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Population structure analysis and laboratory monitoring of Shigella using whole-genome sequencing

Shigellosis, or bacillary dysentery, is a highly contagious diarrhoeal disease caused by bacteria of the Shigella group. It continues to pose a major public health problem, killing thousands of people around the world every year, especially children under 5 years old. The laboratory surveillance of Shigella infections is based on a standardised Shigella typing scheme, developed in the late 1940s, that classifies Shigella into four serogroups and more than 50 serotypes on the basis of biochemical and antigenic tests. This conventional method is laborious, timeconsuming, not automatable and requires a high level of expertise. Whole-genome sequencing (WGS) has recently revolutionized public health microbiology. Over the last few years, realtime genomic surveillance of Shigella infections has been implemented in several countries, but without the use of a standardised typing scheme. Given the severity and frequency of shigellosis, the emergence of extensively drug-resistant strains and the current dearth of new antimicrobial drugs, improved surveillance of these infections is therefore essential. The aim of our work was to better understand the population structure of Shigella "genus" using whole genome sequencing of over 4000 reference strains and clinical isolates, covering all serogroups and serotypes described for this pathogen, in order to improve the laboratory monitoring of these infections. Using the Escherichia/Shigella core-genome multilocus sequence typing (cgMLST) scheme developed by EnteroBase, we were able to demonstrate that Shigella genomes were grouped into eight phylogenetically distinct groups within the Escherichia coli species. The cgMLST hierarchical clustering (HC) analysis at different levels of resolution (HC2000 to HC400) recognises the natural population structure of Shigella. Unlike cgMLST, the traditional scheme strongly affected by horizontal gene transfer led to the clustering of genetically unrelated Shigella strains and vice versa. In parallel, we studied several regions and markers of interest (polymorphism of rfb gene cluster, sequence of the fliC gene, MLST, CRISPR spacers), which enabled us to develop ShigaPass, a new in silico tool that aims to predict Shigella serotypes from WGS data. In addition, this work allowed us to update the typing scheme by describing five new serotypes of Shigella. These genomic methods are portable, robust, easy to use and have high resolution. Indeed, combining cgMLST data with in silico serotyping data will improve genomic surveillance of Shigella infections while v maintaining some level of compatibility with the historical nomenclature. Finally, we applied these methods to study and characterize Shigella strains isolated in Lebanon.
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Résumé

Analyse de la structure des populations et surveillance des

Shigella par séquençage génomique

La shigellose, ou dysenterie bacillaire, est une maladie diarrhéique très contagieuse causée par les bactéries du groupe Shigella. Elle continue de poser un problème majeur de santé publique en tuant des milliers des personnes dans le monde chaque année, en particulier les enfants de moins de Ces dernières années, la surveillance génomique en temps réel a été mise en place dans plusieurs pays, mais sans recourir à une méthode standardisée. Compte tenu de la gravité et de la fréquence de la shigellose, l'émergence des souches extrêmement résistantes aux antibiotiques et la pénurie actuelle de nouveaux antibiotiques, une meilleure surveillance de ces infections est donc primordiale. Le but de notre travail a été de mieux comprendre la structure des populations du « genre » Shigella en analysant les séquences de génomes entiers de plus de 4000 souches de référence et isolats cliniques, couvrant l'ensemble des sérogroupes et sérotypes décrits pour ce pathogène, de façon à faire évoluer la surveillance microbiologique de ces infections. En utilisant le schéma de core-genome multilocus sequence typing (cgMLST) des

Escherichia/Shigella développé par EnteroBase, nous avons pu démontrer que les génomes de Shigella ont été regroupés en huit groupes phylogénétiquement distincts au sein de l'espèce Escherichia coli. L'analyse des hierarchical clusters (HC) à différents niveaux de résolution (HC2000 à HC400) a permis l'identification des populations naturelles de Shigella, alors que la technique de sérotypage fortement affectée par le transfert horizontal de gènes a conduit au regroupement de souches de Shigella génétiquement non apparentées et inversement. En parallèle, nous avons étudié plusieurs régions et marqueurs d'intérêts (Polymorphisme du cluster de gènes rfb, séquence du gène fliC, MLST, CRISPR spacers), ce qui nous a aidé à développer ShigaPass, un nouvel outil in silico ayant pour but d'inférer le sérotype à partir des données de séquençage. Ces travaux nous ont permis de mettre à jour le schéma de typage en décrivant cinq nouveaux sérotypes de Shigella. Ces techniques sont standardisées, robustes, faciles d'utilisation et à haute résolution. En effet, l'association des données cgMLST avec les données de sérotypage in silico améliorera la surveillance génomique des infections à Shigella tout en maintenant un certain niveau de compatibilité avec la nomenclature historique.

vii Finalement, nous avons appliqué ces méthodes pour étudier et caractériser des souches de Shigella isolées au Liban.
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Shigella

Outbreaks of dysentery plagued the world before the introduction of food and water security, modern medicine, and antibiotics. In 1897, a deadly dysentery outbreak in Japan with a fatality rate of 25% caught the attention of Dr. Kiyoshi Shiga and drove him to immediately try to address this problem which affected more than 90,000 people. He isolated the bacterial agent from the stool of patients suffering from this diarrhoea and discovered a similar Gram-negative bacillus in all the patient coprocultures. This previously undescribed agent was named later as Shigella dysenteriae. Bacteria sharing similar properties were isolated all over the world, lending to a long list of described Shigella serotypes [1].

Even with the sanitary and hygiene improvement, Shigella remains a major public health problem worldwide and is classified along with rotavirus, Cryptosporidium and enterotoxigenic

Escherichia coli (ETEC) as one of the four major pathogens causing moderate to severe diarrhoea in developing countries [2,3]. In the last years, extremely antibiotic-resistant Shigella strains have been reported in many countries [4][5][6]. The increase in resistance to antibiotic agents and the absence of commercialised vaccines against Shigella prompted the World Health Organization (WHO) in 2017 to define Shigella among the priority pathogens for which new antibiotics are urgently needed [7]. Given the severity and frequency of shigellosis and the current dearth of new antimicrobial drugs, improved surveillance and a better understanding of Shigella infection are highly needed.

Shigella is a Gram-negative, rod-shaped, non-motile, non-sporulating, facultative anaerobic pathogen belonging to the Enterobacteriaceae family. Shigella genus includes four serogroups (species): Shigella dysenteriae (serogroup A), S. flexneri (serogroup B), S. boydii (serogroup C), and S. sonnei (serogroup D). According to their O-antigen variation, the serogroups were further subdivided into several serotypes [8,9].

Humans are the main reservoirs of Shigella that can be also found in some primates. Shigella is very contagious, requiring fewer than 200 bacteria to cause disease in humans, while doses of 10 9 -10 10 cells are required to observe dysentery in rhesus monkeys [10,11].

Shigella is exclusively present in the stools of ill and recovering persons and it is transmitted by the faecal-oral route, usually by direct contact from person to person due to poor hygiene, or indirectly through contaminated food, water, or soiled objects. Flies may contribute as vectors and could carry shigella on their legs, wings or faