cell. 

Furthermore, long-read sequencing offers the possibility to investigate larger genome 

fragments without the possible bias of short-read metagenomics assembly, which could offer 

an added value in the context of metagenomics-based outbreak investigation. 

Sequencing using Oxford Nanopore Technologies has been previously validated for the 

characterization of foodborne pathogenic isolates, even during the course of an outbreak 

(Loman et al., 2015; Quick et al., 2015; Greig et al., 2019), and has since then been tested in 

some metagenomics studies for pathogen identification by species and gene detection in the 

mixed reads (Schmidt et al., 2017; Charalampous et al., 2019). It was shown to allow 

attribution of potentially pathogenic taxa to the corresponding antimicrobial resistance genes 

they harbored by gene walkout (Leggett et al., 2020). However, strain-level characterization 

is necessary for the precise resolution of an outbreak, which remains a challenge for ONT 

metagenomics data partly due to the higher error rate of the technology (Forbes et al., 2018; 

Gardy and Loman, 2018). In a previous study, Hyeon et al. (2018) used an enriched food 

sample that was artificially contaminated with Salmonella, treated with immunomagnetic 

separation to concentrate the target bacteria, and whole-genome amplification before it was 

sequenced using the MinION technology. They obtained 65 and 70 SNP difference to the WGS 

isolate reference of the spiked bacterium after 1.5 and 48.5 h of sequencing, respectively 

(Hyeon et al., 2018). A similar quasimetagenomics method was used to target Shiga toxin-

producing E. coli (STEC) and Salmonella in contaminated flour samples (Forghani et al., 2020). 
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The method proved successful to cluster (without specifying the SNP differences) the 

metagenomics-obtained strain to the spiked isolate, for multiple single-spiked strains of each 

pathogen and also on samples co-spiked with one strain of each of the two pathogen species. 

However, this approach is still rather new, and new proofs of concept are necessary to 

demonstrate that it can be effectively used, possibly with a lower amount of SNP differences, 

for more reliable cluster definition in daily outbreak investigation. Indeed, it has not yet been 

tested with a non-selective enrichment method, a procedure closer to the ones currently 

followed by the reference laboratories (UE, 2005). Moreover, it has not yet shown its 

efficiency not only in samples possibly presenting multiple strains of the same species but also 

to cluster the metagenomics-derived strain to related human cases from the same foodborne 

outbreak. Finally, sequencing not only on the lower cost but also lower output, Flongle flow 

cell device still remains to be evaluated for such an application. 

We present in this study a proof of concept of shotgun metagenomics outbreak 

investigation performed after ONT sequencing, combined with a new bioinformatics workflow 

adapted to long reads, to obtain the characterization of the foodborne pathogen at strain level 

in samples with various strains of the same pathogen (STEC). The spiked food samples were 

previously sequenced on Illumina and reported in former studies (Buytaers et al., 2020; 

Saltykova et al., 2020). A comparison between the results obtained with the two sequencing 

technologies was made. Moreover, a new approach, in silico DNA walking, offering the 

screening of food samples for pathogens at low cost based on long reads after Flongle 

sequencing, was evaluated after DNA extraction with or without host DNA removal. Finally, a 

strategy to integrate metagenomics in the current screening and pathogen characterization 

at the routine laboratories was proposed based on the results obtained after Flongle, MinION, 

and Illumina sequencing and their respective cost-effectiveness and execution time. 

5.2. Materials and methods 

5.2.1. Selection of the samples 

Minced beef meat harboring a natural population of commensal E. coli bacteria and 

artificially contaminated with a low infection dose of STEC from a previous study (Buytaers et 

al., 2020) was used to evaluate the performance of MinION and Flongle sequencing compared 

to Illumina MiSeq sequencing on the same sample. Briefly, 25 g of the food matrix spiked with 

5 colony-forming units (CFU) of STEC was enriched in buffered peptone water for 24 h at 37°C, 

following the culture described in ISO 13136:2012 for STEC detection in food (ISO: 

International Organization for standardization, 2012) in order to be representative of the 

procedures followed by the reference laboratories and therefore the samples they could get 

to analyze. One milliliter of the mix was used for DNA extraction using the NucleoSpin Food 

kit (Macherey-Nagel, Düren, Germany) or HostZERO Microbial DNA kit (Zymo Research, Irvine, 

CA, United States). The latter is advertised as able to remove host DNA. The strain that was 

chosen to artificially contaminate the food matrix was a STEC O157:H7 eae+, stx1+, stx2+, 

isolated during an outbreak in Limburg, Belgium, in 2012 (Braeye et al., 2014), and previously 
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characterized through WGS (Nouws et al., 2020b). A negative control, a blank of the enriched 

food matrix, was previously sequenced on Illumina MiSeq and characterized to pinpoint the 

presence of commensal E. coli bacteria and the absence of STEC virulence genes in the meat 

prior to spiking (Buytaers et al., 2020; Saltykova et al., 2020). 

5.2.2. Oxford Nanopore MinION Sequencing 

The DNA library was prepared with the Genomic DNA by Ligation protocol (SQK-LSK109; 

Oxford Nanopore Technologies, Oxford, United Kingdom) on the DNA extracted with the 

NucleoSpin kit. It was performed according to the recommendations for MinION sequencing 

on a MinION flow cell (R9.4.1). The prepared library was then loaded on a primed flow cell 

(R9.4.1), and a 48-h sequencing run was started, generating 1.2 million reads with a median 

length of 1,991 bp. The resulting fast5 files obtained at various sequencing time checkpoints 

were basecalled using Guppy version 4.2.3 (Oxford Nanopore Technologies). 

5.2.3. Oxford Nanopore Flongle Sequencing 

 Two DNA libraries were prepared, respectively, for the DNA extracted with the 

NucleoSpin and the HostZERO kits with the Genomic DNA by Ligation protocol (SQK-LSK109; 

Oxford Nanopore Technologies, Oxford, United Kingdom), following recommendations for 

Flongle sequencing. Each library was then loaded separately on a primed Flongle flow cell 

(R9.4.1), and a 24-h sequencing run was started, generating 244,019 and 187,966 reads with 

a median length of 686 and 3,393 bp, respectively, for the NucleoSpin and HostZERO DNA 

extracts. The basecalling was performed at various sequencing time checkpoints as in the 

“Oxford Nanopore MinION Sequencing” section. 

5.2.4. Long-Read Strain-Level Metagenomics Data Analysis 

First, a taxonomic classification with Kraken2 (Wood et al., 2019), using the same 

databases (in-house database of mammals, archaea, bacteria, fungi, human, protozoa, and 

viruses) as used for the Illumina analysis of the same samples (Buytaers et al., 2020), was 

performed on the basecalled reads of MinION and Flongle sequencing, including after specific 

time check-points. Graphs were created on the classification results using ggplot2 in R. 

Second, the presence of virulence genes in the sequenced reads and the genomic context 

(taxon) of the same sequencing fragment were determined using an in silico DNA walking 

method, previously described for the detection of genetically modified microorganisms using 

a metagenomics approach (Buytaers et al., 2021a). Briefly, a Basic Local Alignment Search Tool 

(BLAST) analysis was performed on all reads using BLASTn version 2.7.1 with default 

parameters (Camacho et al., 2009) to the databases VirulenceFinder E. coli (Joensen et al., 

2014) and nucleotide from NCBI (Bethesda (MD): National Library of Medicine (US), 1988). 

The hit to the NCBI database of each fragment presenting a virulence gene was used to obtain 

the genomic origin of the read harboring the virulence factors. The results were finally filtered 
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to retain only the results for the virulence genes stx1, stx2, eae, and ehxA. For the goal of this 

study, focusing on a fast response to the detection of a foodborne pathogen, we presented 

the results obtained in the shortest timeframe necessary to obtain at least one read 

confirming the presence of a STEC in the sample. The results were visualized using sunburst 

charts. 

Finally, the E. coli strains were inferred using Metamaps v 0.1 (Dilthey et al., 2019). 

Thereby, ONT reads from MinION and Flongle sequencing, including after specific time 

checkpoints, were classified against a database containing 2,831 reference sequences 

corresponding to the 976 complete E. coli genomes and complete 1,885 E. coli plasmids 

available from RefSeq on August 11, 2019 (O’Leary et al., 2016). Reads assigned to sub-

species-level taxa were extracted. 

A gene detection was conducted on the clustered reads of the inferred strains using BLAST 

version 2.7.1 (Camacho et al., 2009) on the VirulenceFinder E. coli database (Joensen et al., 

2014) and SerotypeFinder O type and H type (Joensen et al., 2015) with default parameters. 

The strains containing stx genes were considered as STEC strains. 

For the phylogenetic analysis, extracted reads of the STEC strain sequenced with ONT 

devices were mapped to a common STEC reference genome (BA000007.3) using bwa mem v 

0.7.17 with the ont2d parameter set. Illumina sequences were previously analyzed through a 

similar workflow (Buytaers et al., 2020; Saltykova et al., 2020). Bcftools v 1.9 was used for the 

initial identification of potential SNPs as positions at which at least five reads contained an 

alternative allele, followed by filtering whereby positions with a minimal depth of 10 reads, a 

minimal allele frequency of 0.85, and a minimal mapping quality of 50 were retained 

(Supplementary Material 1). Genomic positions that did not meet the minimal sequencing 

depth and the minimal mapping quality criteria and potential SNPs that did not meet the 

minimal allele frequency were masked in the consensus sequence. Maximum likelihood 

substitution model selection and phylogenetic tree inference were performed using MEGA 

(Kumar et al., 2018), applying the nearest-neighbor-interchange (NNI) heuristic method, 

keeping all informative sites and using the bootstrap method with 100 replicates as a 

phylogeny test. The model selected was the Kimura two-parameter model with uniform rates 

among sites. Strains inferred from the Illumina sequencing of the same metagenomics 

samples [NucleoSpin extract and HostZERO extract (Buytaers et al., 2020)] and isolates from 

human (TIAC 1165 and TIAC 1169) and food (TIAC 1151 and TIAC 1152) originating from the 

same outbreak (Braeye et al., 2014), as well as some sporadic cases from the same serotype 

O157:H7 (TIAC 1638 and TIAC 1153), were used as background for the phylogenetic tree 

construction. All isolates were sequenced for a previous study (Nouws et al., 2020b). All 

workflows of command lines used for bioinformatics analyses in this work are presented in 

Supplementary Material 2. 
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5.3. Results 

5.3.1. Long-Read Sequencing on a MinION Flow Cell for Strain-Level 

Metagenomics Outbreak Investigation 

DNA extracted from beef meat spiked with STEC at the lowest infection dose was 

sequenced on a MinION flow cell. A data analysis workflow was developed in order to produce 

similar results as those generated with Illumina sequencing (Buytaers et al., 2020) and WGS 

of isolates, i.e., obtaining and characterizing the reads corresponding to the pathogenic strain 

in the sample and performing SNP-level phylogeny with this strain. 

Beef (“Bos,” blue) was the main species detected in the sample after both sequencing 

runs (Figure 5.1). This was to be expected as the sample consisted of beef meat. Ovis (a genus 

that includes sheep, olive green) was classified for a small part (2%) of the reads after MinION 

sequencing. The bacterial genera detected were identical between the two sequencing 

technologies. Escherichia, the pathogen not only artificially spiked in the sample but also 

endogenously present in the beef before spiking [Blank_Illumina (Buytaers et al., 2020)], was 

identified for 8 and 6% of the reads after Illumina and MinION sequencing, respectively. All 

species were detected after 30 min of sequencing on the MinION. 

5.3.1.1. Confirmation of the Presence of a Pathogen in the Sequenced 

Metagenomics Sample Using in silico DNA Walking on Long Reads 

In order to indicate the presence of a pathogen in the sample after Illumina sequencing, 

a virulence gene detection was conducted on all reads (Buytaers et al., 2020). However, with 

that information, the virulence gene cannot be linked to the pathogen’s genome, which would 

be proof of the presence of the pathogen in the sample. Long-read sequencing offers the 

possibility to investigate the DNA fragment on which a virulence gene is detected in order to 

attribute it to a taxon (genomic context). This analysis is also known as in silico DNA walking. 

As the sample was artificially spiked by a known STEC isolate, our approach was targeted 

at this pathogen specifically. Therefore, in silico DNA walking was applied to all long-read 

sequences with BLAST on the databases of E. coli virulence genes and nucleotides from NCBI, 

to determine if the Escherichia-related virulence genes, in particular stx genes defining an E. 

coli as a STEC pathogen, were found on Escherichia genome sequences, proving the presence 

of a pathogenic strain in the sample. This approach was tested as a fast alternative to obtain 

minimal characterization information on the pathogen in the sample before the inference of 

the strains from the metagenomics reads. 
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Figure 5.1: Percentages of reads classified to the genus level using Kraken2 (taxonomic classification tool) from blank and spiked beef 

samples extracted with two DNA extraction kits (one involving host removal, HZ) and sequenced on Illumina (MiSeq), MinION, or Flongle, 

with in-house databases of mammals, archaea, bacteria, fungi, human, protozoa, and viruses. The data for Illumina sequencing (*) was published 

in Buytaers et al. (2020). Light blue represents the proportion of “Bos” corresponding to beef reads. Yellow indicates the presence of 

“Escherichia” in the sample. The reads that could not be classified to the genus level for mammals, archaea, bacteria, fungi, human, protozoa, or 

viruses are represented in gray.
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The results, presented in Figure 5.2, show that the virulence genes characteristic of the 

spiked STEC pathogen (stx, eae, and ehxA) could be linked to Escherichia fragments after 

already 1 h of MinION sequencing. This demonstrated that an Escherichia strain carried these 

genes, therefore indicating that STEC DNA was present in the samples. Moreover, as the 

enriched blank meat was previously sequenced and characterized (Buytaers et al., 2020), we 

can rule out the presence of STEC, E. coli virulence genes, or stx phages in the meat prior to 

the artificial contamination. 

 

 

Figure 5.2: In silico DNA walking results, presenting the genera in the inner circle 

(following the color scheme specified in the legend) and the genes detected for each taxon 

in the outer circle for MinION sequencing of the Shiga toxin-producing E. coli (STEC)-

spiked beef sample after 1 h of sequencing. 

 

The stx genes (stx1 and stx2) were also linked to genomic regions of Enterobacteriaceae 

and to bacteriophages. The reads assigned to Enterobacteriaceae could also correspond to 

STEC bacteria, as Enterobacteriaceae is the family of the Escherichia genus. Shorter reads may 

not cover any species- or genus-specific genomic features, preventing their univocal 

assignment to a single higher level taxon. Such reads are attributed by BLAST to a common 

ancestor of higher taxa from which the read could potentially be derived, e.g., the family 

Enterobacteriaceae. The same could apply to reads classified as phages, as the stx genes 

present in the STEC genome derive from the integration of these phages, but these could also 

be present in their mobile form in the environment. 
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5.3.1.2. Outbreak Resolution and Strain Characterization From Long-Read 

Sequences by Strain-Level Inference, Gene Detection, and Single-

Nucleotide Polymorphism Phylogeny 

Finally, as an equivalent to the characterization of an isolate obtained in routine, a strain-

level analysis was performed on all sequenced metagenomics reads to obtain clusters of reads 

corresponding to the different E. coli strains present in the sample. The presence of the STEC 

strain was confirmed based on the detection of stx genes in the clustered reads. It 

corresponded to a strain mapped to the taxon 741093 from the Metamaps analysis (RefSeq 

NC_017906.1, NCBI: txid741093). Two other non-pathogenic strains were detected in the 

samples and mapped to the Metamaps proprietary taxa x494 (RefSeq NZ_CP019271.1, NCBI: 

txid562) and 745156 (RefSeq NZ_CP009166.1, NCBI: txid745156) (Dilthey et al., 2019). 

Metamaps uses an extended database taxonomy where some NCBI taxonomic nodes are 

further subdivided to ensure higher resolution of taxonomic assignment. The same strains 

were detected after Illumina sequencing (Saltykova et al., 2020). The STEC strain was further 

investigated for SNP phylogeny to relate it to other cases (i.e., isolates from food and human 

origin related to the same outbreak as the spiked isolate and sporadic cases). Strains inferred 

from Illumina sequencing of the same sample (Buytaers et al., 2020) were also included in the 

tree (Figure 5.3). The inferred STEC strain obtained after 12, 24, and 48 h of MinION 

sequencing clustered with the corresponding isolates and metagenomics strain obtained from 

Illumina sequencing, with 0 SNPs distance (Supplementary Material 3), and separated from 

the sporadic cases. The presence of three virulence genes of importance for STEC 

characterization (eae, stx1, and stx2), as well as the serotyping genes (O-type and H-type), was 

also confirmed in the genome of the inferred STEC strain. The serotype and virulence genes in 

the inferred STEC strain correspond to the genes present in the strain that was spiked. The 

reference coverage from the MinION run starting from 12 h of sequencing was comparable to 

the coverage obtained from isolates of the same outbreak and strain inferred from Illumina 

metagenomic sequencing and therefore considered as sufficient for a phylogenetic analysis. 

Shorter sequencing time on the MinION did not offer sufficient coverage to conduct the 

phylogenetic analysis (Supplementary Material 3). 

5.3.2. Investigation of Long-Read Flongle Sequencing as a Less Expensive 

Alternative for Strain-Level Metagenomics Outbreak Investigation 

The same sample of beef meat containing an endogenous population of non-pathogenic 

E. coli and spiked with a STEC pathogen, previously characterized to the strain level after 

Illumina sequencing (Buytaers et al., 2020), was sequenced on a Flongle flow cell to investigate 

a less-expensive alternative. However, as the output of the Flongle is approximatively 10 times 

lower than the MinION, we also sequenced on the Flongle DNA for which the extraction 

involved host removal, previously sequenced on Illumina (Buytaers et al., 2020), in an attempt 

to increase the amount of reads linked to the microbial pathogen. The data analysis on the 

sequenced long reads was the same as the data analysis presented for the long reads  
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Figure 5.3: Single-nucleotide polymorphism (SNP)-based phylogenetic tree of STEC strains inferred from metagenomics sequencing (beef) 

and of sequenced isolates with percentage of the reference genome covered (i.e., percentage of reference genome that is useful for SNP analysis, 

see section “Materials and Methods”) and gene detection (O-type and H-type and genes eae, stx1, and stx2; green shaded blocks representing the 

query coverage) in each strain represented on the side of the branch. Isolates TIAC 1151, 1152, 1153, and 1638 are from food origin. Isolates 

TIAC 1165 and 1169 are from human origin. Reference: E. coli O157:H7 str. Sakai (BA000007.3). Green: closely related strains from the outbreak 

cluster. Black: sporadic cases outside the outbreak cluster. The scale bar represents nucleotide substitution per 100 nucleotide sites. Node values 

represent bootstrap support values.
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sequenced on the MinION. The analysis was also conducted at different time points of the 

Flongle sequencing run to determine the time needed to achieve the expected results. 

5.3.2.1. Taxonomic Classification of All Sequenced Reads 

After Flongle sequencing, the main genus detected in the sample without host DNA 

removal was Bos (Figure 5.1). The same bacterial taxa, with the exception of Enterobacter, 

were detected as for the Illumina and MinION sequencing, including Escherichia, but with a 

higher percentage of unclassified reads. As for MinION sequencing, a small portion (5%) of 

mammal reads were incorrectly classified as Ovis. 

The DNA extract treated with host DNA removal agent (FlongleHZ) presented 2% of reads 

classified as Bos and 0.5% of reads classified as Ovis, although no reads were classified as 

mammals in the Illumina sequencing of the same DNA extract. However, this is a large 

decrease compared to the amount of Flongle reads classified as eukaryotes without the host 

DNA removal step (50%). The bacterial taxa detected were the same for this sample after 

Illumina or Flongle sequencing and, except for the absence of Aeromonas and Comamonas 

and the presence of Citrobacter and Lactobacillus, were identical to the bacterial taxa 

detected without host DNA removal. This difference might be explained by the presence of 

bacterial DNA in the extraction buffer or its presence at very low level in the food sample. 

Escherichia represented 10% of the reads, which is slightly higher than the values obtained 

without host DNA removal. The sample with host DNA removal sequenced on the Flongle 

presented the highest percentage of unclassified reads (39%). 

5.3.2.2. Confirmation of the Presence of a Pathogen in the Flongle-

Sequenced Metagenomics Sample Using in silico DNA Walking on Long 

Reads 

Similar as for MinION sequencing, an in silico DNA walking was conducted in order to 

attribute a genomic context (taxon) to detected virulence genes. This analysis was conducted 

on all reads generated at different time points during the Flongle sequencing of the two DNA 

extracts (with or without host DNA removal). 

After 1 h of sequencing, the virulence genes characteristic of a STEC (i.e., stx, eae, and 

ehxA) could be retrieved in the sample treated with host DNA removal (Figure 5.4A) and 

detected on genome fragments that could be assigned to Escherichia. Similarly, as with the 

MinION analysis, the virulence genes were also found associated in smaller proportions to 

Enterobacteriaceae, which correspond to the family of the Escherichia genus, or stx1 phage, 

the bacteriophage carrying the stx1 gene that can be inserted in the STEC genome. The 

classification to a higher level (Enterobacteriaceae or phage) might be explained by the short 

length of the reads. 

Without host DNA removal (Figure 5.4B), 5 h of sequencing were sufficient to obtain the 

required information to determine that the pathogen was present in the sample, i.e., virulence  
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Figure 5.4: In silico DNA walking results, presenting the genera in the inner circle 

(following the color scheme specified in the legend) and the genes detected for each taxon 

in the outer circle of the STEC-spiked beef sample after DNA extraction with or without 

host removal. (A) Flongle sequencing after 1 h of sequencing, DNA extract with host 

removal. (B) Flongle sequencing after 5 h of sequencing, DNA extract without host removal. 
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genes stx, eae, and ehxA associated to Escherichia genome. Again, the virulence genes could 

be also assigned to Enterobacteriaceae, as well as bacteriophage for some stx2 genes. 

As a STEC is defined as an E. coli harboring an stx gene, the information presented was 

sufficient to conclude that a STEC was present in the samples, after 1 h of sequencing with 

host DNA removal and 5 h of sequencing without host DNA removal. However, a longer 

sequencing time would be required to obtain all virulence genes characterizing the strain that 

was spiked. In our workflow, the full characterization of the STEC present in the sample is done 

at the next step, after strain inference, in order to characterize specifically each potential 

pathogenic strain present in the sample. 

5.3.2.3. Outbreak Resolution and Strain Characterization From Flongle 

Long-Read Sequences by Strain-Level Inference, Gene Detection, and 

Single-Nucleotide Polymorphism Phylogeny 

The different E. coli strains present in the sample were inferred from the reads of the two 

Flongle sequencing runs, and the STEC strain was identified among these strains after 

detection of stx genes in the clustered reads (Supplementary Materials 4, 5). 

The pathogenic strain corresponded to reads that mapped to the Metamaps taxon 

741093 (RefSeq NC_017906.1, NCBI: txid741093) for the DNA extract without host DNA 

removal, i.e., a similar strain as found with MinION sequencing, and to Metamaps taxon x13 

(RefSeq NZ_CP012802.1, NCBI:txid83334) for the DNA extract with host DNA removal, which 

is also a STEC O157:H7. The endogenous strains were mainly mapped as Metamaps taxon 

745156 (RefSeq NZ_CP009166.1, NCBI: txid745156), similarly as for the MinION sequencing, 

as well as Metamaps taxon x311 (RefSeq NZ_CP019267.1, NCBI:txid562) for the extract 

without host DNA removal (Supplementary Materials 4, 5). 

After SNP calling, it was observed that the coverage of the reference genome 

(Supplementary Material 3) was insufficient to conduct a SNP-level phylogenetic analysis (less 

than 1%) for the DNA extract without host DNA removal. Therefore, the inferred STEC strain 

obtained after Flongle sequencing of the DNA extract without host DNA removal was not 

included in the phylogenetic tree. However, 24 h of Flongle sequencing of the DNA extract 

with host DNA removal led to obtaining clustered reads covering 56% of the genome at or 

above 10× coverage, which was sufficient to cluster the metagenomics-derived strain with the 

outbreak cases on the phylogenetic tree (Figure 5.3). Serotyping genes (O-type and H-type) as 

well as virulence genes eae, stx1, and stx2 could be detected with high identity in the strain, 

confirming that it was similar to the spiked strain. A distance of 0–3 SNPs per million genomic 

positions (Supplementary Material 3) was observed for the other isolates from the same 

outbreak as well as the metagenomics-derived strains from Illumina or MinION sequencing, 

which is in the expected range. However, the distances of the outbreak strain to the 

background isolates (TIAC 1153 and TIAC 1638) were somewhat lower with Flongle 

sequencing data after host DNA removal than with MinION and Illumina sequencing data (30 

SNPs per million of genomic positions for the Flongle sequencing compared to 39–46 SNPs to 

TIAC 1638 for Illumina and MinION, and 126 SNPs per million of genomic positions for the 
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Flongle sequencing compared to 139–155 SNPs to TIAC 1153 for Illumina and MinION; 

Supplementary Material 3), indicating that not all SNPs could be called at the obtained 

coverage. 

5.4. Discussion 

The rapid and precise characterization of a pathogen during foodborne outbreak 

investigation, as well as the tracing back to the food source, is crucial to stop further spreading 

of the infections. Therefore, a metagenomics approach has been proposed as an alternative 

to the currently performed microbiological analyses requiring a not-always-straightforward 

isolation of the pathogenic strain. As previously described (Buytaers et al., 2020), Illumina 

sequencing may be used to obtain the full information necessary for outbreak investigation 

from metagenomics samples, without the need for isolation, and this to the strain level, after 

about one full week of lab work (Buytaers et al., 2021c). However, not only the need for more 

proofs of concept but also the high cost of such an analysis impact its potential 

implementation as a routine practice. To render the analysis somehow more cost-effective, 

while still taking the required coverage into account, 8–12 samples were pooled into one 

Illumina MiSeq run in previous studies (Leonard et al., 2016; Buytaers et al., 2020, 2021c). 

However, it might not always be possible to analyze this number of samples as the number of 

available food samples during outbreak investigation varies and is not gathered at a single 

time point. Besides, delaying the sequencing run to gather sufficient samples is not an option 

when a fast response is required, especially in outbreak investigation. Using a smaller number 

of samples in the run would however substantially increase the sequencing cost per sample. 

Moreover, these runs, generating 2×250-bp reads, have a set sequencing duration of 48 h, 

which is significant during ongoing outbreak investigations. Long-read sequencing and 

flexibility in sequencing time, which is made possible by ONT, could offer a solution to these 

drawbacks. 

In this study, we first sequenced an artificially contaminated sample (beef containing an 

endogenous community of non-pathogenic bacteria including E. coli, spiked at very low dose 

with STEC), previously sequenced on Illumina (Buytaers et al., 2020), with a MinION flow cell. 

The data analysis followed the same flow as the analysis previously described for Illumina 

sequencing (Buytaers et al., 2020), but with adapted algorithms and tools for taxonomic 

classification, virulence gene detection, and genome inference of long reads. This allowed to 

match the contaminated food with human isolates from the same outbreak, after a shorter 

sequencing time. After only 12 h of sequencing, endogenous and pathogenic E. coli strains 

could be obtained from the sequenced reads, and the clustered reads corresponding to the 

STEC could be linked to outbreak isolates from food and human origin. The virulent strain-

related reads harbored all virulence genes expected from the spiked bacteria and could be 

placed accurately in a phylogenetic tree with 0 SNP difference to the outbreak cluster, which 

is much lower than the SNP distance previously obtained after metagenomics ONT sequencing 

(Hyeon et al., 2018). The high number of SNPs observed by Hyeon et al. (2018) could be due 

to the specificity of the SNP calling procedure that was used. The authors applied a workflow 
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based on the CFSAN pipeline, with a relatively low minimal allele frequency for SNP calling 

(0.6). These settings have, however, shown to exhibit a lower SNP calling accuracy even with 

the more accurate Illumina sequencing data, with higher SNP distances between the outbreak 

isolates as a result (Saltykova et al., 2018). Moreover, the long reads sequenced with ONT also 

offer the possibility to investigate at the same time the genomic context of reads carrying 

these virulence genes, in an in silico DNA walking approach. Recently, the European 

authorities proposed the attribution of the virulence genes to their respective bacterial host 

as an isolate-free alternative to confirm the presence of foodborne pathogens after 

metagenomics sequencing (EFSA, 2019b). We were able to detect the expected virulence 

genes (stx, eae, and ehxA) on genome fragments that could be linked to an Escherichia 

genome, therefore confirming the presence of the pathogen in the sample after only 1 h of 

sequencing on the MinION flow cell. This approach could eventually be implemented in real 

time while receiving data from the sequencer, as it has been shown previously for AMR genes 

(Leggett et al., 2020). 

MinION sequencing offers the opportunity to work with long reads, allowing access to the 

genomic context of the reads sequenced, as well as the flexibility of real-time sequencing and 

sequencing one sample at a time. However, it remains an expensive consumable, and 

therefore, the lower cost Flongle flow cell was also tested. The Flongle flow cell was ideal to 

rapidly obtain a confirmation of the presence of a pathogen in the sample at the lowest cost 

after taxonomic classification and in silico DNA walking. Indeed, it allowed to confirm the 

presence of the STEC strain (detection of stx gene in Escherichia genome) after 1 h of 

sequencing if host DNA removal was conducted or 5 h with traditional DNA extraction. As the 

output of the Flongle flow cell is substantially lower compared to the output of the MinION 

flow cell, retrieval of information for strain comparison was only possible when host DNA 

removal was conducted during the DNA extraction. The coverage of the reference genome by 

the clustered reads corresponding to the STEC strain obtained from the extract without host 

DNA removal was not sufficient to establish phylogenetic links. The threshold to determine if 

a strain contains sufficient reads using metagenomics to perform further characterization or 

SNP phylogeny is hard to define strictly as lower coverages are also observed for genomics on 

isolated strains (e.g., TIAC 1165 covering 54% of the reference genome, Figure 5.3). More 

analyses such as the one within this study, including for other pathogens, are necessary to 

pinpoint such limits. We could also observe that the reference genome to which the reads 

were assigned after Flongle sequencing was different from the reference genomes mostly 

covered after MinION or Illumina analyses. However, the different references to which the 

STEC reads clustered were all STEC O157, and the interpretation of the results was not 

impacted by the reference (SNP-level phylogeny obtained for the different strains). A future 

alternative could be to pool reads assigned to groups of similar references instead of working 

with individual references, as already proposed in the work of Saltykova et al. (2020) for short-

read sequences. 

In the present work, a three-step analysis has been applied on food samples sequenced 

with different flow cells. For each step, the minimal time required to obtain results was 
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assessed. First, a taxonomic classification to obtain an overview of the genetic content of the 

food sample, followed by virulence gene detection coupled to an in silico DNA walking method 

for hazard identification. These tests could be performed in a very fast timeframe of a few 

hours, depending on the treatment of the DNA extract and the selected sequencing flow cell, 

and could even be implemented in real time in the future. This could potentially solve partially, 

i.e., when food leftovers are available and it concerns a bacterial origin (for which isolation is 

currently the routine approach), the issue of foodborne outbreaks for which the food source 

cannot be determined, accounting for 60% of all (i.e., also including other agents as source) 

outbreaks notified in the EU (EFSA, 2021c). Finally, as a third step, strain-level phylogeny in 

order to relate human cases of an outbreak to its food source can be achieved after 12 h of 

sequencing on a MinION flow cell or 24 h on a Flongle flow cell if host DNA removal was 

applied during the DNA extraction. Notably, for in silico DNA walking, a threshold of one read 

harboring an stx gene and traced back to the Escherichia genus was considered as sufficient 

to determine the minimal time to suspect the presence of a pathogen in the sample. However, 

a discussion within the international scientific community is necessary to determine such 

threshold, and we recommend to continue the sequencing after this minimal time to collect 

more information. Moreover, obtaining and characterizing the pathogenic strain (third step) 

are still necessary to confirm the suspicion. Based on this work, a new strategy for detection 

of bacterial pathogens in food, using shotgun metagenomics, could be proposed to the 

reference laboratories (Figure 5.5): a screening of all food samples that might be related to a 

foodborne outbreak, including those for which the contaminant is unknown, for pathogens 

using the Flongle and taxonomic classification followed by virulence gene detection and in 

silico DNA walking, potentially in real time. This might involve additional enrichment media 

and/or conditions to be able to cover all bacterial foodborne pathogens, depending on the 

specific outbreak based on patient’s symptoms, to fully replace the conventional way of 

working. Once the presence of a bacterial pathogen is confirmed in a food sample, this analysis 

can be followed by a strain-level read classification and phylogeny that can be attempted on 

the Flongle sequencing data or, if not possible, based on further Illumina or MinION 

sequencing. Also, the choice of the sequencing technology will depend on a cost analysis 

based on the amount of samples to sequence as well as the timeframe to obtain results and 

the capacities of the laboratory. This strategy could be run in parallel with attempting to 

obtain a bacterial isolate from the same food samples, which would ideally be sequenced with 

WGS in order to populate the still necessary databases that are required to perform the 

metagenomics-based bioinformatics analyses. The perspective of such a strategy consolidates 

the new perception that metagenomics has the ability to be used as a new alternative for 

outbreak investigation, source attribution, and risk assessment of foodborne microorganisms 

(EFSA, 2019b). In order to implement the same data analysis applied to artificially STEC-

contaminated samples in this study to other bacterial pathogens, the same workflow can be 

followed, and only the databases for gene detection and read mapping have to be adapted 

according to the contaminant(s) detected through taxonomic classification.
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Figure 5.5: Integrated metagenomics-based strategy for microbiological foodborne outbreak investigation. As first optional steps, food samples can be 

screened for the presence of bacterial pathogens using metagenomics Flongle sequencing, taxonomic classification, and in silico DNA walking (based on 

BLAST to the nucleotide database and virulence genes database) in parallel with the ongoing attempt to isolate the pathogen, followed by WGS of the 

obtained isolates. A strain-level characterization can be attempted from the Flongle sequencing or conducted after using an Illumina strategy (more cost-

effective for multiple samples) or a MinION strategy (fast response for one sample) in food samples for which the presence of a pathogen is confirmed. The 

strain-level data analysis for Illumina sequencing was previously presented Buytaers et al. (2020). The strain-level data analysis workflow for MinION 

sequencing is based on classification using Metamaps, a gene detection with BLAST, and phylogenetics with a SNP-calling pipeline. The asterisk (*) indicates 

that WGS isolate data is interesting to feed to reference genome databases for the classification of the metagenomics reads for future analyses.
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The implementation of such a metagenomics approach in routine, however, still requires 

overcoming several challenges. First, the data analysis currently requires sufficient informatics 

hardware, especially performant GPUs for real-time base-calling and analysis. Additionally, 

trained bioinformaticians are needed, as no automated pipeline has been developed yet for a 

strain-level pathogen characterization. Benchmarking studies comparing more bioinformatics 

tools need to be performed to identify tools allowing to obtain similar results in the same, or 

even faster, timeframe. For this, we believe that studies such as this one offer interesting 

datasets to be explored further. Second, some consumables like the Flongle flow cells, which 

have a very short storage life, can be difficult to obtain in a short timeframe when the demand 

exceeds the production capacities as experienced during the COVID-19 pandemic. The output 

of Flongle flow cells might also be difficult to predict due to the possible instability of the very 

low amount of pores not only before loading but also after loading. This might affect low-level 

contamination samples. The MinION sequencing resulted in a larger output, allowing the 

potential applicability to other samples, regardless of the quality of the flow cell (number of 

pores). The work of Forghani et al. (Forghani et al., 2020) showed that a quasimetagenomics 

method to the strain level with MinION sequencing can be extended to other strains of STEC 

and other bacterial pathogens without a problem. However, our study, although only 

including one serotype, showed the potential of the metagenomics approach for samples 

presenting a population of several different E. coli strains (including non-pathogenic strains). 

More studies might be necessary to validate the potential of long-read strain-level 

metagenomics for food safety assessment and foodborne outbreak investigation for other 

pathogens, including viruses and parasites. The enrichment and extraction methods might 

have to be adapted depending on the pathogens to investigate. Moreover, while we analyzed 

samples contaminated with the lowest infectious dose, more studies with different 

contamination loads might lead to a more precise limit of detection for the method, especially 

as the number of pathogenic cells is undetermined after enrichment. 

In conclusion, this work is a proof of concept of the potential to conduct real-time and 

affordable strain-level outbreak investigation based on ONT long reads, testing the potential 

of the MinION as well as the Flongle flow cells. Although a limited amount of samples and only 

one STEC strain was included in our proof of concept study, we demonstrated the ability to 

obtain the characterization and relatedness of a STEC spiked at a very low dose in a food 

matrix based on metagenomics sequencing on a MinION flow cell after only 12 h or on a 

Flongle flow cell after 24 h if host DNA removal was applied during the DNA extraction. 

Moreover, we also presented a rapid strategy to confirm the presence of a pathogen in a food 

matrix based on long-read sequencing without the need for isolation (i.e., in silico DNA 

walking). All this was possible on food samples enriched in a non-selective medium following 

the ISO practice. This makes it particularly interesting for reference laboratories when only 

limited quantities of the food samples are left, and there is no need for sequential culturing 

steps on pathogen-specific selective media, with pathogen-specific growth conditions. 

Moreover, with the method we propose, food that has been enriched at the reference 

laboratory can be sequenced with a metagenomics workflow in parallel to the isolation 
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protocol, without the need for a different enrichment protocol, which can be particularly 

interesting when no isolate can be obtained. Finally, these results allowed proposing a more 

global perspective, as a metagenomics-based strategy to be used by the routine (reference) 

laboratories, determined by the required level of information required, cost-effectiveness, 

and timeframe to obtain results. This contributes to the demand of the EFSA asking to 

demonstrate the ability of metagenomics to be used as a new alternative for risk assessment, 

source attribution, and outbreak investigation (EFSA, 2019b). 
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Abstract: 

The presence of a genetically modified microorganism (GMM) or its DNA, often harboring 

antimicrobial resistance (AMR) genes, in microbial fermentation products on the market is 

prohibited by European regulations. GMMs are currently screened for through qPCR assays 

targeting AMR genes and vectors, and then confirmed by targeting known specific GM 

constructs/events. However, when the GMM was not previously characterized and an isolate 

cannot be obtained, its presence cannot be proven. We present a metagenomics approach 

capable of delivering the proof of presence of a GMM in a microbial fermentation product, 

with characterization based on the detection of AMR genes and vectors, species and unnatural 

associations in the GMM genome. In our proof of concept study, this approach was performed 

on a case with a previously isolated and sequenced GMM, an unresolved case for which no 

isolate was obtained, and a non-GMM-contaminated sample, all representative for the 

possible scenarios to occur in routine setting. Both short and long read sequencing were used. 

This workflow paves the way for a strategy to detect and characterize unknown GMMs by 

enforcement laboratories.  



Chapter 6: Metagenomics GMM 

107 
 

6.1. Introduction 

A GMO (genetically modified organism) is defined as “an organism in which the genetic 

material has been altered in a way that does not occur naturally by mating and/or natural 

recombination” (Article 2 of Directive 90/220/EEC). GMOs include transgenic animals, plants 

and genetically modified micro-organisms (GMM). Food and feed products including enzymes 

or additives (e.g. vitamins) are often produced through the use of GMMs to replace chemical 

synthesis methods, as this is more practical and requires less resources (Deckers et al., 2020a). 

A specific microbial species is chosen for its suitability and ease of cultivation, and is then 

genetically modified to produce, for instance, the required compound in large quantities 

through microbial fermentation (Deckers et al., 2020a). Selection of the genetically modified 

(GM) strain(s) is often conducted based on selective growth with antibiotics. To this end, 

antimicrobial resistance (AMR) genes are often inserted in the modified strain, e.g. in the 

expression vector used for introduction of the new characteristic. However, the introduction 

of full-length AMR genes in microorganisms that might end up in food/feed products, poses a 

potential public health risk. Indeed, these can be easily transferred to other species, including 

pathogens, thereby leading to treatment failure (WHO, 2018). In Europe, the GMM’s 

authorization process for food enzymes and food additives (such as vitamins) falls under 

regulation EC 1331/2008, EC 1332/2008 and EC 1333/2008 (European Parliament and the 

Council of the European Union, 2008a, 2008b, 2008c). To allow that such microbial 

fermentation products can be produced with GMM in a contained environment, a confidential 

dossier must be submitted to the European commission, and EFSA performs a safety 

assessment. Moreover, these GMMs should be used only to produce microbial fermentation 

products and, in contrast to GM crop plants, are not intended for human and animal 

consumption. Therefore, these GMMs do not fall under EU regulations 1829/2003 and 

1830/2003 for GMOs, and no dossier has to be submitted to the EU for authorization of the 

commercialization of GM food and feed for a specific GMM (European Parliament and the 

Council of the European Union, 2003a, 2003b). Consequently, the detection of an unexpected 

contamination by such a GMM in food and feed is per se unauthorized. This means that zero 

tolerance, including for its associated recombinant DNA, must be applied, i.e. neither viable 

cells nor DNA from the producer strain can be detected in the final commercialized product 

(Silano et al., 2019). Additionally, the companies producing these GMMs do not have to 

provide to the EU a method to identify them. This is in contrast with what is foreseen by 

regulations 1829/2003 and 1830/2003 for GM crop plants intended for the food and feed 

chain. Therefore, no detection/identification method for the GMM is available for 

enforcement laboratories. As several fermentation products were already shown to be 

contaminated by a living GMM or its DNA (Barbau-piednoir et al., 2015; Paracchini et al., 2017; 

Fraiture et al., 2020a), this calls for a proper control by enforcement laboratories. 

Real-time polymerase chain reaction (qPCR) assays are the mandatory method for 

enforcement laboratories to screen and identify GM organisms (GMOs) in EU legislation 

1829/2003 and 1830/2003. The aim is to ensure freedom of choice for the consumer by 
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detecting unlabeled GMOs as well as the safety of food and feed. These qPCR assays target 

specific GM events, i.e. the insertion of the GM element(s) in the host genome which leads to 

unnatural associations. However, for GMM that are not intended for food and feed 

consumption, until recently no official methods were available that allowed their detection 

and characterization, as elaborated above. A novel strategy to detect and identify GMM in 

food and feed products was only recently developed. First, a qPCR screening is performed 

based on the detection of AMR genes and expression/shuttle vector carrying AMR genes. 

Hereto, a variety of qPCR tests have been developed, targeting the cat, (Fraiture et al., 2020c), 

aadD (Fraiture et al., 2020b) and tet (Fraiture et al., 2020d) genes, conferring a 

chloramphenicol, kanamycin and tetracycline resistance respectively, and targeting the 

shuttle vector pUB110 carrying aadD (Fraiture et al., 2020a). These qPCR tests can be 

complemented with conventional PCR methods followed by Sanger sequencing. This will allow 

obtaining additional information on the presence of microbial DNA and their species/genus 

identification, using for example 16S rRNA or ITS-based methods (Deckers et al., 2020c, 

2020b), as well as on the presence of full-length AMR genes (Fraiture et al., 2021c). 

Demonstrating the presence of the full-length AMR gene is valuable information for risk 

assessment on the potential spread of this gene to other microorganisms in the environment 

including the human/animal gut after ingestion. If the screening based on AMR genes and/or 

vector is positive, thereby raising a strong suspicion of the presence of a GMM, a second line 

of analysis should be performed. This has the goal to both target unnatural associations 

(construct- or event-specific methods) and identify the GMM, thereby proving its presence in 

the microbial fermentation product (Barbau-piednoir et al., 2015; Paracchini et al., 2017; 

Fraiture et al., 2020a, 2020e). However, unlike it is the case for authorized GMOs as requested 

by regulations 1829/2003 and 1830/2003, no event/construct-specific method has been 

provided a priori by the producing companies to identify these GMMs. 

If no second line qPCR analysis is available, the proof of the presence of a GMM can be 

obtained through whole genome sequencing (WGS) of a microbial isolate obtained from the 

fermentation product. This allows the identification of the unnatural association (Fraiture et 

al., 2020a). The knowledge of the DNA sequence can then lead to the future development and 

validation of a targeted GM-specific qPCR assay to be used in the identification step. This was 

the case for the identification method targeting a GM Bacillus overproducing vitamin B2 

(RASFF2014. 1249) and one overproducing a protease (RASFF2019.3332) (Barbau-piednoir et 

al., 2015; Fraiture et al., 2020a). The GMM isolation process can however be arduous as the 

species and therefore the culture conditions are unknown. Moreover, isolation is not always 

possible, if the GMM is non-viable or non-culturable. Genetic modifications requiring the 

presence of a growth factor in order to culture the GMM are often encountered and unknown 

to the enforcement laboratories. Multiple species can also be present, and one of them can 

be missed by culturing. In other cases, only DNA of the GMM is present in the fermentation 

product. When no isolate can be obtained, a culture independent strategy has to be 

performed. For instance, a DNA walking method, as a targeted sequencing approach, can be 

used to detect unnatural associations. However, in order to apply this strategy, a minimum of 
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knowledge is required. Indeed, the DNA walking strategy needs to anchor on a known 

sequence, like ARM genes and vector detected via the first line qPCR screening, in order to be 

able to characterize unknown flanking regions. Moreover, the DNA walking strategy can be 

time-consuming when regions of several kbps need to be covered, requiring successive DNA 

walking assays of each approximatively 1 or 2 kbps. A DNA walking strategy anchored on the 

pUB110 vector was previously used to identify the GM Bacillus overproducing alpha-amylase 

(RASFF2019.3332) (Fraiture et al., 2020e). Similarly as for the WGS approach, this can then 

subsequently lead to the design of new event/construct-specific methods (Fraiture et al., 

2020e). Until now, WGS on isolates and DNA walking have enabled the development of qPCR 

methods allowing to identify 3 GMM constructs. However, in all the other scenarios, no fast 

and universal method is available to detect the presence of a GMM in a sample. This 

constitutes a major bottleneck for current GMM control, as many applications involving GMM 

are submitted to the European commission (for example, over a hundred dossiers for food 

enzymes mention the use of GMMs (Deckers et al., 2020a)). 

A method not requiring prior isolation nor prior knowledge on the sequences, detecting 

all genes, including potential unnatural associations and potential species identification at 

once in a sample, would pave the way towards an open approach of generalized detection 

and characterization of unknown GMMs in microbial fermentation products. A shotgun 

metagenomics approach, i.e. sequencing all DNA from a sample, allows detection of any gene 

of interest as well as the detection of the species. It can also potentially reconstruct (partially) 

the genome of the strain(s) present, allowing to identify unnatural associations. This 

technology has been previously described for the successful characterization of food-borne 

pathogens at the strain level after a culture-based enrichment (Leonard et al., 2016; Buytaers 

et al., 2020). However, although the application to the field of GMM characterization is linked 

to a lower complexity of the microbial communities, some bottlenecks need to be addressed. 

First, not performing any enrichment is preferred to avoid the issue of species-specific growth 

conditions and non-viable GMM. Therefore, the shotgun metagenomics sequencing should be 

done in sufficient depth to allow for data analysis. This puts constraints on the cost-efficiency 

of the approach. Second, as the output of the metagenomics sequencing is a mix of reads 

representing all DNA present in the sample, putting the puzzle together to the species’ 

genomic level, including detecting the unnatural association, is not straightforward. Short-

read Illumina sequencing (max 300 bp reads), already described for metagenomics 

approaches in food using reference genome databases (Leonard et al., 2015; Buytaers et al., 

2020), might not be sufficient for GMM, where this sequence information is largely missing. 

Long read sequencing such as offered by Oxford Nanopore Technologies (ONT) might facilitate 

the reconstruction of the genome (Somerville et al., 2018), especially with unnatural 

constructions such as GMMs. Moreover, it can help to obtain the unnatural associations or 

the full-length AMR gene, which are usually longer than 300 bp, on a single read. Several flow 

cells are currently on the market for this technology, e.g. the conventional MinION flow cell, 

and the newly released lower-output but also lower-cost Flongle flow cell, requiring half of 

the starting DNA material. As the metagenomics approach is still very expensive, the use of 
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cheaper sequencing consumables such as the Flongle might contribute to reducing the price 

of the analysis while keeping a sufficient level of information (Grädel et al., 2019). However, 

ONT has been described to have a higher error rate as compared to short read sequencing, 

which could affect the results (Kono and Arakawa, 2019). This metagenomics approach has 

not yet been applied within the GMM field. 

In this study, we present the first attempt to develop a strategy based on shotgun 

metagenomics for the general detection and characterization of GMMs in microbial 

fermentation products. Hereby, we envisaged to determine if and which AMR genes and 

shuttle vectors are present, and simultaneously provide information to identify the species 

present in the sample and to unequivocally prove the presence of the GMM by characterizing 

unnatural associations in its genome. To deliver a proof of concept of our approach, we have 

selected three samples, representative of the possible scenarios to occur in a routine setting, 

i.e. a previously analyzed sample containing a GMM Bacillus subtilis overproducing vitamin B2 

(riboflavin), isolated and fully characterized at that time (RASFF 2014.1249) (Barbau-piednoir 

et al., 2015; Paracchini et al., 2017; Berbers et al., 2020), a sample positive for some qPCR 

markers but for which no isolate could be obtained and a sample with no GMM 

contamination. The short and long read sequencing technologies were compared for their 

performances, including the newly released Flongle, as a smaller and cost-effective 

alternative. The most appropriate data analysis workflow was considered, depending on the 

sample type and applied sequencing technology. This allowed to investigate the following 

hypothesis:  

A shotgun metagenomics approach using short or long read sequencing is capable of 

detecting and (partially) characterizing unauthorized genetically modified microorganisms 

present in microbial fermentation products. 

6.2. Materials and methods 

6.2.1. DNA extraction and qPCR 

Three samples of vitamin B2 (riboflavin) were investigated: one sample from 2014 

containing a living GMM Bacillus strain (GMM14, RASFF 2014.1249), one sample containing 

DNA but negative to the previously developed qPCR methods (see paragraph below and Table 

6.1) targeting AMR markers typical of GMMs and event-specific targets of the 2014 strain 

(GMMneg) and one sample from 2016 containing DNA corresponding to features of the 2014 

strain (GMM16), but for which no strain could be isolated. 

DNA was directly extracted from the vitamin powders without culture-based enrichment. 

Briefly, 200 mg of the sample was used for DNA extraction using the Nucleospin Food kit 

(Macherey-Nagel, Düren, Germany). The protocol was followed according to the 

manufacturer’s instructions. qPCRs and PCR were performed on the DNA extracts as well as 

on DNA extracts from isolates of B. subtilis strains 3557 (GM) and 168 (wild-type), obtained 

during a previous study (Berbers et al., 2020) as described in Supplementary Materials 2. 
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Table 6.1: Characterization of GMM samples and bacterial isolates. A: DNA concentration and integrity, qPCR and PCR results B: 

detection results (AMR genes, pUB110) after isolate (168 and 3557) or metagenomics sequencing. 
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A: DNA concentration (measured with Qubit); DNA Integrity Number of the DNA extracts 

(determined with Tapestation); qPCR detection of two junction sites specific to a GMM B. 

subtilis from RASFF 2014.1249 (VitB2_UGM and 558), a specific site in the plasmid (693) and 

three AMR genes (nd: not detected after 40 cycles); PCR of the full tet-L gene (located on the 

pGMrib plasmid, nt: not tested), B: Shuttle vector and AMR genes detection (¨, description 

based on list of common AMR genes detected in GMM from Fraiture, Deckers et al. (2020a)) 

in WGS data of the isolate of wild type B. subtilis strain 168 and GMM strain 3557 linked to 

RASFF2014 (*, based on sequences from Berbers et al. (2020)) and in the assemblies from 

metagenomics sequencing using Illumina and MinION technologies, and reads from 

metagenomics Flongle sequencing of sample GMM14. 
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Quality and quantity of all DNA extracts were evaluated using the Nanodrop 2000 (Thermo 

Fisher Scientific, Waltham, MA, USA), Qubit 3.0 Fluorometer (Thermo Fisher Scientific, 

Waltham, MA, USA) and 4200 TapeStation (Agilent, Santa Clara, CA, USA). The latter results in 

the determination of a DIN (DNA Integrity Number) value representing the genomic DNA 

integrity based on fragment length (value between 1 and 10, with 10 reflecting the highest 

integrity). 

6.2.2. Illumina (MiSEQ) shotgun metagenomics sequencing 

The three DNA extracts were further processed using the Nextera XT library preparation 

kit (Illumina, San Diego, CA, USA) before sequencing on the Illumina MiSeq, generating paired-

end 250-bp reads with the reagent kit v3 according to the manufacturer’s instructions. The 

samples were sequenced in one run of 4 libraries (including another sample not belonging to 

this study), generating 2,895,502, 2,314,885 and 957 reads for GMM14, GMM16 and 

GMMneg, respectively. 

6.2.3. Oxford nanopore technologies (MinION) shotgun metagenomics 

sequencing 

The DNA libraries were prepared with the Genomic DNA by Ligation protocol (SQK-

LSK109; Oxford Nanopore Technologies, Oxford, UK). The preparation was performed 

according to the recommendations for MinION sequencing, with one sample on one MinION 

flow cell. When the DNA concentration of the sample was too low to obtain 1 µg in 48 µl as 

recommended (samples GMM16 and GMMneg), 48 µl of the available DNA were used as input 

DNA. The prepared library was then loaded on a primed flow cell (R9.4.1) and a 48-hours 

sequencing run was started. The resulting fast5 files were basecalled using Guppy on fast 

mode (version 3.2.1, Oxford Nanopore Technologies), generating 971,569 reads with a median 

length of 302 bp for GMM14, 1,247,825 reads with a median length of 215 bp for GMM16 and 

2,187 reads with a median length of 214 bp for GMMneg. The statistics were obtained using 

NanoPlot version 1.28.0 (De Coster et al., 2018) (full statistics in Supplementary Materials 1). 

6.2.4. Illumina data analysis 

The reads were trimmed using Trimmomatic version 0.38.0 with a sliding window 

approach requiring an average Phred score of 20 evaluated on a window of 4 bases (Bolger et 

al., 2014). Taxonomic classification of the reads was conducted using Kraken2 version 2.0.7 

(Wood et al., 2019) as described in Buytaers et al. (Buytaers et al., 2020). The Illumina reads 

were assembled using SPAdes version 3.13.0 (Bankevich et al., 2012) with –meta mode. The 

presence of AMR genes in the contigs was detected using Blastn 2.7.1 on the ResFinder 

database (Kleinheinz et al., 2014) and on a set of the most common AMR genes detected in 

bacterial GMMs described in Fraiture, Deckers et al. (Fraiture et al., 2020b). For shuttle vectors 

detection, the database UniVec was first tested but this did not give satisfying results (no 
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detection of the expected vectors, e.g. pUB110, described to be present in the isolate by 

Berbers et al. (Berbers et al., 2020), maybe due to incorrect metadata). Therefore, a Blast was 

only performed on the reference sequence of the pUB110 shuttle vector (GenBank: 

M19465.1) as it is well documented and described to be used in several GMMs including 

RASFF2014.1249 (Berbers et al., 2020; Fraiture et al., 2020e). This pUB110 vector is linked to 

the presence of the aadD AMR gene (Fraiture et al., 2020e). The presence of the riboflavin 

producing genes (rib operon of B. subtilis and Bacillus amyloliquefaciens as annotated with 

Prokka from the reference sequence from Berbers et al. (Berbers et al., 2020)) was also 

investigated with Blast. All Blast analyses were conducted with default parameters. Contigs 

that had a hit for AMR, pUB110 or rib genes were extracted and annotated using Prokka 

version 1.11 (Seemann, 2014) and then blasted online to the nucleotide database 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) to determine the species detected on the contigs. 

This was visualized using SeqBuilder Pro 15 v15.3.0 (DNASTAR Lasergene). Finally, the reads 

were mapped to the reference genome of the isolate from RASFF 2014.1249 (accession 

chromosome: NZ_CP045672.1 and plasmid: NZ_CP045673.1), using BWA MEM version 0.7.17 

with default settings (Li and Durbin, 2010). The breadth of coverage to the full genome, 

chromosome and plasmid was calculated using SAMtools version 1.9 (Li et al., 2009) and awk 

(using the command: samtools depth -a alignment.sorted.bam | awk '{c++; if($3>0) 

total+=1}END{print (total/c)*100}') and the mapping was evaluated using QualiMap version 

2.2.1 (Okonechnikov et al., 2015). The mapping was also visualized on IGV (Robinson et al., 

2011) and the plasmid was manually annotated for the sites of the tet-L gene, the qPCR 

VitB2_UGM and the qPCR 693 following annotations from Berbers et al. (Berbers et al., 2020). 

6.2.5. MinION data analysis 

The fastq was converted to fasta format using Seqtk version 1.3 

(https://github.com/lh3/seqtk/blob/master/README.md). The fasta file was used for 

taxonomic classification and species identification using Kraken2 and the same database and 

parameters as for Illumina reads. A more detailed species identification was conducted with 

Megablast using Blastn 2.7.1 (Camacho et al., 2009) to the regions V3-V4 of 16S rRNA 

sequences from Deckers, Vanneste, Winand, and Keersmaecker et al. (Deckers et al., 2020c) 

combined to the 16S rRNA database available on NCBI, as well as to the NCBI nucleotide 

database ((Sayers et al., 2019)with max_target-seqs set to 1. The fastq was used for assembly 

using Canu version 1.8 (Koren et al., 2017) modifying the parameters stopOnLowCoverage to 

1, minReadLength to 200 and minOverlapLength to 100 in order to fit the relatively short reads 

obtained in the sequencing runs. Gene detection was conducted directly on the contigs using 

Blastn with the same parameters and on the same databases as for Illumina assembled reads. 

The contigs that had a hit were annotated using Prokka and blasted online to the nucleotide 

database to determine the species from which the sequences originated from. The mapping 

on the reference genome linked to RASFF 2014.1249 and calculation of the breadth of 
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coverage were performed in the same way as for the Illumina data analysis (using -x ont2d 

command to use BWA MEM on ONT reads). 

6.2.6. Flongle sequencing and data analysis 

The DNA extract from sample GMM14 was also sequenced on a Flongle flow cell, after 

library preparation with the Genomic DNA by Ligation protocol (SQK-LSK109; Oxford 

Nanopore Technologies, Oxford, UK) following the manufacturer’s recommendations. The 

library was loaded on a Flongle presenting 60 available pores at the start of a run of 24 h. The 

resulting fast5 files were basecalled using Guppy on fast mode (version 3.2.1, Oxford 

Nanopore Technologies) generating 60,093 reads with a median length of 306 bp. 

The Flongle data analysis was similar to the MinION data analysis except for the assembly 

that could not be achieved due to low coverage. Therefore, the gene detection was conducted 

directly on the reads. As no contig was obtained, the search for unnatural associations was 

done as follows. The reads that had a hit for the presence of AMR genes were compared to 

the result of the Blast to the nucleotide database of the same read in order to obtain the 

species from which the sequence originated. 

6.2.7. Data availability 

All sequencing data is publicly available at NCBI SRA under project PRJNA686880. 

6.3. Results 

6.3.1. Development of a shotgun metagenomics-based approach for the 

characterization of a GMM 

6.3.1.1. Sample selection and preparation 

For the development of the shotgun metagenomics-based method for the 

characterization of GMM in microbial fermentation products, we selected a sample that was 

known to contain a GMM, and for which this GMM had been previously characterized after 

isolation. We selected the sample linked to the RASFF 2014.1249 (GMM14), containing a B. 

subtilis overproducing vitamin B2 (riboflavin) and therefore positive for the GM-events 

VitB2_UGM (Barbau-piednoir et al., 2015) and 558 (Paracchini et al., 2017). This GMM had 

been isolated and fully sequenced before (Berbers et al., 2020). As a negative control sample 

(GMMneg), we included a vitamin B2 sample from which DNA could be extracted but without 

detection of the GM-events specific to vitamin B2 overproduction (i.e. VitB2_UGM and 558). 

Therefore this sample was considered as ‘probably not containing vitamin B2 overproducing 

GMM’. 

To verify the samples, we performed a qPCR detection of event-specific markers as well 

as the presence of 3 AMR genes (cat, aadD tet) on the DNA extracts (Table 6.1.A). The markers 
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specific to the GMM strain from RASFF 2014.1249 were detected in sample GMM14 (as 

expected), confirming the result of the initial screening. The 3 AMR genes were detected in 

GMM14, as expected based on the full genome sequence of the GMM B. subtilis that was 

previously isolated from this sample (Berbers et al., 2020). The same qPCR markers were 

detected in the DNA extracted from the isolate B. subtilis strain 3557 previously described in 

the context of the RASFF 2014.1249. These markers were not detected in DNA from the wild-

type B. subtilis strain 168. Similarly, none of the genetic markers were detected in GMMneg. 

The extracted DNA was then used for library preparation for shotgun metagenomics 

sequencing. We investigated both short read as well as long read sequencing technologies, 

especially as we assumed that long read sequencing would facilitate downstream data analysis 

to identify unnatural associations as well as full-length AMR genes. However, long read 

sequencing requires highly concentrated and high molecular weight DNA (Nanopore Protocol, 

2019). The DNA concentration in sample GMMneg was too low according to the standards of 

MinION sequencing (i.e. need for 1 µg starting material in 48 µl). Moreover, the integrity of 

the extracted DNA was very low in all samples, as determined based on the obtained DIN value 

(less than 2, Table 6.1.A). The samples were nevertheless included in the downstream 

sequencing analysis. 

6.3.1.2. Gene detection in assemblies from shotgun metagenomics 

After sequencing, we looked for the presence of pUB110 and AMR genes in the contigs 

(Table 6.1.B, Supplementary Materials 2, Supplementary Materials 3), both from the short 

read as well as from the long read MinION sequencing output. 

A part of the pUB110 shuttle vector (corresponding to the same portion as detected in 

the isolate from RASFF 2014.1249) as well as the genes linked to resistance to ampicillin (bla), 

bleomycin (ble, not present in the ResFinder database), chloramphenicol (cat), erythromycin 

(ermB), kanamycin & neomycin (aadD) and tetracyclin (tet-L) were detected in GMM14 after 

both short and long read metagenomics sequencing (Table 6.1.B). The shuttle vector and all 

these AMR genes have been previously described to be present on the chromosome and 

pGMrib plasmid of the isolate mentioned in RASFF 2014.1249 (Table 6.1.B, (Berbers et al., 

2020)). Moreover, pUB110 is harboring the AMR genes aadD and ble. The assemblies of 

Illumina and MinION reads both allowed a detection of almost all genes with a coverage of 

more than 90%, except ble (with a coverage of 80%). The ble gene was already covered only 

at 80% in the chromosome of the isolate previously sequenced (Berbers et al., 2020), meaning 

that the recovery of what is expected to be present is 100%. The AMR genes were detected 

to cover the full-length of the reference genes on the contigs. However, the full-length genes 

were not detected on single reads, as the reads sequenced with MinION sequencing were 

shorter than the average length of an AMR gene. Nevertheless, the high coverage of the gene 

from the contigs is a strong indication that the full-length AMR gene was present in the 

sample. 

As the GMM14 sample is a riboflavin feed additive, the presence of genes linked to 

riboflavin production (vitamin B2) was also investigated (results presented in Supplementary 
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Materials 2). The rib operon from B. subtilis and from B. amyloliquefaciens origin were both 

detected in the metagenomics sequencing of GMM14 with a coverage higher than 80% for 

the two sequencing instruments. 

As expected, none of the most common AMR genes reported in GMMs were detected in 

GMMneg (Table 6.1, Supplementary Materials 2), confirming the negative results obtained 

with qPCR (Table 6.1). The riboflavin producing genes were also not detected in this sample 

after Illumina or MinION sequencing (Supplementary Materials 2). 

6.3.1.3. Species identification via shotgun metagenomics 

Next, we used the sequenced reads to identify the species present in the samples, to see 

whether these correspond to known microbial species used for known GMM based on patent 

information (Fraiture et al., 2020c). The sequenced reads from the two sequencing devices 

were classified per genus using Kraken (Fig. 6.1.A). Bacillus (green, Fig. 6.1.A.) was the main 

organism for the two sequencing methods in sample GMM14, although 35 to 40% of the reads 

could not be classified (light grey, Fig. 6.1.A.). More taxa were detected with Illumina 

sequencing but the small proportions might represent false positive classifications of some 

short reads. Two alternative methods aiming at obtaining more accurate information on the 

present species, were tested on the longer reads sequenced with the MinION: a Blast to a 16S 

rRNA database as shown in Fig. 6.1.B and a Blast to the NCBI nucleotide database as shown in 

Fig. 6.1.C. 786 of the MinION reads of GMM14 had 16S rRNA hits. With the two methods, B. 

subtilis could be detected as the main species in the sample (green, Fig. 6.1.B and C). However, 

other Bacillus species were sometimes detected with the 16S rRNA method (light green, Fig. 

6.1.B). This could be expected as the 16S rRNA genes are very similar for these species and the 

method has been reported to be unable to differentiate efficiently between B. subtilis and B. 

licheniformis (Deckers et al., 2020c). The classification using the NCBI nucleotide database 

covers the full genome of each species, and thereby allows for more genomic markers to be 

used to attain species resolution. 31% of the reads could be classified to genus Bacillus sp. and 

55% of all classified reads were detected as B. subtilis without ambiguity. The small proportion 

of Escherichia (yellow, Fig. 6.1.A, 6.1.B, 6.1.C) detected in both sequencing runs is partly 

explained by a misclassification (i.e. 12% of the reads classified as E. coli are mapping to the 

B. subtilis GM reference defined by Berbers et al. (Berbers et al., 2020)) but could also indicate 

the presence of DNA of this species in the sample. In conclusion, B. subtilis was detected in 

high proportions, corresponding to the GMM species that was previously isolated from the 

GMM14 sample. In the GMMneg sample, 62% of the reads were unclassified after Kraken 

analysis of the Illumina sequencing while Bosea, Sphingomonas and Rhizobium were detected 

as the main genera (Fig. 6.1.A). The latter two genera are known as common contaminants of 

Illumina sequencing (Winand et al., 2019). For MinION sequencing, more than 93% of the 

reads could not be classified, while Ochrobactrum and Microbacterium each represented 3% 

of the reads. Bosea, Rhizobium and Ochrobactrum are all part of the order Rhizobiales. The 

presence of these genera was not confirmed with the Blast to the 16S rRNA or nucleotide 

database (Fig. 6.1.B and 6.1.C). Indeed, no 16S rRNA hit was obtained in the MinION 



Chapter 6: Metagenomics GMM 

 
 

118 
 



 
Chapter 6: Metagenomics GMM 

 
 

119 
 

Fig. 6.1: Species identification in the different samples. A: Kraken taxonomic classification results 

for Illumina (‘Il’), MinION (‘M’) and Flongle (‘Flo’) reads. Taxa representing <2% of the reads 

are counted in unclassified. B: Blast to 16S rRNA database results for MinION (‘M’) and Flongle 

(‘Flo’) reads. “Other” (grey): species representing <2% of the reads with hits (or for GMMneg: no 

hit obtained) *: Results presented to species level, as output from workflow described in Materials and 

methods section, however it was reported that 16S rRNA analysis is limited to genus level (Winand et 

al., 2019) C: Blast to nucleotide database results for MinION (‘M’) and Flongle (‘Flo’) reads. 

”Other” (grey): Species representing less than 2% of the reads with hits (e.g. Streptococcus 

pyogenes).  
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sequencing of the sample, with the database used, while Melanaphis, Microbacterium sp., 

Ochrobactrum anthropic or sp. and Stenotrophomonas acidaminiphila were detected with the 

NCBI nucleotide database. The very low concentration of DNA in the sample (Table 6.1) led to 

a very low quantity of reads after sequencing, which could explain the inconsistency in genus 

identification for both sequencing methods. None of these genera are known as previously 

reported GMM (Fraiture et al., 2020c), and most probably represent a contamination. It 

should be noted that most likely in routine analysis, based on the negative results of the first 

line screening, no additional analysis would be performed. In our study, the sample was only 

used as a negative control for the metagenomics approach. 

6.3.1.4. Detection of unnatural associations in the assembled metagenomic 

reads 

The contigs containing AMR genes obtained for sample GMM14 were further investigated 

to determine if some unnatural associations (i.e. presence of parts of sequences belonging to 

different species or vector(s) in the same genome) were present. Given the nature of the 

sample, the same was done for contigs containing genes linked to riboflavin production (in 

this case the rib operon). As B. subtilis was detected as the main species, contigs harboring B. 

subtilis genome and parts of genomes from other species were investigated as probable 

unnatural association linked to the GMM in the sample (Fig. 6.2). This was done for the 

Illumina and MinION assemblies. Notably, several similar hits for genome, plasmid or vector 

identity could be obtained with the same confidence for the contigs investigated. However, 

only one hit was shown per region in the figure, in order to illustrate the unnatural association 

without aiming at identifying the exact origin of this segment of genome. An insertion of the 

chloramphenicol resistance gene (cat) in the genome of B. subtilis was detected with both 

sequencing technologies, interrupting the sequence of the recA gene (Fig. 6.2.A and 6.2.D). 

This corresponds to the 558 qPCR assay specific GM-event previously described for the 

RASFF2014 strain (Paracchini et al., 2017; Berbers et al., 2020). Another contig in the Illumina-

based assembly contained 2 genes of the rib operon in the B. subtilis genome adjacent to a 

plasmid sequence originating from Streptococcus pyogenes (Fig. 6.2.B). Moreover, a part of 

the B. subtilis genome carrying ribA from the rib operon was linked to a part of an expression 

vector and the pUB110 plasmid sequence from Staphylococcus aureus, harboring 2 AMR 

genes (ble and aadD) in a contig from MinION sequencing (Fig. 6.2.C). The same pattern was 

observed in the chromosome of the GMM isolate described by Berbers et al. (Berbers et al., 

2020). These sequences prove an unnatural association in the genome of B. subtilis, detected 

as the main species in the sample, and hence the presence of a GMM in sample GMM14. 

As no AMR or rib genes were detected in GMMneg, this analysis was not conducted for 

this sample. This sample is considered not to contain a GMM strain. 
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6.3.1.5. Validation of method: Mapping of metagenomics reads to a previously 

characterized GMM reference genome 

As a validation step to demonstrate that our metagenomics analysis detected the GMM 

previously characterized as an isolate from the same sample, we mapped the sequenced reads 

to the reference genome of this rapid alert (GCA_009914705.1 (Berbers et al., 2020)). We 

could show that the reference genome is fully covered with our metagenomics reads. The 

breadth of coverage was calculated as 100% for the chromosome and pGMrib plasmid with 

the two sequencing technologies, with a mean coverage of 57 on the chromosome sequence 

and 317 on the plasmid sequence for the MinION sequencing, and a mean coverage of 119 on 

the chromosome sequence and 492 on the plasmid sequence for the Illumina sequencing 

(Supplementary Materials 4). This additional validation step proves that the GMM detected 

with the metagenomics approach is indeed similar in genome structure to this previously 

sequenced isolate. This was expected since the sample analyzed originated from the same 

riboflavin product. Moreover, the mapping to the pGMrib plasmid was visualized (Fig. 6.3.A 

and B) with tags annotating the positions of the tet-L resistance gene (Berbers et al., 2020) 

and the positions for the qPCR VitB2_UGM (Barbau-piednoir et al., 2015) as well as the qPCR 

693 (Paracchini et al., 2017) assay. These were all covered as expected from the qPCR results 

(Table 6.1). 

6.3.1.6. Evaluation of Flongle sequencing 

Based on the results described above, a workflow using either short or long read sequencing 

seems to enable the characterization of a GMM in a microbial fermentation product. However, 

in the short read sequencing run, more than one sample was included, to make it cost-

effective. This might not be desirable in a routine set-up, where samples are often arriving, 

and hence need to be analyzed, on a one-by-one basis. The long read sequencing included one 

sample per flow cell, thereby rendering the cost per analyzed sample more expensive than 

the short read sequencing. Therefore, a Flongle sequencing was carried out on the GMM14 

sample, as a less expensive, more flexible (one sample, with less input material required than 

MinION) and fast (24 h) sequencing alternative. The same analysis steps were performed as 

for the Illumina and MinION sequencing. This was done to evaluate whether the same 

information could be obtained using a long read sequencing device with a lower output (6% 

of the amount of reads for the same sample compared to the MinION sequencing, 

Supplementary Materials 1). All expected genes could be detected in the Flongle reads, but 

with a coverage starting from 52%, which would be filtered out of most classical analyses, and 

generally lower sequence similarity (80–90%) with a coverage starting from 52%, which would 

be filtered out of most classical analyses, and generally lower sequence similarity (80–90%) 

to the reference sequence compared to the results obtained with the MinION contigs 

(>90%, Table 6.1, Supplementary Materials 2). The lower coverage is explained by the use of 

reads instead of an assembly. The use of short sequences could also explain why the shuttle 

vector pUB110 could not be detected with a coverage higher than 0.2% while 44% was present  
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Fig. 6.2: Detection of species and genes on contigs of GMM14 sequenced with different technologies representing unnatural associations 

in the genome. A-B: contigs from Illumina assembly. C-D: Contigs from MinION assembly. 
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Fig. 6.3: Coverage of the pGMrib plasmid from B. subtilis strain 3557 (RASFF 2014) with annotation of the qPCR 693, qPCR VitB2 site 

and the tet-L gene. Colored bars: deviations from the reference. A: GMM14 Illumina sequencing. B: GMM14 MinION sequencing. C: GMM14 

Flongle sequencing. D: GMM16 Illumina sequencing. E: GMM16 MinION sequencing.

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/illumina-dye-sequencing
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in the reference genome from the isolate. Nevertheless, the AMR genes present on this 

plasmid (ble and aadD) were correctly covered. The genus Bacillus and the species B. subtilis 

were detected as the main microorganism in the sample, in the same proportions as for the 

Illumina and MinION sequencing (Fig. 6.1.A, B and C; 16S rRNA classification based on 31 reads 

with hits). As no assembly was obtained, the unnatural associations could not be detected as 

such. Nevertheless, an analysis with Blast to the nucleotide database of the reads that had a 

hit to an AMR gene confirmed that these AMR genes were detected in species or synthetic 

constructs other than B. subtilis (Supplementary Materials 5), the main species detected in 

the sample. This raises the suspicion about a possible alteration of the genome of B. subtilis 

to add AMR genes naturally present in other species. A mapping was performed to the 

reference genome of the isolate from RASFF 2014.1249 (Berbers et al., 2020) to confirm that 

it has a similar genome structure, as the same AMR and rib genes were detected. The 

reference genome was not fully mapped (92.6% breadth of coverage to the chromosome and 

100% to the plasmid). A mean coverage of 3 was determined to the chromosome sequence 

and 15 to the plasmid sequence (Supplementary Materials 4). The low coverage, linked to the 

lower output of the Flongle, might explain the loss in breadth of coverage compared to the 

Illumina and MinION sequencing of the same sample. However, the obtained results indicated 

that the GMM detected using shotgun metagenomics Flongle sequencing of the GMM14 

sample is similar in genome content to the previously sequenced isolate from RASFF 

2014.1249. The mapping to the plasmid reference sequence was visualized as well (Fig. 6.3.C), 

indicating that the tet-L gene as well as the qPCR VitB2_UGM and qPCR 693 sites were 

covered, which corresponds the qPCR results (Table 6.1). 

6.3.2. Applicability of the method: sample positive for GMM B. subtilis 

qPCR markers but without isolated bacterium 

A vitamin B2 sample received for routine analysis in 2016 (GMM16), which tested positive 

for the GM-associated junctions VitB2_UGM and 558 by qPCR, but for which no living 

bacterium could be isolated, was used to demonstrate the applicability of our developed 

workflow. The re-extracted DNA gave, as expected, a positive qPCR signal for the vitamin B2 

specific GM-events (VitB2_UGM and 558) and also for the 3 AMR genes (cat, aadD and tet) 

(Table 6.1). tet-L, which is known to be present on the pGMrib plasmid of the previously 

described GM B. subtilis (Berbers et al., 2020), was detected with a higher Cq of 32.7 compared 

to the 2 other AMR genes (cat and aadD), present on the chromosome of the same GM strain. 

This Cq was also higher compared to another qPCR marker that should be present on the 

pGMrib plasmid of the reference, the VitB2_UGM (Cq of 23.69, Table 6.1). The qPCR 693 assay 

(Paracchini et al., 2017), targeting the junction of pGMBsub03 to pUC19 located on the 

pGMrib plasmid in the GM B. subtilis isolate (Paracchini et al., 2017; Berbers et al., 2020), was 

not detected in this sample after 40 cycles of the assay. As this was a sign of difference with 

the previously described isolate from RASFF 2014.1249, a PCR of the tet gene (Fraiture et al., 
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2020d) was then performed on all samples to verify the presence of the full tet gene. This PCR 

was negative for GMM16 (Table 6.1). The DIN value of the obtained DNA extract was very low, 

indicating the presence of degraded DNA. This and the low concentration of the DNA (Table 

6.1) were not optimal according to Oxford Nanopore’s guidelines for MinION sequencing. 

Nevertheless, the DNA was used for short (Illumina) and long read (MinION) sequencing. 

MinION was selected over Flongle sequencing to account for the higher Cq value obtained for 

the detection of the tet marker, and hence anticipating a need for higher coverage/output. 

6.3.2.1. Gene detection in assemblies from shotgun metagenomics 

sequencing 

After gene detection in the assemblies from Illumina and MinION sequencing, the shuttle 

vector pUB110 and the resistance genes bla, ble, cat, ermB and aadD could be detected (Table 

6.1.B). The shuttle vector was covered at 44% as observed for sample GMM14 and for the 

isolate from that sample. Most AMR genes were detected in full-length (100% target 

coverage) in the Illumina assembly except for ble, but the same percentage was covered as 

previously observed for sample GMM14 and the associated isolate. The assembly of the 

MinION reads allowed the detection of the same genes albeit with a lower coverage (the 

lowest being 51%) and a lower identity (see Supplementary Materials 2). Again, the genes 

were fully covered in the contigs, but the full-length genes could not be detected directly in 

the reads due to their limited length. 

The genes detected were the same as the genes present on the previously characterized 

GMM14 isolate (and metagenomics GMM14 sample), except for the absence of the 

tetracycline resistance gene (tet-L) in the contigs, for which a higher Cq was obtained with 

qPCR. 

Genes linked to riboflavin production were detected in assemblies from both types of 

sequencing reads for this sample (Supplementary Materials 2), i.e. genes from the rib operon 

from B. subtilis and B. amyloliquefaciens, confirming that most probably the DNA sequenced 

belonged to the organism producing the substrate. The coverage and identity of the detected 

genes was higher for the Illumina contigs than for the MinION sequencing, for which some 

genes were detected with a coverage lower than 50%. 

6.3.2.2. Species identification via shotgun metagenomics 

After taxonomic classification with Kraken (Fig. 6.1.A), more than 50% of the reads from 

the GMM16 sample could not be classified for both the Illumina and ONT data. The majority 

of the classified reads was attributed to the Bacillus genus after Illumina or MinION 

sequencing. This genus is listed as one of the most commonly referenced GMMs (Fraiture et 

al., 2020c), especially for the production of riboflavin. Enterococcus and Neisseria were 

detected in smaller proportions with the two sequencing technologies. Identification to a 

higher resolution was attempted with a Blast to the 16S rRNA database (Fig. 6.1.B, based on 

596 reads with hits) and nucleotide database (Fig. 6.1.C). B. subtilis was detected at 34 and 
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43% with those methods, while other Bacillus species (for the 16S rRNA) or Bacillus sp. (for 

nucleotide) covered a remaining 20%. The other detected species were not consistent 

between the methods, and the presence of Neisseria was not confirmed. 

6.3.2.3. Detection of unnatural associations in the assembled metagenomic 

reads 

We looked for unnatural associations in contigs containing AMR genes and genes linked 

to riboflavin production (Fig. 6.4). A cat insertion in the sequence of the recA gene of B. subtilis 

was detected in the Illumina assembly of the sample (Fig. 6.4.A). The same insertion was 

described in the GMM linked to RASFF 2014.1249 (558 junction) (Berbers et al., 2020). Other 

unnatural associations of the genome of B. subtilis, harboring genes from the rib operon with 

plasmids from other species, were also detected in the Illumina and MinION assemblies (Fig. 

6.4.B and 6.4.D). Moreover, an association of the B. subtilis genome, a vector containing two 

AMR genes (aadD and ble), and the B. amyloliquefaciens genome harboring the rib operon, 

was also detected in the MinION assembly (Fig. 6.4.C). The presence of these unnatural 

associations in the genome of B. subtilis, detected as the main species in the sample, proved 

the presence of a GMM in sample GMM16. 

6.3.2.4. Mapping to a previously characterized GMM reference genome 

Following the high similarity of the information detected in GMM16 with the previously 

characterized isolate from RASFF 2014.1249, except for the absence of the tet-L gene 

previously described to be present on the pGMrib plasmid of the GMM (Berbers et al., 2020), 

we conducted a mapping of the GMM16 metagenomics reads to the reference genome 

obtained for the isolate linked to RASFF 2014.1249 (Berbers et al., 2020). This resulted in a full 

mapping of the chromosome (100% breadth of coverage for the MinION sequencing and 

99.9% for Illumina, Supplementary Materials 4) with a mean coverage of 24 after MinION 

sequencing and 39 after Illumina sequencing, but a partial mapping of the plasmid (99.9% 

breadth of coverage for the MinION sequencing and 97.5% for Illumina) with a mean coverage 

of 138 after MinION sequencing and 194 after Illumina sequencing (Supplementary Materials 

4). A visualization of the mapping to the plasmid sequence showed the absence of reads 

mapping to the region of the tet-L gene (position 35241-36617 (Berbers et al., 2020)) in the 

metagenomics reads (Fig. 6.3.D and 6.3.E), in contrast to the metagenomics reads obtained 

for sample GMM14 (Fig. 6.3.A, 6.3.B and 6.3.C). This corroborates the absence of amplification 

of the full tet gene with PCR (Table 6.1). When zooming in (not represented in the figure), the 

region of qPCR 693 is also missing, confirming the result obtained with qPCR as well, while the 

rest of the pGMsub03, the region in which the qPCR 693 and the tet-L gene are described to 

be present in the reference strain from RASFF 2014.1249 (Berbers et al., 2020), is covered with 

very few reads, and not covered anymore if filtering for reads that map uniquely. All other 

regions of the pGMrib plasmid, however, were covered with reads. Therefore, we can 

conclude that the GMM present in the GMM16 sample, for which no isolate could be 
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Fig. 6.4: Detection of species and genes on contigs and reads of GMM16 sequenced with different technologies to represent the presence 

of unnatural associations in the genome. A-B: Contigs from Illumina assembly. C-D: Contigs from MinION assembly.
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obtained, is similar in genomic content at least for the chromosome to the isolate from RASFF 

2014.1249. The plasmid might be different or have been modified but the region of the qPCR 

Vitb2_UGM as well as the erythromycin resistance gene were still detected with qPCR and/or 

after sequencing. 

6.4. Discussion 

GMMs are commonly used to produce microbial fermentation products. According to 

European regulation, the viable GMM or its DNA, often containing AMR genes, cannot be 

present in the final product of commercialized genetically modified food and feed (Deckers et 

al., 2020a). It is important for enforcement laboratories within Europe to have access to 

methods allowing the detection and characterization of such GMMs or their DNA. 

Construct/event-specific qPCRs have been previously developed on a case-by-case basis after 

WGS of an isolate (Barbau-piednoir et al., 2015; Fraiture, Bogaerts, et al., 2020; Paracchini et 

al., 2017. These methods have been used as a second-line analysis after detection of AMR 

genes and a shuttle vector for which first line qPCR assays have been developed based on 

publicly available patent information (Fraiture et al., 2020b). The development of such 

construct/event-specific methods, however, requires prior isolation of the contaminant for its 

characterization, and each test is only specific to one GMM. An alternative targeted approach, 

based on DNA walking, has been proposed and does not rely on obtaining an isolate (Fraiture 

et al., 2021c). However, it still requires prior knowledge to design primers and can be very 

laborious as the unnatural association might only be obtained after several consecutive 

reactions that each have to be carefully designed. The DNA walking approach has led to the 

design of an additional event-specific marker (Fraiture et al., 2020e). Using WGS or DNA 

walking methods, until now only 3 GMMs have been characterized and can be identified using 

qPCR. In this study, we propose an alternative open approach based on shotgun 

metagenomics to potentially allow untargeted identification of GMMs. This does not require 

isolation and allows detecting any AMR gene present in the DNA, identify the species present 

in the sample and expose the presence of unnatural associations of sequences in the genome. 

Our workflow was established with the aim to be usable in the future by the European 

enforcement laboratories as an alternative or addition to their current investigation tools. 

Our results deliver a proof of concept for a shotgun metagenomics approach as a viable 

alternative to detect and characterize a GMM present in microbial fermentation products 

without the need for isolation or enrichment. In our workflow, the prediction of the presence 

of a GMM was based on the simultaneous detection of AMR genes or vectors in species 

previously described as common GMM producers (Fraiture et al., 2020c), and the encounter 

of unnatural associations in the genome (Fig. 6.5). 

Altogether, our method allowed to achieve the same information as obtained with the 

currently used standard methods (detection of AMR genes or vectors with qPCR and detection 

of unnatural associations with WGS or with event-specific qPCRs). Moreover, it can potentially 

replace additional testing such as the detection of the genus/species with 16S rRNA-based 
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methods. However, our method is able to perform all these analyses at once, thereby saving 

time. It even extends the characterization of the GMM, such as detecting the presence of AMR 

genes for which no qPCR methods have yet been developed (in this case bla, ble, erm), and 

identify to species level, even when multiple species are present, which is not always possible 

with the 16S rRNA method (Yang et al., 2016). This method also allows to describe previously 

unknown unnatural associations that could lead to the development of new event-specific 

qPCR methods. 

We compared two sequencing technologies producing short reads or long reads. The results 

obtained with Illumina and MinION sequencing were equally satisfying, leading to the 

detection of all genes of interest and unnatural associations, with equal breadth of coverage 

after mapping to a reference genome. A shuttle vector and several unnatural AMR genes could 

be detected in the assemblies. This is a strong indication that the full-length gene is present in 

the samples. The identification of the reads to the species level was only obtained with the 

MinION sequencing with a Blast of the reads to the NCBI nucleotide database. This could be 

expected since the use of 16 s rRNA genes was previously described as insufficient to obtain 

species resolution (Winand et al., 2019). Moreover, the error rate of MinION sequencing is 

higher and might lead to a misclassification on the short and highly similar 16S rRNA region. 

This analysis could not be conducted on the short Illumina reads, however, illustrating the 

advantage of long read sequencing for species identification. The classification of contigs was 

not feasible for this application due to difficult or even dangerous interpretation of the results 

as by nature of the sample, these contigs represent an association of several species. Flongle 

sequencing yielded 6% of the amount of reads obtained from MinION sequencing, with a 

lower cost. These reads were of similar median length as the reads obtained with the classical 

MinION flow cell, but with a generally lower read quality, and allowed species identification 

and detection of the genes of interest. However, as no assembly could be performed, genes 

were detected with a lower coverage that might not pass classical thresholds of analysis. 

Although no thresholds for metagenomics analyses have been established yet, EFSA recently 

published a statement on the requirements for WGS analysis of isolated microorganisms 

intentionally used in the food chain (EFSA, 2021a). They advised query sequence hits with at 

least 70% length of the subject sequence to be reported when submitting a characterization 

dossier. Not being able to assemble the reads also complicated detection of unnatural 

associations. The breadth of coverage of the mapping was also lower due to some missing 

information in the lower output. Nevertheless, all information needed to prove that a GMM 

was present in the sample and to characterize it was obtained. Therefore, this is an interesting 

rapid and low-cost alternative for enforcement laboratories to get an overview of the content 

of a sample for which no information can be obtained with the normal qPCR screening, when 

the DNA concentration and quality are sufficient. 

We have studied a previously described sample (GMM14) and then used the 

developed method to characterize a sample in which some GMM-specific markers were 

positive (qPCR VitB2_UGM, 558, detection of AMR genes) but for which no isolate could be 

obtained (GMM16). After thorough analysis of the reads and contigs obtained from this  
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Fig. 6.5: GMM detection decision tree, presenting the conventional workflow currently 

performed in enforcement laboratories (qPCR screening, DNA walking or WGS on the 

isolate) and the proposed metagenomics alternative when no isolate can be obtained. If 

simultaneously detecting AMR gene(s) typically not naturally occurring, possible GMM 

species and unnatural associations in the genome, depending on the available databases, we 

can conclude that a GMM was detected in the sample. 
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sample, we were able to detect, with both sequencing technologies, more AMR genes than 

detected with the qPCR (presence of bla, ble, ermB). We were also able to identify the main 

species as B. subtilis and detect unnatural associations in the genome, confirming that it was 

indeed a GMM. These parameters led to a strong suspicion that a similar GMM as the one 

previously characterized from RASFF 2014.1249 was present in this sample. The tet gene 

described to be present in the pGMrib plasmid of that GMM was however not detected after 

shotgun metagenomics sequencing of GMM16. A high Cq was obtained in qPCR screening, 

targeting a part of the tet-L gene and we could not demonstrate the presence of the full-length 

tet-L gene in the sample by PCR. After mapping to the reference genome (B. subtilis 3557, 

GenBank GCA_009914705.1, (Berbers et al., 2020)), we could establish that that part of the 

pGMrib plasmid was missing while the rest of the chromosome and the plasmid were fully 

covered by the sequenced reads. This suggests that this sample contains a similar but different 

GMM, with a plasmid that does not harbor the tet-L gene. 

Our study is rather explorative. It needs to be seen as a proof of concept for the use of 

metagenomics approaches for the detection and identification of GMM. We illustrated this 

potential using a selection of samples representative for the possible scenarios in routine. In 

the future, additional samples need to be investigated. Moreover, some challenges still have 

to be overcome to make our workflow easier to implement in enforcement laboratories. First, 

short and long read sequencing both independently delivered the required result, 

demonstrating the presence of a GMM. Nevertheless, long read sequencing has some 

advantages in terms of costs, flexibility and species identification. However, the long read 

sequencing was performed with DNA extracts that were of lower quantity and quality, 

resulting in rather short median read lengths. If high molecular weight DNA could be obtained 

from the food/feed samples, the long read sequencing method could be used without the 

possible bias of assembly that can create chimeras. Moreover, the possible unnatural 

associations as well as full-length AMR genes might be detected on one (a few) single read(s). 

This would represent unequivocal proof of the presence of an AMR gene in the sample, 

potentially transmissible. For some MinION sequencing runs, the amount of DNA used in this 

study was not sufficient. Increasing the amount of sample material as input for the extraction 

could be a solution. Another alternative could be the enrichment of the sample by culture, 

maybe driven by information on which culture conditions to apply based on prior 16S rRNA 

analysis, in order to increase the DNA yield, and hence the flow cell output. These 

improvements could also pave the way towards a broader use of the Flongle flow cell if 

sufficient DNA quality and quantity can be obtained. It should be highlighted that during our 

study, the demand for the Flongle exceeded production capacities, especially with the needs 

for the current SARS-Cov-2 pandemic, leading to long waiting times aggravated by short 

expiration times that currently cannot match routine lab operating times. Besides, the 

treatment of the food/feed sample to remove viable cells and DNA as required by EU 

regulations, might have led to short fragments of damaged DNA already before its extraction. 

This would impede the possibility of extraction of high molecular weight DNA or the GMM to 

be enriched anyway. Therefore, although an assembly-free long-read based data analysis 
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workflow would be ideal for unbiased detection of AMR genes, vectors and unnatural 

associations, the nature of the sample might force the use of assembly-based methods to 

identify a GMM. Second, the data analysis methodology we proposed is based on easy to use 

and well-established bioinformatics tools (Kraken, Spades, Blast, etc.). However, the 

development of push-button bioinformatics pipelines would be needed to allow full 

implementation in enforcement laboratories. Indeed, although next or third generation 

sequencers could be present in official control labs, the bioinformatics expertise for the 

application of these analyses might be missing. In this context, Galaxy (Afgan et al., 2018) 

could offer the tools we used in this study, in a more user-friendly way, not requiring the use 

of the command line. Additionally, Galaxy allows to compile workflows which can be shared 

amongst laboratories, contributing to accessibility and reproducibility. The search for 

unnatural associations in the proposed workflow is still manual and time-consuming. Other 

approaches that can be automated could be developed. It needs to be investigated to which 

extent these could be incorporated into a universal Galaxy workflow, suited for all GMM 

samples. Moreover, a more extensive analysis, e.g. including SNP-based analysis, could be 

included to unequivocally prove that a strain detected in the metagenomics sample is identical 

to a previously characterized and sequenced GMM isolate. Given the current error rate of the 

long read sequencing, this would be more suited for the short read sequencing only. However, 

it was shown that for determination of GMM genomes, the long reads help to obtain a more 

contiguous de novo assembly (Berbers et al., 2020). Rapid advances in bioinformatics tools 

available for ONT data (e.g. basecalling, assembly, polishing) might decrease the error rate on 

the long reads, which affected the target coverage observed for some reads after Flongle or 

MinION sequencing of a sample with lower DNA concentration (GMM16). However, this also 

comes with a cost as developed analysis pipelines might have to be reviewed and updated 

often. Hybrid assembly, thereby combining the assembly advantage of long reads with the 

accuracy of short reads, could ameliorate this issue. Although theoretically possible, hybrid 

assembly was, however, not conducted in this study as it would currently still represent a very 

high cost to be used routinely by enforcement laboratories. This might change in the future. 

Moreover, our analysis was only conducted on samples which most probably only contained 

one species (B. subtilis), and it has not yet been tested on more complex samples, in which 

unnatural associations might be less obvious to detect and genomes even more challenging 

to assemble. The detection of distinct closely related species and unnatural associations in 

more complex samples would require further development of appropriate analysis tools and 

databases. Generally, this open approach can in the future be applied to other GMM used to 

produce fermentation products like food enzymes. This requires that the corresponding 

sequence data is available in public databases, as it is able to detect any species and AMR 

genes / vector present in a sample based on the condition that reference data to compare 

with is available. Consequently, we believe that, if GMMs cannot fall under the GMO 

regulation, thereby resulting in no identification method being available (European Parliament 

and the Council of the European Union, 2003b, 2003a), sharing of information from the 

industry on all used vectors and species and sequences of GMMs confidentially reported to 
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EFSA with the enforcement laboratories and/or the competent authorities would greatly help 

in the development of new detection methods, including metagenomics. Indeed, this would 

increase the list of sequences of genes or shuttle vectors and of known GMM species to look 

for, thereby facilitating the open approach offered by metagenomics. Such a database would 

also allow investigating more closely whether specific species found in a sample using 

taxonomic methods are linked to misclassifications, contaminations or genetic introductions 

from other species. Also a database of previously sequenced GMM isolates should be 

constructed as this will also provide more GMM genomes to map the metagenomics reads to. 

In this study the reference genome most probably linked to the samples was known and 

therefore could be used as a final confirmation. 

In conclusion, this proof of concept study delivered a novel way to detect GMMs in 

food/feed products using shotgun metagenomics, by uncovering unnatural associations linked 

to the presence of typically used AMR genes and identification of the species. This could all be 

achieved with the analysis of one sequencing reaction. This confirms the hypothesis of this 

work. Therefore, this approach would fit within the workflow used by enforcement 

laboratories when detection of DNA and qPCR screening led to the suspicion of the presence 

of an unknown GMM such as for sample GMM16, when no isolate can be obtained (i.e. no 

possibility to do WGS of the isolate to confirm the GMM) and a DNA walking strategy is too 

laborious and neither successful nor possible because the anchor is not known (Fig. 6.5). The 

proposed shotgun metagenomics approach allows the identification and characterization of 

GMMs. Theoretically, this method can replace the currently used qPCR first and second line 

analyses steps in the enforcements labs. This includes the detection of AMR genes or event-

specific markers for which no qPCR method has been developed yet and the identification of 

the species, which is currently not a standard procedure. However, until the metagenomics 

approach is appropriately validated, currently it would rather be used by the enforcement 

laboratories as an orientation step, requiring confirmation of the findings by PCR and/or 

Sanger sequencing. With additional protocol optimization allowing longer read lengths in the 

future, MinION sequencing might allow the immediate detection of full-length AMR genes, 

thereby supporting risk assessment and a complete de novo assembly of the genetically 

modified strain. This will contribute to an open approach of generalized detection and 

characterization of unknown GMMs in microbial fermentation products. 
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Abstract: 

In this proof of concept study on food contaminated with norovirus, we investigated the 

feasibility of metagenomics as a new method to obtain the whole genome sequence of the 

virus and perform strain level characterization but also relate to human cases in order to 

resolve food-borne outbreaks. We tested several preparation methods to determine if a more 

open sequencing approach, i.e. shotgun metagenomics, or a more targeted approach, 

including hybrid capture, was the most appropriate. The genetic material was sequenced 

using ONT with or without adaptive sampling, and the data was analyzed with an in-house 

bioinformatics workflow. We showed that a viral genome sequence could be obtained for 

phylogenetic analysis with shotgun metagenomics if the contamination load was sufficiently 

high or after hybrid capture for lower contamination. Relatedness to human cases goes well 

beyond the results obtained with the current qPCR methods. This workflow was also tested 

on a publicly available dataset of food spiked with norovirus and hepatitis A virus. This allowed 

us to prove that we could detect even less genome copies and two viruses present in a sample 

using shotgun metagenomics. We share the lessons learnt on the satisfactory and 

unsatisfactory results in an attempt to advance the field. 
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7.1. Introduction 

Foodborne viruses, in particular noroviruses, have been described as the contaminant 

causing the largest number of cases of foodborne diseases worldwide (WHO, 2015). Norovirus 

was one of the most frequently reported causative agents for foodborne outbreaks in Europe 

in the past years (EFSA, 2019a, 2021c, 2021d), with frozen soft fruits and shellfish as important 

sources (De Keuckelaere et al., 2015; Bartsch et al., 2018). Norovirus is constituted of a 

positive RNA strand of about 7 thousand bases long. It is characterized based on dual typing 

of the ORF1 and ORF2 regions (Desdouits et al., 2020a) into genogroups and genotypes. The 

genogroups GI and GII, along with GIV (less common), can be pathogenic in humans, while 

norovirus GV is harmful in murines. The minimal infectious dose for norovirus is approximately 

a thousand viral particles (Bartsch et al., 2018). Viruses need host cells to replicate, making it 

more difficult to use culture-based detection methods for viral foodborne contaminants. 

Therefore, the conventional approach to detect and characterize these viruses in food is real-

time polymerase chain reaction (qPCR) (ISO: International Organization for standardization, 

2019). This method allows to detect specific genetic fragments of the pathogen after reverse 

transcription of the extracted RNA to complementary DNA (cDNA). If the result is positive, the 

test can be followed by a Sanger sequencing of specific regions of the genome to obtain the 

genotype of the virus (Mathijs et al., 2011). However, detection of norovirus in food leftovers 

that might be linked to an outbreak has been reported as challenging because of the low 

contamination dose and the heterogeneity of the contamination (Vivancos et al., 2009; Chen 

et al., 2016; Morgan et al., 2019), and even when the virus can be detected, it cannot always 

be further typed to be compared with the human cases (Baert et al., 2011). Moreover, these 

conventional approaches do not deliver a full characterization of the complete genome of the 

virus, and therefore do not allow determining accurate relatedness of cases by performing 

phylogeny, which is often required in outbreak investigation. New outbreaks have been found 

to be caused by recombinant noroviruses, for which the sequencing of the overlapping region 

between ORF1 and ORF2 is necessary for a correct genotyping (Desdouits et al., 2020a). 

Finally, Hepatitis A virus (HAV), another common foodborne virus (EFSA, 2021d), shares some 

similarities with norovirus but also the same contamination routes. Both RNA viruses can be 

tested simultaneously in a multiplex qPCR assay (Desdouits et al., 2020a)d. However, this is 

not done systematically, and other viruses or pathogens might be present in the food without 

being detected. Therefore, the conventional methods have their limitations for foodborne 

virus detection and characterization. 

In recent years, metagenomics approaches, based on the sequencing of all genetic 

material of a sample, have been developed as an alternative method for various applications 

including the detection and characterization of viruses (Greninger et al., 2015; Rose et al., 

2015; Couto et al., 2018; Lewandowski et al., 2019). The study in food samples, with a 

commonly reported low contamination dose compared to clinical samples, would be 

particularly challenging. In 2018, Bartsch et al. studied frozen strawberry samples linked to a 

norovirus outbreak. Out of 29 million sequencing reads, only 2 could be matched to the 
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sequences of norovirus from patients with high identity because mostly plant and bacterial 

material was sequenced (Bartsch et al., 2018). Similarly, Yang et al. investigated norovirus and 

HAV that were artificially added at low concentrations in celery with a shot-gun metagenomics 

approach (Yang et al., 2017). They were able to infer the genotype of the spiked strains by 

mapping to a database of norovirus and HAV. However, a more open profiling approach did 

not succeed on their dataset and they did not obtain a genome to perform relatedness studies 

in case of outbreaks. To circumvent the low amount of viral reads, an-other previously 

documented approach is shotgun metagenomics sequencing after whole transcriptome 

amplification (WTA). Such a method was tested for the detection of viruses on various food 

matrices (Aw et al., 2016; Cibulski et al., 2021) but norovirus was not detected possibly due to 

an insufficient sequencing depth. Most of these studies have used short read sequencing. 

However, real-time long-read sequencing from Oxford Nanopore Technologies (ONT, using 

MinION and Flongle) might offer an interesting alternative for a lower price and turnaround 

time, and the possibility to have bigger fragments of the virus genome sequenced in one read. 

Furthermore, ONT has recently integrated a new mode called adaptive sampling to its GridION 

devices, allowing to selectively sequence DNA based on the similarity to reference sequences 

provided to the instrument (Martin et al., 2022). This might offer targeted sequencing of the 

pathogen(s) present in the food matrix, without targeted RNA or cDNA preparation. For this 

purpose, the method would need a curated database of possible foodborne pathogens 

(bacteria, virus, parasite…), but this application has not been tested yet. Alternatively, some 

studies have focused on the enrichment in viral load before sequencing. This can be conducted 

before the RNA extraction protocol (Conceição-Neto et al., 2015; Bal et al., 2018; Vibin et al., 

2018). In particular, ultracentrifugation was performed to enrich for viral particles in the above 

mentioned study by Yang et al. (Yang et al., 2017). Other studies have intended at specifically 

increasing the viral genetic material after the RNA extraction. One of the methods that has 

been previously presented, is based on the removal of the background ribosomal RNA (rRNA). 

This showed successful on clinical samples in which the human rRNA was depleted, and even 

allowed to perform phylogenetics on the detected strains (Bavelaar et al., 2015; Shah et al., 

2020). It was also used for the detection of plant viruses after removal of the plant rRNA using 

FastSelect Plant and sequencing on Flongle flow cells (Liefting et al., 2021). An alternative 

method is to use beads to capture polyadenylated RNA, as norovirus and HAV present a 

poly(A) tail. This has been described to increase the norovirus loads in stool samples 40-times 

(Fonager et al., 2017), but it has not yet been tested for the lower contamination dose in food 

samples. Finally, target enrichment of a virus of interest is possible using probes to capture 

the cDNA by hybridization, and washing away of the non-bound DNA. This has already been 

performed for norovirus in clinical but also sewage samples using probes developed 

specifically for human noroviruses proposed in the SureSelect products (Brown et al., 2016; 

Van Beek et al., 2017; Strubbia et al., 2019). This method provided a high coverage of the 

norovirus genome in these samples, however it has not yet been tested on food matrices. 

Moreover, very few studies have accompanied the hybrid capture with long reads sequencing 

(Eckert et al., 2016).  
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The goal of this proof of concept study was to test several sample preparation and 

sequencing methods previously described, to determine which workflow could be used to 

detect and characterize foodborne viruses in food samples and allow to obtain relatedness by 

phylogeny, taking norovirus in food matrices as a case study. Our study aims at serving as 

guidance for future work in the field. Therefore we tested if we could obtain the genome of 

the virus with each method, which had not all been used for low contamination levels in food 

previously. We then performed a relatedness study with a phylogenetic tree when the viral 

genome was obtained, which was only previously performed in very few studies for viral food 

contamination. We present this work with the intention of providing a workflow that could 

later on, after thorough validation on a large set of samples, be implemented in routine 

setting. Therefore, we did not alter the validated RNA extraction protocol stated in ISO 15216-

2 (ISO: International Organization for standardization, 2019), currently used in the national 

reference laboratories (NRLs). Moreover, while most studies have been previously performed 

using Illumina sequencing, we decided to perform the sequencing on ONT flow cells and 

Flongles, because of the limited amount of samples received at the Belgian NRL for norovirus 

detection. A bioinformatics workflow was developed in-house in order to analyse the 

sequenced data obtained from different samples (different food matrices, different 

contamination loads) with each sample preparation or sequencing method of this proof of 

concept. It was also tested on a publicly available dataset of another food matrix (co-)spiked 

with norovirus and/or HAV at different contamination loads. The bioinformatics analysis 

included data quality checks and filtering, profiling to detect the presence of a virus in the 

sample with-out a priori knowledge, reference-based mapping and building of a consensus 

sequence. This sequence was then typed and used for phylogenetic investigation. This 

relatedness characterization allows going well beyond the results obtained with the current 

methods of analysis of norovirus in food. 

7.2. Materials and Methods  

7.2.1. Samples 

One kilogram of frozen raspberries were bought at a local store and was divided in parts 

of 25 g that were used for extraction as such (bk, Figure 7.1) or spiked with 5 lenticule discs of 

human norovirus GI.7 (Public Health England culture collection, Salisbury, UK, mean 

concentration of 1.9×104 genome copies per lenticule disc), or with 100 µl of murine norovirus 

GV from the VIRSeek Murine Norovirus kit (Eurofins Genescan Technologies GmbH, Freiburg, 

Germany, mean concentration of 108 genome copies per ml). This spiking led to a 

concentration of 105 genome copies per 25 g for the norovirus GI (hunov, Figure 7.1) and 107 

genome copies per 25 g for the norovirus GV (munov, Figure 7.1). Two biological replicates of 

the spiking with the human norovirus (hunov1 and 2, Figure 7.1) and the murine norovirus 

(munov1 and 2, Figure 7.1) were performed, on the same batch of raspberries.  
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A shellfish (i.e. bivalve) sample (bivalve, Figure 7.1) received at the Belgian NRL and 

naturally contaminated with norovirus (positive in qPCR with a Cq of 34 for the genogroup GII) 

was also included in the study. 

7.2.2. RNA extraction 

For the blank and the spiked raspberries (bk, hunov, munov), ISO 15216-2 was followed 

with the recommendations for soft fruits, but without addition of mengovirus as process 

control during our method development, to increase the chance of sequencing norovirus 

genetic material. This protocol consists in several steps of shaking, incubation, centrifugation 

and pH adjustment (ISO: International Organization for standardization, 2019). The final 

aqueous phase was used for RNA extraction.  

For the bivalve sample, the sample preparation also followed ISO 15216-2 but for bi-

valves, and the addition of mengovirus as process control was also omitted. The sample 

preparation consisted in addition of proteinase K to 2 g of starting material, followed by 

centrifugation. The supernatant was used for RNA extraction. 

The RNA extraction was conducted using the Nuclisens MiniMAG kit according to the 

manufacturer’s instructions (BioMérieux, Marcy-l'Étoile, France), which is the accredited 

procedure at the Belgian NRL. The final RNA of the raspberry samples was eluted in 100 µl of 

elution buffer. The RNA extraction of the spiked (and blank) raspberry samples was repeated 

5 times and the eluates were pooled in order to have sufficient genetic material for 

subsequent tests (a total of 500 µl).  

The presence of norovirus in the RNA pools was analyzed with qPCR (Figure 7.1, Table 7.1) 

using NovGI/GII @ceeramTools food kit multiplex (Biomérieux, Marcy-l’Etoile, France) to 

detect the human norovirus in accordance with the specifications of the ISO 15216-2, or using 

the VIRSeek Murine Norovirus kit (Eurofins Genescan Technologies GmbH, Freibourg, 

Germany) to detect the murine norovirus.  

7.2.3. Genetic material preparation 

Six sample preparation workflows have been tested in this study (Figure 7.1): 

7.2.3.1. Method A: Poly(A) RNA capture 

The polyadenylated RNA was captured from the total RNA using DynaBeads mRNA DIRECT 

Purification Kit (ThermoFisher Scientific, Waltham, USA) following the protocol described by 

Fonager et al. (Fonager et al., 2017). The captured and eluted RNA was tested for the presence 

of norovirus with the same qPCR as described for the total RNA, and then reverse tran-scribed 

using SuperScript IV (Invitrogen, Thermo Fisher Scientific, Waltham, Massachusetts, USA) with 

random hexamers following the manufacturer’s instructions for the first strand. The second 

strand was then synthetized using the NEBNext Ultra non-directional RNA second strand 

synthesis module (New England Biolabs, Ipswich, Massachusetts, USA) following the  
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Figure 7.1. Overview of the different samples and methods of preparation of the genetic material 

tested in the study, starting from the total RNA extracted from the food sample following ISO 

15216-2. Raspberries were spiked with norovirus GI at a concentration of 105 genome copies per 

25g (hunov, Cq 33), norovirus GV at a concentration of 107 (munov, Cq 26), or kept as a blank 

(Bk, not detected by qPCR). The spiking was repeated twice. A naturally contaminated bivalve 

sample (bivalve, Cq 34) was also investigated. Each method is explained in detail in section 2 

(materials and methods). Three methods are based on the total RNA (methods A-B-C) and three 

methods are based on the whole transcriptome amplification of the total RNA (methods D-E-F). 

The theoretical reads output after sequencing is displayed for each method. The methods are 

classified per openness of the approach with a color code (orange least open, blue most open). The 

blue RNA/cDNA/reads represent the genetic material from norovirus in the sample while the other 

colors represent genetic materials from other origins, as indicated in the figure. 
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manufacturer’s instructions. The prepared cDNA was cleaned using AMPure beads (Beckman 

Coulter, Brea, California, USA) at a ratio of 1:1 and two rounds of washing with 200 µl 70% 

ethanol were conducted. It was then eluted in nuclease-free water in the same volume as the 

starting volume after leaving at room temperature for 2 minutes. 

7.2.3.2. Method B: plant and bacteria rRNA depletion 

Plant and bacterial ribosomal RNA was depleted from the total RNA using the Fast-Select 

rRNA Plant and 5S/16S/23S kits (Qiagen, Hilden, Germany). The protocol of the FastSelect 

5S/16S/23S was followed with addition of 1 µl of FastSelect Plant to the mix and no 

fragmentation. The reverse transcription of the two strands of cDNA was then conducted on 

the non-rRNA as described in method A. The prepared cDNA was cleaned using AMPure beads 

as for method A. The cDNA was then tested for the presence of human or murine norovirus 

with qPCR as described for the total RNA. 

7.2.3.3. Method C: shotgun cDNA 

The first-strand cDNA synthesis was performed on the pooled total RNA using SuperScript 

IV and the second strand of cDNA was synthetized using the NEBNext Ultra non-directional 

RNA second strand synthesis module as described for method A. The prepared cDNA was then 

cleaned using AMPure beads similarly as for method A. 

7.2.3.4. Methods D and E: shotgun amplified cDNA 

The pooled total RNA was reverse transcribed and amplified using the whole 

transcriptome amplification 2 kit (Sigma-Aldrich, Saint-Louis, Missouri, USA) according to the 

manufacturer’s instructions. The prepared cDNA was cleaned using AMPure beads in the same 

way as for method A. The choice of the amplification kit has previously been shown to have 

an impact when sequencing long reads (Russell et al., 2018), and the WTA2 from Sigma-Aldrich 

was recommended over other products to avoid the sequencing of chimeric junctions that can 

be created during a ligation step. 

7.2.3.5. Method F: Amplified norovirus captured cDNA 

After amplification and beads cleaning as described in method D, the amplified cDNA was 

sheared to a size of about 1 kb using covaris microTUBE AFA Fiber pre-slit snap-cap 6x16mm 

PN 520045 with the insert microTUBE 130µl, with peak incident power 50, duty factor 2%, 200 

cycles per burst for 30 seconds (Covaris, Woburn, USA). Although not ideal for long reads 

sequencing, the cDNA shearing was recommended for the hybridization. SureSelect XT2 was 

then used to capture the norovirus sheared cDNA with the PanNoro panel of probes (Agilent, 

Santa Clara, California, USA) according to the manufacturer’s instructions including 

recommendations for long reads sequencing. The amplification was necessary to have 

sufficient starting cDNA material for the SureSelect protocol. 
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7.2.4. Long read sequencing 

7.2.4.1. Library preparation 

All samples to sequence were prepared using the Ligation sequencing kit for genomic DNA 

(SQK-LSK109; Oxford Nanopore Technologies, Oxford, United Kingdom) according to the 

manufacturer’s recommendations for the specific flow cell used for sequencing. When the 

recommended input amount of genetic material was not met, the maximum volume of 

starting material (48 µl) was used. 

Several sequencing methods were tested in this study: sequencing on MinION flow cells, 

without or with adaptive sampling (see method E), and sequencing on Flongle flow cells. 

7.2.4.2. MinION sequencing 

The prepared libraries (except for method E) were loaded on one Spot-ON MinION flow 

cell (FLO-MIN 106D; R9.4.1 version) per sample, and a 72 hours sequencing run was started 

on a Mk1C or a GridION device. 

7.2.4.3. Method E: Adaptive sampling 

The prepared libraries of shotgun amplified cDNA (prepared following the same protocol 

as described for method D) were loaded on one MinION flow cell (R9.4.1) per sample on a 

GridION device. A 72 hours sequencing run was started using the adaptive sampling option of 

the MinKNOW software, with a fasta file of norovirus and hepatitis A reference genomes from 

NCBI (listed in supplementary materials 1). The number of reads, median read length, median 

read quality and read length N50 for each sample are presented in Figure 7.1. All reads were 

analyzed as such (“all reads”) or only the reads characterized as “stop_receiving” from the 

adaptive sampling csv file were analyzed separately. The “stop receiving” reads correspond 

only to reads that matched the database, and not the reads that have started to be sequenced 

before a decision was made by the instrument about their resemblance to the database. 

7.2.4.4. Flongle sequencing 

The libraries prepared with adjusted volumes for Flongle sequencing were loaded on one 

Flongle flow cell FLO-FLG001 (R9.4.1 version) per sample, and a 24 hours sequencing run was 

started. 
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7.2.5. ONT Data analysis 

The data analysis of the ONT sequenced reads (Figure 7.2) started with basecalling using 

Guppy version 5.0.7 (Oxford Nanopore Technologies) in super high accuracy mode on a GPU 

server. Statistics were obtained from the basecalled reads using NanoPlot version 1.36.2 (De 

Coster et al., 2018) for quality assessment (Table 7.1). The reads were further filtered to retain 

only those with a quality higher than 7 using NanoFilt version 2.8.0 (De Coster et al., 2018).  

The high quality reads were then assembled with Megahit version 1.1.3 (Li et al., 2015) 

using as k-list 21,33,55,77,99,127,155,183,211,239. This tool was selected due to the relatively 

low obtained read lengths that were not compatible with most assemblers designed for long 

reads. The k-list was designed to cover the diversity of read lengths that we obtained (see 

Table 7.1). Taxonomic classification was conducted on the contigs using Kraken2 version 2.1.1 

(Wood et al., 2019) with default parameters and an in-house database containing all NCBI 

RefSeq Genome entries with the “Complete Genome” assembly level (database accessed 

February 11, 2021;(O’Leary et al., 2016)) accession prefixes NC, NW, AC, NG, NT, NS, and NZ 

of the following taxonomic groups: archaea, bacteria, fungi, human, protozoa, and viruses. To 

determine if a foodborne pathogen was present in the sample, manual inspection of the 

Kraken2 results was performed. Here, we only report the number of contigs that 

corresponded to norovirus. The profiling was conducted on the contigs obtained with Megahit 

instead of the reads in order to increase the trust in the result of the presence of species at 

very low con-centration, such as the low spiked concentration of the pathogenic virus of 

interest (Tran and Phan, 2020). 

All high quality reads were then inputted in Mash version 2.2 (Ondov et al., 2016) to 

estimate the distance compared to the entire RefSeq database 

(refseq.genomes.k21s1000.msh) using mash screen with standard parameters. The result was 

sorted, and the best hit corresponding to the pathogen detected with Kraken2 (norovirus or 

hepatitis A) was used for reference-based assembly. The reads were mapped to the reference 

using BWA-MEM version 0.7.17 (Li, 2013) with the ont2d parameter. Variant calling was then 

performed using Bcftools version 1.9 (Danecek et al., 2021). Bcftools mpileup was used with 

the parameters –A –B –q 0 and –Q 0. Bcftools call was used to output variants sites only, with 

the ploidy parameter set as 1. The creation of the consensus sequence was executed with 

bcftools consensus using the reference previously selected with Mash. Samtools version 1.9 

(Danecek et al., 2021) was used to calculate the read depth. Subsequently, the norovirus 

consensus sequence was typed using the online Norovirus Typing Tool version 2.0 

(rivm.nl/mpf/typingtool/norovirus/ (Kroneman et al., 2011)). Finally, after multiple sequence 

alignment using ClustalW on MEGA-X (Kumar et al., 2018) with the default parameters, a 

maximum likelihood phylogenetic tree was constructed based on the consensus sequences as 

well as norovirus sequences from NCBI (Sayers et al., 2022) on MEGA-X with 100 bootstraps, 

using the Tamura-Nei model with partial deletion and other default parameters. 
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Figure 7.2. Bioinformatics workflow after sequencing with ONT (MinION or Flongle). 

After sequencing, the data is basecalled and checked for quality control. The reads are then all 

assembled and the contigs are put through a taxonomic classification tool with a database of 

mammals, archaea, bacteria, fungi, human, protozoa, and viruses. Once a pathogen is 

recognized in this pro-filing step, all reads are mapped to the RefSeq database using Mash to 

obtain the best matching reference genome. This reference genome is used to perform mapping 

and to build a consensus sequence which can then be typed and used for phylogenetic analysis. 

  



Chapter 7: Metagenomics food viruses (norovirus) 

147 
 

7.2.6. Adaptation of the bioinformatics workflow to the analysis of Illumina 

data and the detection and characterization of HAV 

In order to test our method on samples in which two viruses were present, but also with 

a spiking at a lower concentration, we used the publicly available data from 13 samples 

sequenced on Illumina MiSeq from Yang et al. (Yang et al., 2017), downloaded from the NCBI 

Sequence Read archive under BioProject PRJNA377525. Briefly, Yang et al. spiked celery with 

norovirus GII at various concentrations (i.e. 103 to 105 viral RNA copies in 50 g) and co-spiked 

two strains of norovirus GII (GII.4 and GII.6) or one strain of norovirus GII and one strain of 

hepatitis A virus (HAV HM175/18f.1, genotype IB). The RNA was extracted using QIAamp Viral 

RNA kit (Qiagen, Hilden, Germany) after an ultracentrifugation-based viral particle 

enrichment. The obtained RNA was reverse transcribed and sequenced on an Illumina MiSeq 

generating paired-end 100 bp reads (Yang et al., 2017). It was analyzed with the same data 

analysis workflow, with some modifications due to the difference in sequencing technology 

and the reads being paired: Basecalling and quality filtering were replaced by trimming using 

Trimmomatic version 0.38 (Bolger et al., 2014) on paired-end reads using truSeq3 adapter 

sequence, the assembly was performed with megahit with the conventional k-list 

(21,29,39,59,79,99,119,141), and BWA mem was used without the ont2d parameter. The 

online Hepatits A Virus Genotyping tool version 1.0 

(https://www.rivm.nl/mpf/typingtool/hav/ (Kroneman et al., 2011)) was used to type the 

consensus sequences obtained for the hepatitis A virus in the samples. 

7.3. Results 

In this study, we have spiked raspberries with two genogroups of norovirus (norovirus GI 

at 105 genome copies in 25 g of raspberries, hunov, and norovirus GV at 107 genome copies 

in 25g of raspberries, munov) to represent two contamination levels, of qPCR Cqs of 

respectively 33 and 26. The blank raspberries were also investigated as well as a bi-valve 

sample naturally contaminated with norovirus GII with a qPCR Cq of 34 (lower contamination 

level than the spiked samples). Aiming specifically to present a method that could be later 

applicable in routine settings, we have decided to follow the RNA extraction method used at 

the Belgian NRL, covered in ISO 15216-2. As we did not alter the RNA ex-traction method, we 

tested several post-extraction methods for genetic material preparation (Figure 7.1) in order 

to increase the presence of the virus of interest: i.e. poly(A) RNA capture (method A), plant 

and bacterial rRNA removal (method B), norovirus cDNA hybrid capture (method F) and whole 

transcriptome amplification (method D). A shotgun metagenomics protocol without specific 

treatment of the extract (method C) was also evaluated on the same spiked samples. All these 

prepared genetic materials were then sequenced using the ONT platform. Adaptive sampling 

during nanopore sequencing was also assessed for this case study as an alternative to the 

targeting of the virus with laboratory methods (method E). The main differences in input and 

output and how much they target norovirus are presented in Figure 7.1.  
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7.3.1. Selection at RNA level: subset of poly(A) RNA (method A) or non-

rRNA (method B) 

In order to decrease the complexity of the sample, a selection at RNA level was at-

tempted with two different methods: capture of polyadenylated RNA (method A, Figure 7.1) 

and depletion of ribosomal RNA from plants and bacteria (method B, Figure 7.1). Both 

methods were tested on raspberry samples spiked at different contamination levels using 

human or murine norovirus. The resulting RNA was then tested via qPCR before reverse 

transcription. However, for both methods, norovirus was not detected anymore by qPCR (data 

not shown) while it was detected in the total RNA prior to the sample treatment. These 

samples were therefore not used further for sequencing. 

7.3.2. An open approach: shotgun sequencing of cDNA (method C) 

As the most straightforward and open approach, we tested the shotgun metagenomics 

sequencing of the samples after reverse transcription of the RNA (method C, Figure 7.1). This 

was performed on biological replicates of munov and hunov (Figure 7.1). After sequencing, 

tens of thousands to over a million reads were produced for the spiked samples (table 7.1) 

with a median read length of a few hundred base pairs and a quality of 9 to 10. 

The sequenced reads were then analysed through the developed bioinformatics workflow 

(Figure 7.2). As our previously published workflow (Buytaers et al., 2021b) for the strain-level 

analysis of long-reads sequencing data was not successful on the case study of this viral 

contamination (data not shown), we designed an alternative data analysis workflow (Figure 

7.2). After assembly of the reads, a taxonomic classification was performed on the contigs. 

Norovirus was detected in contigs of the cDNA sequencing of the two munov samples (Table 

7.2) and in one of the samples spiked with human norovirus (hunov, Table 7.2). The 

sequencing of the blank (non-spiked) raspberries lead to the lowest amount of reads (bk, Table 

7.1), of which none could be related to norovirus or another foodborne virus (Table 7.2). The 

high amounts of unclassified contigs probably corresponded to the raspberry genetic material, 

of which no reference was present in the database used for profiling. 

The closest norovirus reference was then estimated from all reads, and this reference was 

used for mapping and generation of a consensus sequence, that was then typed (Table 7.2).  

For munov, NC_008311.1 was the most similar reference in the RefSeq database. Thirty-

five and 155 reads mapped to this reference for the first and second replicate of the spiking, 

covering 85 and 99% of the norovirus genome, respectively (Table 7.2). Consensus sequences 

of 6,304 and 7,280 bases were obtained and could be correctly typed as norovirus GV (murine 

norovirus). 

For the first replicate of hunov, NC_031324.1 was determined as the closest reference. 

Eighty-six reads covered 16 of the reference genome, and a consensus sequence of 1221 bases 

was obtained and correctly characterized as norovirus GI. The characterization went further 

to describe the strain as a norovirus GI.3P3, although the lenticule that was used to spike the 

sample was notified as norovirus GI.7 by the supplier.  
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Table 7.1. Sequencing statistics for each of the sample preparation methods tested. 

   
Number of 

Sequenced Reads 

Median Read 

Length 

Median Read 

Quality 
Read Length N50 

shotgun cDNA 

Method C 

munov1 27,406 471 9.8 634 

munov2 237,26 388 10.1 501 

hunov1 1,119,816 601 9.9 814 

hunov2 106,195 387 10.2 517 

Bk 10,143 900 9.4 1251 
       

shotgun WTA 

method D 

munov1 13,992,038 408 12.8 483 

munov2 2,576,015 345 12.8 421 

hunov1 15,151,030 405 13.2 609 

hunov2 22,591,785 401 12.6 542 

Bivalve 14,219,052 331 13 401 

Bk 3,898,276 310 13.2 351 
       

WTA hybrid 

capture 

Method F 

munov1 38,582,756 394 12.9 409 

munov2 28,497,819 431 18.2 494 

hunov1 12,473,896 328 12.8 338 

hunov2 14,357,765 391 12.8 407 

Bivalve 8,263,607 412 12.4 442 
       

WTA Adaptive 

sampling 

method E 

munov2_all_reads 1,535,739 333 12 368 

munov2_stop_receiving 161 453 12.6 505 

hunov2_all reads 3,269,856 370 12.9 404 

hunov2_stop_receiving 0 n/a n/a n/a 
       

Flongle 

munov1 wta (method D) 4,810 476 7.6 573 

munov1 wta SS (method E) 12 294 3.3 4917 

hunov1 cDNA (method C) 6846 463 7.5 527 

hunov1 wta (method D) 10,119 363 7.6 416 

munov= artificial spike of raspberries with murine norovirus at 107 genome copies per 25 

g (genogroup GV, RNA qPCR Cq: 26). hunov= artificial spike of raspberries with human 

norovirus GI at 105 genome copies per 25 g (RNA qPCR Cq: 33). 1 and 2: biological replicates 

of the spiking. Bivalve: naturally contaminated bivalve sample qPCR-positive (RNA Cq: 34) 

for the presence of norovirus GII. Shotgun cDNA: reverse transcription of the extracted RNA 

(Method C). Shotgun WTA: cDNA after whole transcriptome amplification (Method D). WTA 

hybrid capture: cDNA after whole transcriptome amplification with target enrichment for 

norovirus using SureSelect (Method F). WTA Adaptive sampling: cDNA after whole 

transcriptome amplification, sequenced with adaptive sampling (Method E). All reads: all 

reads sequenced during adaptive sampling. Stop-receiving: only reads matching to the 

database of norovirus and hepatitis A virus reference genomes during adaptive sampling. The 

results for methods A and B were not presented as no sequencing was conducted after negative 

qPCR result. n/a: not applicable. 
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Table 7.2. Results of data analysis of samples of raspberries spiked with murine norovirus (munov) in biological duplicates (munov1 and 

munov2), human norovirus (hunov) in biological duplicates (hunov1 and hunov2), a blank of raspberries (bk) and a naturally contaminated 

sample of bivalve positive for norovirus in qPCR (bivalve). Shotgun cDNA: complementary DNA after reverse transcription (method C). Shot-gun WTA: 

cDNA after whole transcriptome amplification (Method D). WTA hybrid capture: cDNA after whole transcriptome amplification with target enrichment for 

norovirus using SureSelect (method F). WTA Adaptive sampling: cDNA after whole transcriptome amplification, sequenced with adaptive sampling (Method 

E). All reads: all reads sequenced during adaptive sampling. Stop receiving: only reads matching to the database of norovirus and hepatitis A virus reference 

genomes during adaptive sampling. n/a: not applicable because norovirus not detected in the profiling step. 

  Assembly Data analysis 

   
Number of 

Contigs 

Min 

Length 

Max 

Length 
N50 

Kraken 

Unclassified % 

Kraken 

Norovirus 

Contigs 

Mash Best 

Norovirus Hit 

Identity to the 

Reference (%) 

Mash 

Matching 

Hashes 

Coverage of the 

Reference (%) 

BWA Number 

of Reads  

Mapping  

Length  

Consensus 

Sequence  

Genotype 

Consensus 

Sequence  

Shotgun 

cDNA 

Method C 

munov1 1098 256 3409 522 58 7 NC_008311.1 88 62/1000 85 35 6304 GV 

munov2 11,220 240 8,430 484 37 8 NC_008311.1 90 103/1000 99 155 7,280 GV 

hunov1 248,221 240 13,146 553 90 1 NC_031324.1 80 8/1000 16 86 1221 GI.3P3 

hunov2 9,750 241 12,527 578 81 0 n/a n/a n/a n/a n/a n/a n/a 

Bk 4088 269 7492 719 83 0 n/a n/a n/a n/a n/a n/a n/a 
                  

Shotgun WTA 

method D 

munov1 55,942 240 3494 486 84 8 NC_008311.1 90 111/1000 91 743 6694 GV 

munov2 360,178 240 2576 421 50 11 NC_008311.1 91 147/1000 98 1312 7271 GV 

hunov1 458,249 240 4737 503 93 0 n/a n/a n/a n/a n/a n/a n/a 

hunov2 1,023,060 240 3692 443 89 0 n/a n/a n/a n/a n/a n/a n/a 

Bivalve 415,513 240 4842 437 93 0 n/a n/a n/a n/a n/a n/a n/a 

Bk 250,101 240 4482 443 94 0 n/a n/a n/a n/a n/a n/a n/a 
                  

WTA hybrid 

capture 

Method F 

munov1 513,411 240 1681 378 84 6 NC_008311.1 91 135/1000 98 2786 7255 GV 

munov2 853,353 240 3448 372 36 16 NC_008311.1 90 183/1000 100 18,030 7381 GV 

hunov1 144,897 240 4682 349 91 2 NC_031324.1 85 32/100 40 301 3115 GI 

hunov2 328,106 240 1671 370 70 18 NC_031324.1 89 80/1000 78 2636 6071 GI 

Bivalve 149,962 240 1614 377 63 0 n/a n/a n/a n/a n/a n/a n/a 
                  

WTA adaptive 

sampling 

method E 

munov2_all_reads 210,832 240 2538 403 54 7 NC_008311.1 91 124/1000 95 711 6978 GV 

munov2_stop_receiving 15 299 1006 498 33 9 NC_008311.1 90 104/1000 61 161 4474 GV 

hunov2_all reads 358,200 240 2148 443 92 0 n/a n/a n/a n/a n/a n/a n/a 

hunov2_stop_receiving n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 
                   

Flongle 

munov1 wta 849 300 1452 541 89 0 n/a n/a n/a     

hunov1 cDNA 1383 269 2257 538 82 0 n/a n/a n/a     

hunov1 wta 1708 300 1,680 433 92 0 n/a n/a n/a     
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The consensus sequences obtained for the two munov and hunov replicates with the 

different sample preparation methods were placed in a phylogenetic tree, and clustered 

together respectively, while separating from other norovirus GV (murine) or norovirus GI 

(human) reference genomes (Figure 7.3). 

7.3.3. An open approach with increased input genetic material: shotgun 

sequencing of amplified cDNA (method D) 

In order to increase the overall sequencing output, including the virus sequenced reads, 

the RNA was reverse transcribed with an amplification kit. All the amplified cDNA was then 

sequenced. This was done on the two biological replicates of munov and hunov, but also on 

the bivalve sample. The blank raspberries (bk) were also sequenced after the same 

amplification. 

After amplification, the number of reads sequenced respectively for each sample was 

increased by 10 to 100 times (Table 7.1). The read quality increased as well, but the read 

length and N50 slightly decreased. 

After assembly, norovirus could only be detected in the contigs of the munov samples, 

not in hunov, bk nor the bivalve sample (Table 7.2). NC_008311.1 was again identified as the 

most similar reference in the database (Table 7.2). Seven hundred fourty-three and 1312 reads 

mapped to this reference, covering 91 and 98% of the genome for the first and second spiking 

experiments. Consensus sequences of 6694 and 7271 bases were obtained and correctly 

characterized as norovirus GV (murine norovirus).  

The consensus sequences of the two norovirus strains from the munov samples could be 

placed correctly in a phylogenetic tree, clustering with other murine norovirus (GV) strains but 

separated from other non-GV norovirus genomes (Figure 7.3). 

7.3.4. Capturing norovirus in the amplified genetic material: sequencing 

amplified targeted cDNA (method F) 

In order to increase the viral load in the cDNA, the norovirus genome can be targeted with 

a hybridization and capture method (SureSelect) based on a panel of probes designed based 

on human strains of norovirus. In order to have sufficient starting material for this protocol, 

the extracted RNA was first amplified like in method D. This was performed on the two 

biological replicates of munov and hunov, but also on the bivalve sample (Figure 7.1). This 

double amplification (i.e. whole transcriptome amplification and capture of norovirus cDNA) 

lead to the highest number of sequenced reads, with a quality above 12 but a short length of 

approximatively 400 bp (Table 7.1), while the shearing performed for this protocol is expected 

to create fragments of 1 kb. 

After assembly of the reads, norovirus was detected in the contigs of munov1 and 2 and 

hunov1 and 2, but not in the bivalve sample.  
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Figure 7.3. Phylogenetic tree of consensus sequences of all norovirus strains from 

metagenomics datasets and several reference strains as background. SRR535XXX: norovirus 

strains obtained from metagenomics samples of spiked celery. Munov: in biological duplicates 

(1,2), norovirus strain obtained from raspberries spiked with murine norovirus GV. Hunov: in 

biological duplicates (1,2), norovirus strain obtained from raspberries spiked with human 

norovirus GI. Shotgun cDNA: complementary DNA after reverse transcription (method C). 

Shotgun wta: cDNA after whole transcriptome amplification (Method D). Wta hybrid capture: 

cDNA after whole transcriptome amplification with target enrichment for norovirus using 

SureSelect (Method F). Wta adaptive sampling: cDNA after whole transcriptome amplification, 

sequenced with adaptive sampling (Method E). All: all reads sequenced. Stop: only “stop 

receiving” reads after adaptive sampling of whole transcriptome amplification cDNA. 

Background strains obtained from NCBI. The scale represents the distance of 20% genetic 

variation. 
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The closest reference to the munov samples was NC_008311.1 as obtained with the other 

methods (Table 7.2). Ninety-eight and 100% of its genome was covered, with 2786 and 18030 

reads mapping to the reference. A consensus sequence of 7255 and 7381 bases was obtained 

and correctly characterized as norovirus GV (murine norovirus). 

For the hunov samples, NC_031324.1 was the closest reference. Fourty and 78% of the 

genome was covered, with 301 and 2636 reads. A consensus sequence of 3115 and 6071 bases 

was obtained, and it was correctly typed as norovirus GI. 

The obtained consensus sequences were placed in a phylogenetic tree (Figure 7.3). The 

two norovirus strains from the munov samples clustered with the other murine norovirus 

strains while the two norovirus strains from the hunov samples clustered with the other 

human norovirus strains. Both clusters separated from genomes belonging to other 

genogroups. 

7.3.5. Selection of viral genetic material during the sequencing through the 

pore: adaptive sampling of the amplified cDNA (method E) 

As an alternative method to the capture of the virus with the SureSelect kit (method F), 

the DNA fragments corresponding to the norovirus were selected during the sequencing using 

adaptive sampling. This method compares the read being sequenced in real-time to a 

database (in this case a database of norovirus and hepatitis A virus sequences, supplementary 

materials 1). If the read differs from the sequences in the database, the pore releases the 

cDNA strand and captures another cDNA to sequence. This way, the targeted species are 

preferentially sequenced and should be represented in higher proportions in the reads. This 

was performed on the second biological replicate of hunov and munov.  

The complete set of sequenced reads was analyzed, but we also analyzed separately the 

reads characterized as “stop receiving”, which only represent the reads that matched to the 

reference genomes in the database. One hundred sixty-one reads were tagged as “stop 

receiving” for munov2, while none were tagged as such for hunov2 (Table 7.2). After assembly, 

norovirus could be detected by taxonomic classification only in the munov2 sample for all the 

reads or the stop receiving reads (Table 7.2). Mash determined NC_008311.1 as the closest 

norovirus reference, and 91% of its genome was covered by all the sequenced reads 

(compared to 98% for the same amplified DNA sample without adaptive sampling). A 

consensus sequence of 6978 bases could be constructed based on the 711 reads that mapped 

to the reference (compared to 1312 for the same sample with-out adaptive sampling), and it 

was typed as norovirus GV. For the stop receiving reads, only 61% of the reference genome 

could be covered and all the 161 reads mapped to the reference. A consensus sequence of 

4474 bases was constructed and was characterized as norovirus GV. 

The consensus sequence of murine norovirus obtained from all reads or just the “stop 

receiving reads”, could be placed in a phylogenetic tree, and clustered with other murine 

noroviruses from the study, separated from another norovirus GV and from noroviruses from 

other genogroups (Figure 7.3). 
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7.3.6. Flongle sequencing as a low-output less expensive sequencing 

alternative 

Several samples were also sequenced on Flongle flow cells, in order to verify at which 

level of contamination a low-output less expensive sequencing alternative would be able to 

detect and characterize the norovirus in the samples. The number of reads sequenced on 

Flongles was lower than expected (a Flongle should have about 10% of pores compared to a 

normal flow cell and therefore we expect 10% of output) (Table 7.1). In particular, the sample 

of amplified and captured cDNA (method F) only presented 12 reads (Table 7.1). For that 

sample, no further analysis was performed. The three other samples presented a few 

thousand sequenced reads (Table 7.1). After assembly, no contig could be recognized as 

norovirus by taxonomic classification (Table 7.2). 

7.3.7. Assessing our bioinformatics workflow for the analysis of a dataset 

containing a co-spike of norovirus and hepatitis A virus 

In order to test the performance of our bioinformatics pipeline as an ‘open approach’ 

method, we analysed a publicly available dataset containing co-spikes of norovirus and 

hepatitis A virus. In 2017, Yang et al. spiked celery with norovirus GII at various concentrations 

and co-spiked two strains of norovirus GII or one strain of norovirus GII and one strain of 

hepatitis A virus. The RNA extracted from these samples was reverse transcribed and 

sequenced on an Illumina MiSeq (Yang et al., 2017). We conducted the data analysis on their 

data with the workflow we developed, adapted to the investigation of reads from Illumina. 

Our results (Table 7.3) show that norovirus was detected after taxonomic classification in 

11/13 samples spiked with norovirus. Hepatitis A virus was detected in 4/4 samples spiked 

with hepatitis A virus (co-spiked with norovirus GII).  

Mash picked the closest norovirus reference as NC_029646.1 in the 11/13 samples for 

which norovirus was previously detected in the profiling step. A consensus sequence was 

obtained for 7 samples, covering 23 to 56% of the reference genome, and correctly typed as 

norovirus GII or GII.P4. The consensus sequence was not obtained for the 2 samples co-spiked 

with 2 viral species for which there was no norovirus hit with mash (SRR5353214 and 

SRR5353215), and for the 4 samples co-spiked with two strains of norovirus GII, for which only 

1 hit was obtained with mash and the two strains could not be resolved (SRR5353144, 

SRR5353145, SRR5353158, SRR5353159). Norovirus was detected in the 2/4 samples co-

spiked with the two viral species spiked at a higher concentration of norovirus (106 genome 

copies in 50 g of celery). The two norovirus consensus sequences obtained covered 23 and 

41% of the reference genome and were correctly characterized as norovirus GI.P4. At the time 

of their study, Yang et al. were able to detect the norovirus GII.4 in all 4 samples co-spiked 

with HAV and norovirus, but they were not following a fully open approach as they were using 

a curated database of norovirus and HAV. 
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Table 7.3. Results of data analysis of samples of celery spiked with norovirus (NOV) and/or HAV (Yang et al., 2017). -1 : first biological 

replicate. -2: second biological replicate. When two viruses were spiked, the best mash hit of each species was presented along with the result of 

the mapping and typing for each strain. n/a: not applicable (analysis was not continued because only 1 strain detected when 2 strains were spiked). 

Sequence read lengths: 35-100 bp. 

 

 
    Assembly Taxonomic classification Data analysis 

Accession 

Number 

Sample Description 

(Spike Description) 

Number of 

Sequenced Reads 

Number of 

Contigs 
Min Length 

Max 

Length 
N50 

Kraken 

Unclassified 

% 

Number of 

Contigs 

Norovirus 

Number of 

Contigs HAV 

Mash Best 

Norovirus Hit 

Identit

y to 

the 

Refere

nce 

(%) 

Mash 

Matching 

Hashes 

Covera

ge of 

the 

Refere

nce  

(%) 

BWA 

Numbe

r of 

Reads 

Mappin

g  

Length 

Consens

us 

Sequence  

Genotype 

Consensus 

Sequence  

SRR5352286 NOV 105 2,090,232 120 202 7680 783 24 1 0 
NC_029646.1 

(NOV) 
86 40/1000 55 11,104 4137 GII 

SRR5353140 NOV 104 -1 2,056,188 163 201 4233 611 40 2 0 
NC_029646.1 

(NOV) 
86 43/1000 55 15,587 4142 GII 

SRR5353141 NOV 104 -2 2,478,355 113 200 7578 898 4 1 0 
NC_029646.1 

(NOV) 
85 37/1000 56 16,649 4209 GII.P4 

SRR5353142 NOV 103 -1 1,879,486 1296 200 4546 509 85 3 0 
NC_029646.1 

(NOV) 
83 19/1000 30 1416 2,23 GII 

SRR5353143 NOV 103 -2 2,072,984 1903 200 3576 503 88 2 0 
NC_029646.1 

(NOV) 
84 26/1000 35 1666 2618 GII.P4 

SRR5353144 
NOV GII.4 106 + NOV 

GII.6 101 -1 
2,335,180 14,741 200 7444 692 94 3 0 

NC_029646.1 

(NOV) 
84 25/1000 n/a n/a n/a n/a 

SRR5353145 
NOV GII.4 106 + NOV 

GII.6 101 -2 
2,546,316 13,276 200 7176 642 94 3 0 

NC_029646.1 

(NOV) 
83 19/1000 n/a n/a n/a n/a 

  
NOV GII.4 103 + NOV 

GII.6 104 -1 
2,705,565 15,329 200 7076 711 94 4 0 

NC_029646.1 

(NOV) 
72 1/1000 n/a n/a n/a n/a 

SRR5353159 
NOV GII.4 103 + NOV 

GII.6 104 -2 
2,203,937 13,245 200 7076 665 94 7 0 

NC_029646.1 

(NOV) 
72 1/1000 n/a n/a n/a n/a 

SRR5353212 NOV 106 + HAV 106 -1 2,109,188 9122 201 7471 605 94 4 1 

NC_029646.1 

(NOV) 

NC_001489.1 

(HAV) 

84 

99 

29/1000 

898/1000 

41 

99 

3554 

6524 

3069 

7462 

GII.P4 

HAV I.B 

SRR5353213 NOV 106 + HAV 106 -2 1,736,984 7706 201 7471 606 93 1 1 

NC_029646.1 

(NOV) 

NC_001489.1 

(HAV) 

82 

99 

14/1000 

896/1000 

23 

99 

1713 

5484 

1708 

7460 

GII.P4 

HAV I.B 

SRR5353214 NOV 104 + HAV 107 -1 221,046 674 201 5684 442 89 0 2 
NC_001489.1 

(HAV) 
99 889/1000 99 3383 7438 HAV I.B 

SRR5353215 NOV 104 + HAV 107 -2 797,912 4416 201 5803 538 93 0 2 
NC_001489.1 

(HAV) 
99 894/1000 100 5614 7468 HAV I.B 
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For hepatitis A virus, NC_001489.1 was the closest reference in our database for the four 

samples, and a consensus sequence covering more than 99% of the reference was obtained. 

It was correctly characterized as HAV I.B in all cases.  

All obtained consensus sequences were then placed in a phylogenetic tree. All norovirus 

strains obtained from the samples of Yang et al. clustered together, while separating from 

other norovirus GII genomes (Figure 7.3). This was the expected result, as consensus 

sequences were obtained from samples all spiked with the same strain of norovirus GII.4. 

7.4. Discussion 

Foodborne viruses, and in particular norovirus, represent a major worldwide burden on 

our food safety. However, due to their very low contamination dose in food, they are 

particularly hard to detect in food products suspected to cause a foodborne outbreak. 

Moreover, the current methods to detect norovirus in food samples do not give the full in-

formation about its genome, nor allow relatedness analysis. In this study, we investigated 

metagenomics as a new alternative approach that would allow to obtain the genome of the 

viral pathogen present in the food sample and perform relatedness analysis with phylogenetic 

trees. For all samples, we performed RNA extraction according to the ISO norm currently in 

practice at the Belgian NRL, in order to present a protocol that could be easy to implement as 

an alternative for these laboratories after formal validation of the full work-flow. Because 

metagenomics enables sequencing all genetic material in the sample, only a few reads might 

belong to the virus of interest. We therefore tested different sample preparation and 

sequencing approaches with various degrees of targeting of the virus. We decided to sequence 

with the MinION or Flongle flowcells from ONT because they offer fast results (real-time 

sequencing) compared to e.g. Illumina sequencing, but also because they are more cost-

effective when only a few samples have to be sequenced at a time (Buytaers et al., 2021b). 

This would all help in a further application of the protocol in routine. In order to compare the 

results obtained for each method, we developed a bioinformatics workflow to analyze the 

data without a priori knowledge, profiling for the pathogen in the sample, obtaining its 

genome, characterizing it and relating it to other sequences. This was done as a proof of 

concept to deliver the most suited protocol to investigate further for future implementation. 

As the most open approach, we tried shotgun sequencing on the extracted RNA. We 

compared the results obtained with either reverse transcription (method C) or with whole 

transcriptome amplification (reverse transcription followed by random amplification, method 

D) in order to improve the input RNA amount. Amplification has been described in several 

studies as a necessary step for the detection of viruses with shotgun meta-genomics 

(Conceição-Neto et al., 2015; Li et al., 2020), and ONT sequencing in particular requires high 

levels of starting genetic material. In the current study, amplification of the genetic material 

enhanced results for the detection and characterization of norovirus in the sample spiked with 

murine norovirus (GV) at a concentration of 107 (longer consensus sequence and 10-fold 

increase in number of reads mapping to the reference) but not in the samples spiked at a 

lower con-centration with norovirus GI and in the naturally contaminated bivalve sample. 
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Therefore, although improving the result at high contamination level, unspecific amplification 

did not allow strain-level characterization and phylogeny at a lower contamination. Both with 

and without amplification, when the virus was detected during the profiling step, a consensus 

sequence could be obtained and it was typed and correctly placed in a phylogenetic tree. In 

one sample spiked with the human norovirus, the typing to genotype level was incorrect 

(based on the information we received from the supplier of the norovirus reference material), 

however the genogroup was correctly determined for all samples. Moreover, phylogeny 

allows a relatedness at a higher discriminatory level than genotyping. 

In order to increase the amount of sequenced reads corresponding to the pathogen and 

possibly decrease the host DNA sequenced (the food), we tested more targeted approaches. 

Because we wanted our workflow to be applicable in a routine laboratory, we decided to keep 

the conventional RNA extraction workflow described in ISO 15216-2. We then tested two post-

RNA extraction methods to increase the norovirus load in the samples to be sequenced. We 

first tested an approach that could capture the polyadenylated RNA (method A, norovirus RNA 

harboring a poly(A) tail) and an approach depleting the ribosomal RNA from plants and 

bacteria (method B). Unfortunately, these two methods did not give the expected result, as 

norovirus could not be detected for any of our samples within the detection limit of the qPCR 

after following these two protocols. The explanation for this lack of success was probably the 

very low contamination load of norovirus in our samples. For the first method, the few RNA 

fragments belonging to the virus were probably lost during the poly(A) capture and washing 

step. A previous study had reported very good results with this method, but it was conducted 

on stool samples, with a much higher dose of the virus (Fonager et al., 2017). In the case of 

the ribosomal RNA depletion, the cause of our lack of success was possibly also a loss of 

norovirus RNA due to dilution during the protocol or washing out. Moreover, we observed 

that raspberry was not part of the sequences used to design this plant RNA depletion kit. 

Indeed, although this kit gave good results in other studies, it is not universal for all plants. In 

fact, a study of plant viruses using the same method followed by Flongle sequencing reported 

lower results when analyzing strawberries than peas (Liefting et al., 2021). Moreover, 

FastSelect does not exist for other eukaryotes (like bivalves) and therefore this method could 

not be applicable in a routine laboratory setting handling various types of food matrices. 

Aiming to further improve the results, two other methods were tested that targeted 

directly the virus of interest, at the cDNA level, after amplification: a target enrichment using 

SureSelect based on capture using a panel of probes designed for human norovirus (method 

F), and an adaptive sampling during the nanopore sequencing based on a database containing 

references of norovirus (method E). The amplification was necessary for both methods in 

order to have sufficient input genetic material for the protocols. Moreover, although a 

protocol adapted for ONT sequencing was available for the SureSelect (received from the R&D 

team of Agilent), this method primarily aims at preparing a library for short reads sequencing 

and the cDNA had to be fragmented to an average size of 1 kb, which is not ideal for 

subsequent long reads sequencing. Our results showed that this double amplification was the 

only method able to detect and characterize the norovirus at both levels of artificial 
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contamination (105 and 107 genome copies per 25g of fruit). The obtained consensus 

sequence of the virus could be typed and correctly placed in a phylogenetic tree. This sample 

preparation method was, however, not able to lead to the detection norovirus at a lower 

concentration in the naturally contaminated bivalve sample. SureSelect was indeed previously 

shown to work better with genome copy inputs higher than 104 in previous tests from the 

company (Williams et al., 2019). Although this is unfortunate as the contamination load in 

food samples can be very low, this is in agreement with the results we obtained, as we could 

not detect norovirus after SureSelect enrichment in the sample with the lowest contamination 

(the bivalve sample). Yet, this approach is very selective as it can only target norovirus and no 

other viral pathogen in the sample, and it is based on a panel of probes, which might not 

recognize a novel variant. For these reasons, a new method associated with ONT sequencing 

was tested: adaptive sampling. We tested this approach with a database of noroviruses and 

hepatitis A viruses in order to be more open than the SureSelect approach targeting only 

noroviruses. Ideally, for our application, a database of references of all food pathogens should 

be provided to the software. In our case, we could see that this method did not improve the 

results compared to those obtained on the same genetic material without adaptive sampling. 

This is probably explained by the shortness of our cDNA fragments, as at least 400 bp have to 

pass through the pore for the software to determine if the DNA strand resembles the 

reference(s) (Marquet et al., 2022), but our mean read length was close to 400 bp. For the 

sample spiked with human norovirus, no read was recognized as norovirus while for the 

sample spiked with murine norovirus, 161 reads were tagged as “stop receiving” during 

adaptive sampling which means they corresponded to a reference in our database and the 

sequencing continued for this DNA fragment. This still represented a loss compared to the 711 

reads that mapped to the reference when using all reads sequenced in the run. This could be 

improved by producing longer cDNA fragments to sequence or if the number of bases 

necessary for the tool to make its decision decreases in further updates from ONT. 

Consequently, unfortunately, the adaptive sampling was not a usable alternative for this case 

study at the time the experiments were conducted. 

As our method was able to obtain results after MinION sequencing of several samples, 

the Flongle was tested as a less expensive alternative sequencing approach. Although we had 

an acceptable amount of active pores for Flongle sequencing, very few reads were obtained 

compared to the MinION sequencing (less than the 1/10th that would be expected from the 

difference in number of pores), and norovirus could not be detected after data analysis in any 

of our samples. Flongle sequencing had not been used before on such low contamination 

loads in food. However, it had been described for the detection of food viruses in plants for 

routine use (Liefting et al., 2021), but without indication of the contamination load. We believe 

that the contamination load in our samples is too low for Flongle technology to obtain 

sufficient reads. It has been acknowledged by ONT as an instrument that does not perform as 

efficiently yet as the MinION technology (already available for a longer time) and has pores 

that are more sensitive towards potential artefacts (e.g. the use of glass vials instead of plastic 

vials is required to not impact the sequencing). Therefore, a full characterization of the 
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genome of the virus in contaminated food samples with Flongle sequencing is too challenging. 

However, Flongles might be optimized by the manufacturer in the future and could then be 

used for more complex cases. 

As a final test for our initially envisaged open approach, we wanted to analyze food 

samples contaminated with another virus e.g. hepatitis A virus. We worked with a previously 

published dataset of celery spiked with norovirus and hepatitis A virus (Yang et al., 2017). This 

dataset was produced with an improved RNA extraction aiming at increasing the viral load in 

the extract by using ultracentrifugation and a commercial viral RNA extraction kit. Moreover, 

it was sequenced on an Illumina MiSeq. At the time of the publication, the authors were able 

to detect the viruses present in all the samples, even when two strains of norovirus were 

spiked in the same sample. After analysis with our bioinformatics work-flow (revised for 

Illumina reads), we could detect norovirus in 11 out of 13 samples spiked with norovirus, and 

HAV in 4 out of 4 samples spiked with it, with a completely open approach. We then built a 

consensus sequence for these strains, that could further be typed, but also placed in a 

phylogenetic tree. This goes beyond the analysis previously conducted on this dataset, and 

also the results that can be obtained with the currently available conventional methods. 

Notably, at the time of the publication of these sequences, a very open profiling method, 

Kraken, did not detect the viruses, as reported by the authors. Five years later, we could detect 

these viruses with the same tool, probably due to the update in the databases within this time 

period and the assembly of the reads prior to the taxonomic classification. Our analysis was 

able to detect two different viral species when co-spiked in the same celery sample, which 

could then be characterized to the genotype level. Because our analysis workflow was based 

on the best hit with Mash, we could however not separate two strains of the same genogroup, 

and the database used (Refseq) only contained on reference for norovirus GII. Previously, we 

had shown that a reference-based mapping tool such as Metamaps (Dilthey et al., 2019) for 

long reads allowed to separate closely related bacterial strains in the same food sample 

(Buytaers et al., 2021b). However this tool did not give satisfactory result in this case study 

(data not shown) because of the shorter read length, low contamination dose and low 

abundance of viral sequences in the associated database. A follow-up bioinformatics study 

might be able to find more specific tools to attain strain level for closely related strains of the 

same genogroup, at very low contamination level, in the same sample. However, the focus of 

this paper was to deliver a proof of concept at the wet-lab level and to obtain relatedness 

using a phylogenetic analysis, which is not possible with the conventional methods. 

Nevertheless, the analysis of the public dataset from Yang and colleagues allowed us to prove 

that our analysis workflow was performant for samples spiked with levels as low as 103 

genome copies. This improvement in detection level is probably due to the targeting of viral 

particles prior to the RNA extraction step. The sequencing technology presumably had no 

impact on the results as fewer and shorter reads were produced with Illumina sequencing.   

In conclusion, this study aimed at investigating which approach would be appropriate for 

further formal validation to be used for foodborne viral detection and full-genome based 

characterization. However, some further development would still be necessary before 
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applying it in routine laboratories, as our results were not all positive and highlighted the 

complexity of such experiments when a virus is present at low dose in a sample. Some lessons 

learnt from our experiments with low contamination in food samples were that several 

methods that had been reported to give good results on higher contamination loads (e.g. 

clinical samples) did not work with our samples (i.e. poly(A) capture, rRNA depletion). 

Nevertheless, other methods we applied, were able to characterize the norovirus spiked in 

food samples: notably, the shotgun metagenomics methods on cDNA (method C) or amplified 

cDNA (method D) allowed to obtain a consensus sequence covering 85 to 99% of the genome 

in the samples spiked at the highest concentration (107 genome copies in 25 g of fruits). For 

medium contamination dose (105 genome copies in 25 g of fruits), a targeting approach such 

as SureSelect (method F) gave even better results, although it is very time-consuming, costly 

and doesn’t allow for an open approach. Therefore, these methods that gave positive results 

in our study still have limitations. In the future, if improved, the adaptive sampling proposed 

by ONT could be a cheaper alternative that could also target more than one pathogen. For 

lower contamination doses, our developed bioinformatics workflow was able to detect and 

characterize norovirus and hepatitis A virus at doses as low as 103 genome copies in 50 g of 

matrix, but with RNA extracted with another method after ultracentrifugation to enrich viral 

particles prior to extraction (Yang et al., 2017). Although we initially thought that using the 

currently accredited RNA extraction protocol would be the easiest way to later implement this 

new approach in routine, as an alternative with access to an ultracentrifuge potentially not 

possible for all reference laboratories, and a pre-enrichment step being more time-

consuming, we show in this study that there is a trade-off between straightforward 

applicability and the potential limit of detection. Notably, this limit of detection, i.e. the 

sensitivity, and the specificity and reproducibility of the method still have to be determined in 

follow-up validation studies while this work only investigated the possibility to obtain whole 

genome characterization and phylogeny at a few different contamination loads as a proof of 

concept. These validations are not as common for metagenomics (Peterson et al., 2022) as 

they are for qPCR tests, given the cost per sample. So far, there is no consensus on how to 

conduct these validations or how many samples are necessary (Negida et al., 2019), and in the 

case of norovirus, access to references materials spiked at various contamination levels will 

prove challenging as we are bound to the genome copies present in the spiked lenticules. 

Moreover, the costs and efforts of adapting the ISO-based routine sample preparation in 

reference laboratories should be carefully evaluated against the benefits obtained when using 

an improved RNA extraction protocol. Another limitation to this method, because it is based 

on nucleic acids, is the possible characterization of a pathogen in a non-infective state (not 

living). However, we believe that when a person was infected by ingesting contaminated food, 

it is important to find the source of the disease even if the pathogen is not infective anymore. 

Therefore, our focus was to obtain relatedness between cases using phylogenetic trees, for 

which a nucleic acid-based method proved successful. In addition, most of the metagenomics 

workflows including the one presented in this study still rely on the use of command line and 

scripts, which is not straightforward for non-experts and prevents its use in routine, and 
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should be addressed in the future. The databases that are used for the bioinformatics analysis 

should also be continuously updated and completed, especially for the improvement of 

investigations of mixed datasets such as the metagenomics ones. It is however important to 

note that in all the cases where a characterization of the virus was possible, we were able to 

obtain a genome which could then be compared to other cases by phylogenetics, which goes 

well beyond the results obtained with the current methods of analysis of norovirus in food. 

This paper aimed at sharing some lessons learnt, including approaches that failed for our 

samples. We believe that this contribution is also important for the scientific community to 

grasp information on what should not be repeated in the future, and from where to build 

further in a community effort. Above all, metagenomics is still a new approach and 

necessitates proofs of concepts such as this one to advance the field, as was requested by 

EFSA (EFSA, 2019b). 
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The current practices for the detection and characterization of microbiological food 

contaminants in the respective Reference Laboratories are based on a series of tests. These 

depend of the contaminant, but generally a screening is performed on the food, often via 

qPCR. If a marker indicates the presence of a contaminant, this is investigated further and the 

gold standard, if possible depending on the contaminant, would be to obtain an isolate and 

characterize it. This is effective, but an isolate is not always obtained, and it is time-consuming 

as it requires growth for about a day on each media. Therefore, some specific case studies 

might slip through the cracks of this testing. Indeed, in 2020, 39,8% of foodborne outbreaks 

in the EU were caused by an unknown agent, as it could not be characterized in the analysed 

leftover food. Moreover, it has been shown in some foodborne outbreaks that more than one 

pathogenic strain was present (Kinnula et al., 2018; Somerville et al., 2018), but these cases of 

co-infections might be underestimated due to the isolation process, and hence remain 

undetected. Moreover, in the case of GMMs, which might be difficult to grow due to 

auxotrophy, and when the modified genome has not been previously unravelled, it is tedious 

to fully characterize the contaminant (Fraiture et al., 2020e) or sometimes even unattainable. 

In the case of viral pathogens, culture enrichment is very arduous (Jones et al., 2015) or even 

impossible, and the characterization with the available methods is incomplete (Bosch et al., 

2020; Desdouits et al., 2020a). A new method allowing detection and characterization of 

biological contaminants without a priori isolation, i.e. metagenomics, had started to show 

some promising results when this PhD research started. Therefore, the objective of this PhD 

was to investigate how metagenomics could potentially resolve the issues encountered with 

the conventionally used detection/characterization methods for foodborne microbiological 

contaminants, while obtaining at least the same level of information. This means the detection 

of the microbiological contaminant/pathogen, its identification and characterization (i.e. 

dependent on the contaminant, serotype/serovar/genotype, detection of AMR and/or 

virulence genes, unnatural associations) and the ability to relate several cases in a 

phylogenetic tree. Finally, we also aimed at developing a workflow both at the wet laboratory 

and the dry laboratory (bioinformatics) levels, potentially applicable in a routine setting at 

national reference laboratories. This was done using several case studies representing various 

matrices with various contaminants at different levels i.e. a bacterial pathogen at a low 

contamination level in a complex food matrix, after enrichment (Chapters 3-4-5), a bacterial 

GMM in a non-complex matrix without enrichment (Chapter 6) and a viral pathogen at a low 

contamination level in a complex food matrix without enrichment (Chapter 7). These case 

studies were investigated with short and/or long reads sequencing, which also influenced the 

data analysis tools to use. 

The detailed results of this PhD research were discussed separately and extensively in 

each chapter (Chapters 3 to 7). Therefore, the present chapter (Chapter 8) places these 

findings in a broader view to answer the scientific questions raised in this PhD research 

(Chapter 2). 
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8.1. Which metagenomics approach could allow characterization 

and relatedness at least at the same level as the conventional 

methods? 

Metagenomics allows to study all organisms present in a sample at once and therefore to 

obtain information from the contaminant in the food being analysed without the need for 

isolation (Escobar-Zepeda et al., 2015; Forbes et al., 2017). In the scientific community, two 

different methods have been presented to obtain information without isolation of the 

contaminant. They deliver different levels of information but are based on the DNA or RNA 

extracted from the whole sample: i.e. metabarcoding (Woese and Fox, 1977), based on the 

sequencing only of the 16S rRNA or other targeted regions, in order to differentiate the 

species present in the sample, and shotgun metagenomics (Stein et al., 1996; Handelsman et 

al., 1998), based on the sequencing of all the DNA or RNA. These were presented in the 

introduction (Chapter 1) of this thesis. For our research, we have decided to use shotgun 

metagenomics, as it was the only approach allowing us to obtain the entire genetic 

information from the sample and therefore potentially obtain the entire genome of each 

strain in the sample. This genome could then be characterized at the same level as the 

conventional methods.  

Our workflow aimed first at detecting the possible contaminant in the sample without a 

priori knowledge, by looking at all the sequenced DNA (long or short reads) originating from 

metagenomics sequencing of the total sample nucleic acid extraction (using extraction 

methods as close as possible to what is used in routine). Then, the first step of the data analysis 

is to perform a profiling or taxonomic classification step. Thereafter, our goal was to 

distinguish each strain in the sample so that it could later be characterized at least at the same 

level as would be possible when using isolate WGS data, e.g. by detecting different genes 

present in the inferred genome/strain. Finally, we also intended to conduct a study of relations 

between cases based on a phylogenetic analysis of the obtained strains. Based on this, we 

would obtain at least the same level of information as the conventional methods. This 

workflow was evaluated using different case studies, representative of possible scenario in 

routine settings. If needed, specific adaptations were made to the workflow, depending of 

some specific characteristics represented by the case study (cfr. following sections, Figure 8.1). 

The profiling step performed in this work was mainly conducted using the classifier 

Kraken2 (Wood and Salzberg, 2014). It was accessible on the Sciensano in-house galaxy 

instance and server, with in-house pulled databases based on Refseq. The first studies 

(Chapters 3-4-5-6, studies of bacterial pathogens and GMMs) were performed using two 

databases in a stepwise fashion: first we investigated with a mammal database, to remove the 

host (matrix) reads, then a database of archaea, bacteria, fungi, human, protozoa, and viruses 

was used to characterize the reads that were not classified in the first step. In a next phase, 

(Chapter 7, viral RNA pathogens), the two databases were merged to have only one database 

called “full”. Using one database helps to avoid misclassification that could have occurred in  
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Figure 8.1: General recommendations of workflow to follow (wet-lab and dry-lab) for each case study, based on the results presented in this 

thesis. Dotted lines: optional culture enrichment for GMM contaminated samples. Workflows for pathogen contaminations in the context of 

outbreaks. Figure made with Biorender.com
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the previous two-steps taxonomic classification (false positive classified as mammals cannot 

be classified as bacteria). This required increasing the computing power necessary for the 

analysis with such a big database. It is important to note that although classifiers can be 

compared and benchmarked, which is a study on its own, no one-size-fits-all approach exists, 

and different tools and databases will give different results (Chapter 4, Salmonella outbreak 

study and Chapter 6, GMM study, Wright et al., 2022). 

The strain-level (i.e. aiming for the same level of analysis as with the conventional 

methods involving isolate WGS) bioinformatics analysis used in this work was developed 

during the PhD of Assia Saltykova (Saltykova, 2022). After comparison of the possible tools to 

bioinformatically separate the genomes of the strains present in the shotgun metagenomics 

dataset, it was shown that a reference-based read classification was the most appropriate 

approach for the sequencing depth and the contamination levels expected in food samples 

(Figure 8.1). To this end, Saltykova et al. compared the results obtained with two tools, Sigma 

(Ahn et al., 2015) and Sparse (Zhou et al., 2018), on a sample containing non-pathogenic E.coli 

spiked in vivo with STEC, and several in silico spiked food samples (Saltykova et al., 2020). 

Sigma gave better results for the detection of virulence genes in the clustered reads 

corresponding to the STEC strains, and this tool was used in this PhD for the analysis of short 

reads data of STEC spiked food samples (Chapter 3). As we designed an open approach, we 

showed that it could be applied to another pathogen after enrichment if the database was 

adapted after determination of the pathogen during the profiling step. This was done on the 

case study of Salmonella outbreak in Chapter 4. A similar analysis was conducted on long reads 

sequences of the STEC spiked samples (Chapter 5), using Metamaps (Dilthey et al., 2019) for 

the long reads assignment instead of Sigma (Figure 8.1). When the analysis was transposed to 

the study of GMMs (Chapter 6) and viral RNA pathogens (Chapter 7), the bioinformatics 

workflow had to be adapted (Figure 8.1). This will be elaborated further in section 8.3. 

8.2. How does the contamination level and/or the matrix influence 

the approach to be followed? 

In the work presented, the selected case studies represented various food matrices 

(minced beef meat, cheese, a meal composed of potatoes, tartar sauce and fish, vitamin 

powder, raspberries, shellfish), with various contamination levels i.e. low level of 

contamination followed by culture-based enrichment for STEC and Salmonella (Chapters 3-4-

5), medium and low level of contamination with no culture-based enrichment in a simple or 

complex matrix for GMM (Chapter 6) and norovirus (Chapter 7) respectively. These matrices 

and contamination levels were representative of the samples that could be received at the 

NRLs, as exposed in each chapter.  

The nature of the matrix only had a small impact on some specific methods to use to 

prepare the genetic material (e.g. fat removal for the cheese, pH adjustment for the 

raspberries). Essentially the same sample preparation method could be followed for the 

different matrices except for these small variations: sampling of a fraction of the 
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contaminated food matrix, homogenisation (also to homogenize the contamination that can 

be heterogeneous) and extraction of the genetic material. Therefore, as shown in the different 

chapters of this thesis, the metagenomics method could be successfully transposed to other 

matrices in order to characterize contaminants in any type of food product. 

The contamination level, however, had a strong influence on the sample preparation 

method and analysis workflow to be followed. For the sample preparation, we demonstrated 

that after bacterial culture enrichment using appropriate medium and temperature, the low 

contamination of STEC (5 CFU/25g) and Salmonella (Chapters 3-4-5) was easily detected and 

characterized after DNA extraction with a commercial kit. This was possible even when two 

strains of the same species were present in the sample. DNA amplification was tried in order 

to improve the results, but we showed that this was not necessary when culture enrichment 

could be performed on the food sample. In the case of a non-complex matrix and no 

enrichment (GMM contamination, Chapter 6), most of the extracted DNA corresponded to 

the contaminant. Therefore, except for the DNA extraction, no sample preparation was 

necessary. The extracted was conducted with a commercial kit (Nucleospin food, the same kit 

as used with culture enrichment of bacterial pathogens i.e. Chapters 3-4-5). However, other 

DNA extraction methods could be tested in further studies to try and increase the read length 

for long reads sequencing and therefore allow detection of the unnatural associations directly 

in the reads without assembly, or to obtain a strain-level characterization if several GMM 

strains are present in the sample (Figure 8.2), a case that was not tested in our work (Figure 

8.1). However, obtaining long DNA fragments might not be possible due to the pre-treatment 

of the microbial fermentation products (e.g. vitamin powder) before it is sold on the market, 

aiming at removing any genetic material or contamination from the product. Finally, when the 

culture-based enrichment was not possible, and the contamination was low in a complex 

matrix, such as the case of the norovirus spiked samples (Chapter 7), we showed that the virus 

could be detected and characterized with a classical shotgun metagenomics, when 107 

genome copies were spiked (Figure 8.1). It was previously shown that very few reads could be 

assigned to norovirus after shotgun sequencing of other food samples (Bartsch et al., 2018). 

The whole transcriptome amplification did not improve this result. However, we could obtain 

the viral genome in samples spiked with 105 genome copies when a target enrichment was 

used (hybrid capture using SureSelect). This method had to be preceded by the whole 

transcriptome amplification to have sufficient cDNA input for the protocol. We also showed 

that the use of RNA extraction methods targeting the virus might circumvent the need for this 

targeting (Conceição-Neto et al., 2015; Yang et al., 2017) and allow to obtain a characterization 

of the viral pathogen from 103 genome copies (Figure 8.1).  

Concerning the impact of the contamination level on the bioinformatics approach, we 

decided to rely on reference-based classification methods in the studies performed with food 

pathogens (Chapters 3,4,5,7) as described by Saltykova et al. (Saltykova et al., 2020), both for 

the long and the short reads. This workflow also allowed us to characterize two strains spiked 

at very low level (5 CFU/25g) in the same food sample. However, the characterization of one 

of the strain was incomplete. This could be resolved by having more genomes in the database 
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used to classify the reads to each strain. The above-mentioned approach could not be used to 

study artificial constructs such as GMMs due to their unnatural nature, which will be explained 

in more detail in section 8.3.1. The data analysis also had to be adapted when studying viruses, 

which will be explained in section 8.3.2. This was mainly due to the underrepresentation of 

viral pathogens in some databases, but also due to the very low level of contamination which 

required to decipher between real detection of a contaminant or false positive (or negative) 

during the profiling step. For this reason, a de novo assembly was conducted before the 

taxonomic classification. Nonetheless, we showed that we could characterize one or two 

different viruses present in the same sample at a level of contamination as low as 103 genome 

copies per 50g of food matrix (Figure 8.1).  

Based on the case studies investigated in this work, we could conclude that when a culture 

enrichment is possible, shotgun metagenomics seems able to attain strain-level with 

reference-based analysis methods and without specific sample preparation (Figure 8.1) on 

different matrices contaminated at very low level (a few CFUs). However, when this culture 

enrichment is not desirable nor possible (e.g. case of GMMs, chapter 6, and viruses, chapter 

7), shotgun metagenomics can be used as such only if the contamination level is high enough. 

When the contamination level is low, a targeting such as presented with SureSelect for 

norovirus is necessary (Figure 8.1), but this is a targeted method so it will only detect the virus 

of interest and it has not been commercially developed for all possible contaminants. The 

adaptive sampling proposed during ONT sequencing could replace this targeting if we would 

obtain sufficiently long DNA fragments for such method to be effective. Other DNA/RNA 

extraction methods should be envisaged to obtain high molecular weight genetic material, 

and adaptive sampling still has to be proven effective to attain strain-level for this case study, 

with the adapted database (Figure 8.2). Alternatively, the amplification of the genetic material 

did not improve the results we obtained, but can be necessary to have sufficient genetic 

material input for some protocols, such as the SureSelect (hybrid capture). It might also be 

used before ONT sequencing when the DNA/RNA concentration is very low, as this sequencing 

technology requires high amounts of genetic material (~1µg depending on the flow cell). 

However the amplification might also introduce bias (some strains could be preferably 

amplified compared to others) as well as branching in the amplified DNA, which will block the 

sequencing pores of the ONT flow cell. Therefore, a de-branching with the T7 enzyme is 

proposed, but could result in fragmented DNA (Oxford Nanopore technologies, 2019). In 

future studies, this protocol could be tested and improved (Figure 8.2). 
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Figure 8.2: Perspective of methods that were discussed but not yet tested during this thesis nor in other studies and could potentially improve 

the results and/or the time to results of a metagenomics approach for various types of microbiological contaminants in food. Dotted lines: not 

yet tested methods, not yet proven resolution. Figure made with Biorender.com 
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8.3. How to adapt the approach depending on the microbiological 

contaminant? 

8.3.1. How to adapt the approach for the analysis of GMMs? 

We investigated the use of shotgun metagenomics for food matrices contaminated with 

pathogenic bacteria, involving a culture-based enrichment (chapter 3-4-5). The case of the 

contamination of vitamin powders with a GMM (Chapter 6) however, was representative of a 

low complexity matrix which implied that most genetic material extracted from the sample 

corresponded to the contaminant. No enrichment was conducted, but this culture might also 

not be feasible as GMMs are not always easy to culture due to the possible presence of genetic 

modifications requiring specific growth factors for the microorganism to multiply 

(auxotrophy). These modifications are added as a safety net to hinder the proliferation of the 

GMM outside the production conditions. The DNA was extracted with the kit also used for the 

study of bacterial pathogens (i.e. Nucleospin food), and used at the NRL. 

For the bioinformatics analysis, the detection and characterization of a GMM in a 

food/feed sample was slightly different to the analysis of pathogens. Indeed, after the profiling 

step, the focus is not the investigation of some markers of virulence or type, but the detection 

at strain level of ARGs and the discovery of one or several unnatural associations or junctions 

within a wild type genome. Therefore, the bioinformatics analysis workflow had to be adapted 

(figure 8.1), i.e. after determining the species or genera present in the sample with taxonomic 

classification, we looked at the possible presence of AMR genes or a known shuttle vector, 

reported in several GM constructs. This was done after de novo assembly of the reads as no 

reference could be used per se because we were investigating unknown artificial constructs. 

Finally, the contigs harbouring these markers were associated to the closest wild-type genome 

in the nucleotide database using blast. We could then determine if a contig was harbouring a 

mix of genomes of several species, a sign of an artificial construct. Finally, as a validation of 

our method and because we used de novo assembly, which could create chimeras and 

therefore lead to the detection of false unnatural associations, we confirmed our findings by 

mapping the reads to a known GMM reference genome possessing the same genes and 

shuttle vector. However, such reference genomes of GMMs are not made publicly available 

by the producing company, preventing to conduct this analysis when the GMM has not been 

previously characterized. Obtaining longer DNA fragments for long reads sequencing would 

help for future analyses, in particular of unknown GM constructs. Moreover, all 

known/already characterized GM constructs should be centralized in a publicly available 

database to facilitate the characterization of GMM strains using metagenomics. Finally, our 

study analysed samples containing only one strain of the same species, but the workflow 

should be adapted in order to allow the analysis of several strains, possibly several genetically 

modified microorganisms (Figure 8.2). For this purpose, several bioinformatics analyses could 

be tested, but a new study showed that investigating the depth of coverage of certain regions 

in the metagenome-assembled genomes (MAGs) might suggest the presence of different 
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strains in the sample (D’aes et al., 2022), however this still requires substantial manual 

analysis.  

8.3.2. How to adapt the approach in case of bacterial or viral pathogenic 

contaminant? 

Besides case studies involving bacterial contaminants (chapters 3-4-5-6) we also included 

a case study of viral RNA food contaminations (norovirus and hepatitis A virus) (chapter 7).  

At the sample preparation level, most foodborne viruses, including norovirus and HAV, 

cannot be easily cultured, and therefore no enrichment was possible for our work with viruses. 

We already worked without enrichment for the detection and characterization of GMMs in a 

microbial fermentation product (chapter 6). But microbial fermentation products are rather 

‘simple’ matrices in terms of generating background reads. For viruses in complex food 

matrices, however, the contaminant’s load within all extracted nucleic acids of the sample is 

limited (as shown in Chapter 7). Therefore, in our case study, six sample preparations methods 

were tested, all after following the standardized (i.e. used in routine in the NRL) total RNA 

extraction protocol on the different samples (ISO 15216-2). As presented in the previous 

section, the protocol to be used will depend on the viral contamination level (Figure 8.1). 

Moreover, depending on the choice to modify or not the RNA extraction from the ISO (so the 

ease of transposing the method in the routine setting), a lower viral contamination level might 

be characterized with shotgun metagenomics. Importantly, we decided to work with DNA 

sequencing technologies and had to reverse transcribe the extracted RNA in all cases before 

sequencing. Some direct RNA sequencing methods have been previously used with ONT as 

well (Wongsurawat et al., 2019), but these produce a much lower data output. As the 

detection and characterization of the virus was already challenging with the output of a DNA 

sequencing, we did not try this other approach. However, future improvements in this 

technology might allow for this approach to become applicable for RNA virus detection using 

shotgun metagenomics. If studying DNA viruses (Figure 8.2), such reverse transcription would 

not be necessary. Moreover, the use of a host depletion kit such as the HostZERO (removing 

eukaryotic DNA) could be an interesting alternative to the total DNA extraction that includes 

a lot of genetic material from the matrix. However, this kit would have to be tested for this 

application. Moreover, if the HostZERO extraction method could produce sufficiently long 

reads, adaptive sampling might be used as an alternative to the targeting of the virus with 

SureSelect (and a more open approach for several different viruses depending on the 

database used while SureSelect targets only one virus). 

At the level of the bioinformatics analysis, we showed in the study of the Salmonella 

outbreak (Chapter 4) that for the study of a different bacterial contaminant, the same 

workflow could be used except for the modification of the database to use for the strain-level 

inference of the reads. For the study of viruses, however, this workflow had to be modified. A 

reference-based mapping such as MetaMaps (for long reads sequencing) could not be 

successfully used to attain strain-level characterization of the contaminants in our samples 
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(Chapter 7) because of the very low amount of reads that were classified as pathogenic virus 

after using the tool, due to the low representation of virus references in the database 

associated with the tool. Therefore, another approach had to be developed for this case study, 

which allowed to attain strain-level characterization, even for two strains of different 

pathogenic viruses in the sample, but not for two strains of the same virus. A strain-level 

characterization of several strains of the same species was not possible for this case study 

because of the design of the bioinformatics workflow (as a reference-based assembly was 

conducted and the tool to determine the best reference to use – Mash - would only consider 

one best reference per species). It might be possible to develop a workflow attaining strain-

level (Figure 8.2) but this might be challenging due to the very low contamination load in the 

samples, and it would require a database containing a large variety of virus reference 

genomes. 

Notably, if studying DNA viruses, the same challenges would be faced as the difficulty 

resides in the low contamination load (without enrichment) and the poor representation of 

viral references that impede the use of MetaMaps for read classification. The bioinformatics 

workflow presented for RNA viruses could, however, still be used to study DNA viruses as such 

(Figure 8.2). 

8.4. How does the sequencing technology influence the results? 

Two sequencing technologies have been tested in this work: the short reads (i.e. 2x 250 

bp) Illumina sequencing on an in-house MiSeq instrument (up to 15 Gb output), and the long-

reads (> 1000 bp) ONT sequencing on Flongles (up to 2.8 Gb output), MinIONs (up to 50 Gb 

output) and GridION (5 MinION sequencing in parallel, allows adaptive sampling). The data 

from our work on the Salmonella outbreak (Chapter 4) was only generated with Illumina, we 

compared the use of the two technologies on different case studies (bacterial pathogen in 

Chapters 3 and 5 and GMM in Chapter 6), while we only used the nanopore technology for 

the study of viruses in food samples (Chapter 7). These technologies have been tested and 

compared as they produce short versus long reads with different degrees of error rate (0,01% 

error rate for Illumina, ~6% error rate for ONT) and hence will impact the tools and parameters 

to use for the data analysis (table 8.1). These technologies can produce sequencing data in 

real-time (ONT) or over a longer time frame (~48h, Illumina), and they come at a different 

costs and sequencing outputs depending on the number of samples to be analysed (Table 8.1). 

Moreover, both technologies have other requirements in terms of sample preparation: 

Illumina only requires 1 ng of fragmented DNA while ONT requires 1 µg (or more, depending 

on the reagents) of high molecular weight DNA (shorter DNA fragments can be sequenced but 

will produce short reads).  

In the case of the bacterial pathogens after enrichment, we showed that we could obtain 

a similar level of characterization at strain level after sequencing culture enriched samples 

spiked with STEC with Illumina or ONT (Chapter 3 and 5). With ONT sequencing, we could 

achieve the same characterization by developing a similar data analysis workflow specific for 

long reads, by replacing Sigma (Ahn et al., 2015) used for short read data by Metamaps 
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(Dilthey et al., 2019) for the strain-level reads assignment. In that regard, we concluded that 

the sequencing technology did not impact the results for a characterization of the pathogen 

at the strain level. However, we also showed that we could conduct another type of analysis 

on long reads without the bias of a de novo assembly: the in silico DNA walking. This approach 

consists in the determination of the genomic context surrounding a gene of interest on long 

reads. This allowed us to associate the stx genes with the Escherichia genome, confirming 

rapidly that a STEC strain was present in the sample, and could be used for a screening using 

the low-cost Flongle flow cells.  

In the case of the GMM contaminations (Chapter 6), we also noted that we could obtain 

the same level of characterization with the two sequencing technologies. The de novo 

assembly conducted with SPAdes (Bankevich et al., 2012) on short reads was then replaced by 

Canu (Koren et al., 2017) for the reads obtained with ONT sequencing. One promise from the 

long reads sequencing would be to conduct in silico DNA walking directly on long reads and 

detect unnatural associations or determine if the full length of the AMR gene is present in the 

DNA. This would allow to skip the de novo assembly step that can create chimeric contigs. 

However, the reads produced from a processed matrix such as the microbial fermentation 

products, without enrichment were not very long. It might be improved in the future by testing 

other DNA extraction methods to use this technology at its full potential (Figure 8.2). However, 

it might be impossible to obtain high molecular weight DNA from this kind of matrix. 

Moreover, in contrast to the use with an enriched matrix, the use of the Flongle flow cell was 

not adapted to the complexity of this GMM case study as no de novo assembly could be 

conducted due to the very low coverage of the data. 

Finally, ONT was used for the analysis of viral contaminations in food because of cost-

effective reasons (cfr. section 8.5). We showed that we could obtain an almost complete 

genome and characterize it when sequencing a sample with sufficient contamination load on 

a MinION flow cell. The Flongle flow cell did not perform well for this case study of low 

contamination in a complex matrix. We didn’t use short read sequencing for our spiked 

samples in this case study. However, we used our data analysis workflow to analyse a 

previously published dataset (even lower viral contamination in food, for which another RNA 

extraction procedure than ours was used) generated on Illumina MiSeq (Figure 8.1). We could 

obtain an equal amount of characterization level as we did for the ONT-based workflow. 

Therefore, we believe that the difference we see in the level of contamination at which we 

could characterize the virus is not linked to the sequencing technology, but to the RNA 

extraction instead. 

In conclusion, these studies showed that both technologies provide similar levels of 

information on the contaminant present in the food. The choice between the technologies 

depends on the amount of samples to be sequenced in one run, as will be presented in the 

next section. ONT is now overcoming the high error rate that it used to be assimilated to with 

the latest pores, reagents and basecalling tools, and it has the advantage to allow a rapid 

analysis directly on the long reads, circumventing the need for an assembly (in silico DNA 

walking, Chapters 5-6). The Flongle produces a smaller output that can be used for a screening 
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of the samples. However, ONT is a newer technology and therefore still requires more follow-

up of new tools that are constantly being developed. Finally, Illumina recently announced the 

launch of long reads to be able to be generated on their ‘short read’ instruments (Illumina, 

2022). It would be interesting to test this technology in the future for its application in shotgun 

metagenomics. 

8.5. How to achieve fast and cost-effective results? 

In the scope of the resolution of a Salmonella outbreak to its food source (Chapter 4), we 

could show that shotgun metagenomics is per se a method giving results faster than the 

conventional methods for bacterial contaminations, because it avoids the fastidious isolation 

step. Obtaining a bacterial isolate takes in average a week because it involves the succession 

of cultures on selective and unselective media, and a colony can only be clearly observed on 

a plate after 24 hours of enrichment (it can be more depending on the growth rate of the 

species). For our case study involving the Salmonella outbreak (chapter 4), we received the 

contaminated food samples linked to the outbreak afters they had been enriched for 18 hours 

(as stipulated in the ISO) and tested with qPCR for the presence of Salmonella (ISO: 

International Organization for standardization, 2017). We performed a DNA extraction of the 

entire samples, and could start an Illumina sequencing run the same week as the samples 

arrived at the NRL. After short read sequencing (2 days) and bioinformatics data analysis (1 

day), the entire process from reception of the samples to the delivery of the results took one 

week. Moreover, we demonstrated that we were able within this timing to obtain the same 

information as the conventional method, therefore replacing them by only one test (Table 

8.1): detection of the contaminant (Salmonella genus detected by taxonomic classification), 

recovery of the strain genome and characterization (to the serovar level, as well as detection 

of the AMR gene aac(6′)- Iaa_1) as well as relatedness to isolates from food and human origin 

of the same outbreak with 0 SNP difference, and clear separation to sporadic cases and 

another Salmonella outbreak. With the case study of the STEC spiked samples (Chapter 3), we 

demonstrated that the same workflow could be followed when more than one strain of the 

same species has to be characterized in the same sample. 
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Table 8.1: Perceived characteristics of conventional and newer methods, including metagenomics 

as proposed in this thesis, for the characterization of microorganisms. *Other phenotypic tests 

described in the introduction (Chapter 1) e.g. API tests, maldi-TOF MS, GC FAME. The symbols 

describe ‘overall perceived as a negative/positive/neutral intrinsic characteristic/(dis)advantage for 

the user’, and more into detail: +: positive characteristic; + +: very positive characteristic; +++: 

extremely positive characteristic; +/-: average/neutral characteristic; -: negative characteristic; - -: 

very negative characteristic; ---: extremely negative characteristic. Figure adapted from Jasson et al. 

(Jasson et al., 2010)  
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These studies were both performed using Illumina sequencing. However, this technology 

requires to sequence for 48 hours (when using the 2x250 bp sequencing on Illumina Miseq) 

and, because of the low number of samples that can be combined for a metagenomics run to 

obtain sufficient sequencing depth, this sequencing method is still expensive compared to the 

conventional methods and the WGS of isolates (Table 8.1). For a deeper sequencing, less 

samples would be placed on the cartridge and the price would be higher. These issues might 

be improved by using ONT sequencing. Indeed, ONT offers a relatively easy and fast protocol 

for the generation of the library, and a real-time sequencing for a very limited investment (the 

MinION instrument being about 100 times less expensive than for Illumina sequencing, while 

one MinION flow cell is half the price of one MiSeq cartridge, with, under perfect conditions, 

at the time of our studies, similar Gb outputs, Table 8.1). It allows to analyse 1 sample per flow 

cell, at a reasonable cost (Table 8.1). We compared the results that could be obtained with 

Illumina, ONT MinION or ONT Flongle sequencing on the same sample of minced meat spiked 

with STEC and enriched for 24 hours (chapter 5). We proved that a strain-level characterization 

could be obtained with both technologies, by using a similar data analysis workflow. For 

MinION sequencing, this was possible after only 12 hours of sequencing. After 24 hours of 

sequencing on a Flongle (1/10th of the price of a MinION flow cell for 1/10th of the amount 

of pores and therefore the expected sequencing output), it was also possible to obtain the 

same level of information if the DNA of the sample was extracted with the HostZERO kit, 

selectively depleting the eukaryotic DNA. Although Illumina and ONT offer similar results at 

strain level, the sequencing technology should be selected based on the amount of samples 

to sequence in one run. Indeed, Illumina sequencing is more cost-effective for several 

samples, and we presented in the chapters on STEC contamination, Salmonella outbreak and 

GMM investigation (Chapters 3-4 and 6) that we could obtain good results with 12 samples in 

one run. ONT MinION sequencing can be successfully used when only one sample has to be 

sequenced and in order to obtain results quickly. In the case of norovirus contamination, we 

decided to sequence only with ONT because the amount of samples to sequence in an Illumina 

run would not be obtained in practice, and this would therefore prevent transposing this 

method into routine. It is necessary to keep in mind that the cost of the sequencing 

technologies remains higher than the cost of any single conventional test (Table 8.1), but the 

sequencing gives in one test the information obtained from multiple other methods 

combined, and the price has drastically decreased and is expected to continue to decrease, 

which could make metagenomics more accessible.  

 Moreover, our work on nanopore sequencing allowed us to develop an in silico DNA 

walking method. This approach is a faster way to confirm if a contaminant is present in a 

sample compared to a detailed strain-level metagenomics analysis, by looking at the genomic 

context surrounding a gene of interest on long reads to verify the species hosting this gene. 

Although it does not allow a strain-level resolution or a relatedness analysis, it supports a more 

accurate discrimination in the contaminants detected in the sample (pathogen or not, 

genetically modified or not). We presented a confirmation of the presence of a STEC after only 

1h of sequencing on a MinION flow cell (Chapter 5). The same information could be ontained 

after one day of sequencing on the low-cost Flongle flow cell. Therefore, Flongle could be used 

as a low-cost screening method with in silico DNA walking, with the possibility to obtain strain-
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level characterization and relatedness if the sequencing depth allows it and if using a host 

depletion DNA extraction, as presented in our work on STEC (Chapter 5). 

8.6. How to implement this approach in routine analyses? Is the 

sensitivity of the method sufficient to comply with the current 

routine practices? 

The focus of this work was to obtain an alternative approach for the detection and 

characterization of food contaminants using metagenomics, that could be implemented in 

routine in the future. Therefore, our sample preparation and DNA/RNA extraction methods 

always stayed as close as possible to the current protocols in the reference laboratories, and 

the international standards.  

 We showed in our work on enriched bacterial pathogens (Chapter 3-4-5) that shotgun 

metagenomics can be used to characterize bacterial foodborne contaminants, even when 

more than one pathogenic strain was present, and to resolve an outbreak to its food source 

without ambiguity. This was done after enrichment in a non-selective buffer, following the 

protocol already used in the routine laboratories (ISO: International Organization for 

standardization, 2012, 2017). The DNA extraction that followed the enrichment was 

performed with a commercial kit. Therefore, this method could be implemented more easily 

in routine, but it would still require a validation before accreditation. Metagenomics could 

even be performed in parallel to the research for an isolate with the routine method, as was 

done in our work on bacterial pathogens (Chapters 3-4), and give a result when no isolate can 

be found. Moreover, we showed in our comparison of Illumina and ONT on STEC spiked 

samples (Chapter 5) that a screening sequencing on Flongle flow cell, after extraction 

depleting the DNA from eukaryotic cells, could replace the conventional methods and possibly 

already give strain-level information and relatedness, at a low cost. This would offer 

opportunities to use this approach also for surveillance in the future (depending on available 

budgets from competent authorities), and not only for outbreak investigation. The data 

analysis still requires expertise as no push-button pipeline was developed yet (table 8.1), 

which has to be taken into account if implemented in routine. However, this could be 

developed in a follow-up project. Finally, we showed results on STEC and Salmonella, and this 

method could be transposed to other bacterial pathogens with minimal changes. 

 Our work on GMM contaminations (Chapter 6) demonstrated that we could obtain 

information on a sample for which no isolate could be cultured and for which no evidence that 

it was a genetically modified organism could be obtained with the set of routine tests available 

by using shotgun metagenomics. This could be done by using the same DNA extraction 

method as currently used at the NRL, which would facilitate the implementation in routine. 

More development is necessary in this field in order to improve the DNA extraction to obtain 

HMW DNA and automate the data analysis, which is still very complex and manual, but we 

showed the very strong potential of shotgun metagenomics to detect the GMM present in the 

sample in just one test and without a priori information. Sequencing with shotgun 
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metagenomics might still represent a higher cost compared to the conventional methods 

(Table 8.1), but in the case of GMMs it might be the only method that can access the necessary 

information to prove that an unnatural construct is present in the sample, depending on the 

amount of tests that need to be done for full characterization and it replaces several time-

consuming tests (Table 8.1). Therefore, this approach has a strong potential to be used in 

routine in the future, in particular when no isolate can be obtained but a suspicion of the 

presence of a GMM has arisen from the qPCR screening. Moreover, shotgun metagenomics 

potentially allows to obtain the entire genome of the microorganism, to compare it to other 

references from a database or develop new screening tests from the unnatural associations, 

and even to characterize several strains in the same sample. For this, the gathering of all 

known GMM sequences in database would greatly help the analysis (Figures 8.1 and 8.2). 

Finally, our work on viral pathogens showed that not all contamination levels 

representative of real contaminations observed in routine might be detected. Nonetheless, 

we established that the use of a RNA extraction method more specific to viruses might 

improve these results as shown on our analysis of a previously published dataset. This is a very 

challenging case study as no enrichment was conducted and the contamination is low and 

heterogeneous. The sequencing at a higher sequencing depth could improve the results or 

limit of detection, but this would represent a higher cost which might not be affordable for 

routine tests. Ultimately, based on the results we presented (in Chapter 7) and other recent 

studies (Yang et al., 2017; Desdouits et al., 2020b), more work is necessary before 

metagenomics could be implemented for the detection and characterization of such food 

contaminants, although it is the only method that could provide a relatedness study for viral 

contaminants. 

Because we worked with samples from the routine, following the current practices for 

sample preparation (Chapter 4 and 6) e.g. enrichment or not or used samples spiked at 

representative contamination doses (Chapters 3, 5 and 7) and could obtain a characterization 

of the contaminant comparable to the information obtained with conventional methods, we 

can conclude that the sensitivity of the method proved to be sufficient to comply with current 

routine practices. However, more tests are necessary to validate the method including 

determining precisely the parameters of the selected method such as sensitivity, specificity or 

limit of detection. In order to have statistically relevant results, a high number of samples 

should be tested (Negida et al., 2019; Peterson et al., 2022). This validation should also further 

address important aspects such as when should controls be included and which kind of 

controls, how to deal with mixed contaminations (e.g. mix of bacteria and viruses) and to 

determine precise levels to decide on the workflow to use. The bioinformatics analysis should 

also be validated and the standardized presentation of the data in a report for the competent 

authorities should also be determined. However, we believe that this PhD paved the way 

towards such validation by presenting the methods to be used or not (Figure 8.1). Finally, 

metagenomics has the potential to characterize multiple strains in a sample to the SNP level 

in one test, when sometimes not all strains are detected in routine. Using metagenomics 
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would also allow to determine the occurrence of co-contaminations which is currently 

unknown or underestimated when using isolation. 

8.7. Future challenges and perspectives 

8.7.1. Future developments 

Based on the answer given to these scientific questions, we have shown the potential of 

shotgun metagenomics to study microbiological contaminants in food to the strain level. For 

this, several workflows have been presented (Figure 8.1), where we have investigated the use 

of shotgun metagenomics for a specific case study, but representative for a typical scenario 

encountered by the NRL. However, the main challenge that still remains to be overcome is to 

circumvent the need for culture enrichment when working with a complex matrix (Figure 8.1), 

that we used to study bacterial pathogens (Chapters 3-4-5). Indeed, culturing adds about one 

day to the analysis, but above all, it is not a fully open approach: not all foodborne 

contaminants grow at 37°C in buffered peptone water in aerobic conditions (e.g. Clostridium 

(Edwards et al., 2013), Campylobacter (Davis and DiRita, 2008), GMMs with auxotrophy 

(Fraiture et al., 2020e)…). Adding culturing conditions would only multiply the number of 

samples to be analysed by metagenomics. Moreover, some competition during the culture 

might hinder the growth of the contaminant of interest (Heir et al., 2018; Ibrahim et al., 2021; 

Liu et al., 2021a). As showed in our work on GMM and norovirus, the contamination load in 

the sample has a great influence on the level of information that can be obtained with shotgun 

metagenomics without enrichment.  

Alternative methods could allow to obtain strain-level information for very low levels of 

contaminations in complex matrices without culture enrichment (Figure 8.2). At short term, 

as discussed when studying norovirus, adaptive sampling could be considered as a way to 

enhance the sequencing ratio of the contaminant of interest. It is a relatively new tool 

proposed by ONT, allowing to continue or not to sequence a DNA fragment if it matches or 

not a database or reference genomes, a priori defined by the user. Indeed, the tool can be 

used to stop the sequencing of DNA fragments similar to the references in the database 

(depletion, used with the sequence genome of the food matrix, but these sequences might be 

computationally too heavy/large and not available for all matrices), or to stop sequencing any 

fragment that does not match the references in the database (enrichment, used with the 

sequence genomes of the contaminants of interest, ideally a database for all foodborne 

pathogens). As a result, the sequencing capacity will be devoted to the target of interest, and 

not to the background. Although this method was unsuccessful in our study of norovirus 

contamination (Chapter 7), the results could be improved if longer reads can be obtained. 

Indeed, several hundred base pairs have to be sequenced before the tool can decide to reject 

the DNA fragment or not (Martin et al., 2022). Moreover, the new ONT library preparation kit 

(kit 14) associated with the newest flow cells (R 10.4.1) should also allow to adjust the 

sequencing speed of the pores in the flow cell. This could increase the accuracy of the 

sequencing and therefore also impact the precision of the decision of the adaptive sampling, 
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at the cost of a lower output (Brown, 2022). If the DNA concentration is too low for a 

sequencing, random DNA amplification could be considered as a possible way to obtain a 

higher level of genetic material instead of the replication by culture enrichment, as we showed 

that it does not negatively impact the result, but also did not improve it (Chapter 3), and ONT 

requires a high amount of input DNA.  

Although we showed that metagenomics can characterize the contaminant and detect 

ARGs at strain level in food and feed samples, we were not yet able to determine with 

certitude if this gene was present on a plasmid or on the chromosome. This is particularly 

important as ARGs present on plasmids are known to be more easily transmissible in the 

environment (EFSA, 2021b). Some bioinformatics tools have been developed based on 

machine learning to evaluate if the ARG is present on a plasmid (Andreopoulos et al., 2022), 

but this is based on statistics and not on real information from the bacteria in our sample 

(Carattoli and Hasman, 2020), and we know that some regions of plasmids can be integrated 

in the genomes of the bacterium (Berbers et al., 2020). Moreover, the possibility for a false 

assumption would be even higher when studying artificial constructs in the case of GMMs. A 

new method allows to make the link between the plasmid and the bacterium holding it. Hi-C 

(Figure 8.2) labels spatially close portions of genomes (Lieberman-Aiden et al., 2009). It has 

been used to study structural configurations in the genomes (Schöpflin et al., 2022; Okabe and 

Kaneda, 2023) but also to link plasmid to the chromosome of the host bacterium (Cuscó et al., 

2022; Kalmar et al., 2022). One obstacle, however, could be the low amount of intact cells in 

the food products as well as the complex data analysis. Another alternative method that has 

been described lately (mainly in clinical and environmental studies) could be tested as well i.e. 

single cell metagenomics (Figure 8.2). This method allows to sequence individual cells 

(obtained through various processes including microfluidics). Each single genome is then 

amplified and sequenced. Such method is of particular interest to attain strain level when 

multiple strains of the same species are present (Ide et al., 2022), or to link immediately a 

plasmid to its host at cell level (Nishikawa et al., 2022). It can also target specifically only the 

living or unaltered cells (Xu and Zhao, 2018; Chijiiwa et al., 2020). However, it can be biased 

due to the amplification step (Arikawa et al., 2021). Both of these approaches (i.e. Hi-C and 

single-cell metagenomics) are still very new and costly and have yet to be tested for the 

application of the contaminants in food or feed. It should be tested in order to determine how 

many cells have to be sequenced to obtain the information on the contaminants in the sample, 

and if this method is cost-effective (especially in terms of routine applicability) compared to 

other methods presented in this PhD.  

In 2019, EFSA called for proofs of concepts of the use of shotgun metagenomics for the 

application of food safety and foodborne outbreak investigations (EFSA, 2019b). Our work 

presented such proofs of concepts on various matrices and contaminants, representative of 

realistic scenarios for routine laboratories. Therefore, the call of EFSA has been answered and 

the added value of shotgun metagenomics has been stated. The next step would include a 

thorough validation of these methods, for specific pathogens of interest, before applying them 

in a routine setting. This validation might imply some modification to the protocols previously 
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presented (Figure 8.1). Moreover, user-friendly data analysis tools should be developed for 

ease of use in routine laboratories, e.g. through the implementation of the workflow as a 

webtool, and ultimately the competent authorities have to be convinced that shotgun 

metagenomics is a trusted alternative, and worthwile to pay for. 

8.7.2. Entering the era of metagenomics 

Although new developments are still necessary, the work presented in this PhD 

dissertation along with other recent publications (see examples in this section), has shown 

that metagenomics is able to profile microbial populations at strain level in one test. Several 

proofs of concepts have demonstrated that it is a fast and reliable method that can type a 

genome, and scientists have declared that we might now be entering a new era where 

metagenomics has proven that it can be used without the need for a systematic validation 

from isolates (Cocolin and Ercolini, 2015). This offers possibilities to use shotgun 

metagenomics for the characterization of foodborne contaminants but also for example for 

the diagnosis in clinical samples, allowing to obtain rapid information about the treatment to 

follow, or for rapid on site testing of pathogen or AMR presence to guide veterinaries in their 

treatment procedure or clinicians at locations where laboratories are not in the direct vicinity. 

Moreover, metagenomics also has the potential to study co-infections, which was done for 

example during the covid-19 pandemic (Molina-Mora et al., 2022), but this has only been 

described in very few studies. 

The global COVID-19 pandemic that started in 2020 has increased the awareness on the 

emergence of new contaminants or the re-emergences and spread of known diseases 

(Morens and Fauci, 2020). For a good management of these epidemics, these contaminants 

should be detected, characterized and monitored, and data should be easily shared between 

countries. Shotgun metagenomics offers the possibility to obtain the data of an unknown 

novel pathogen, or gene (e.g. ARGs) without a priori information, from environmental or 

clinical samples, and therefore to detect it and characterize it (Miller et al., 2013; Govender, 

2021). It has been rapidly shown that the occurrence of SARS-CoV-2 could be detected and 

monitored from the analysis of wastewater using qPCR (Lodder and de Roda Husman, 2020), 

but metagenomics also allows to explore the entire genetic material in these samples, 

permitting to possibly detect new variants or even new viruses, bacterial pathogens or ARGs 

(Hendriksen et al., 2019; Martínez-Puchol et al., 2021; Brumfield et al., 2022). The systematic 

surveillance of wastewater using shotgun metagenomics would endorse the gathering of all 

this epidemiological information at the level of cities or countries, and because bioinformatics 

allows retrospective analysis of previously sequenced metagenomes (Andersen et al., 2015), 

a trace back of novel contaminants is also conceivable.  

Metagenomics has also now increasingly been used to study the human microbiomes, as 

a method to look at the whole microbial community and how it can impact the health of the 

patient, instead of looking for one contaminant. It has been used to study the diversity within 

the human gut, but also to detect ARGs within the genomes found in these communities (Qiu 
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et al., 2020), and it is now becoming a tool of choice to make links between diseases and 

microbiome. Dysbiosis, or imbalance in the gut microbiota, has been associated with diabetes, 

obesity, allergies and cancers amongst others (Turnbaugh et al., 2009; Qin et al., 2012; Ahn et 

al., 2013; Le Chatelier et al., 2013; Abrahamsson et al., 2014; Wang et al., 2015). Dysbioses 

have also recently been linked to the consumption of xenobiotics in the diet (Chi et al., 2021; 

EFSA, 2022). Therefore, the study of the gut microbiomes can help determine new 

associations between illnesses and the food ingested. Determining the composition of the gut 

microbiomes with metagenomics can therefore play a role in food safety but also be used as 

a biomarker for diagnostic and therapeutic purposes. Finally, it has also been associated 

withhealth risk assessment to certain exposures or differential susceptibility to e.g. foodborne 

pathogens (Stevens et al., 2021; Strain et al., 2022) or SARS-CoV-2 (Sarkar et al., 2021; Veziant 

et al., 2021; Metwaly et al., 2022). Studies have now shown that the strain level is also 

necessary to accurately and precisely differentiate gut microbiomes, while metabarcoding 

cannot separate them (De Filippis et al., 2016, 2019). The focus has now also shifted to other 

parts of the human body such as skin, vagina or saliva (Nagar and Hasija, 2018; Liu et al., 

2021b; Coker et al., 2022) but there is still much to uncover.  

These new discoveries and application areas will have an important impact on the future 

of public health. Strain-level shotgun metagenomics methods such as these presented in this 

work will contribute to unravelling all the information from these microbiomes. The 

foundation stones have been laid towards fascinating new studies in the era of metagenomics. 
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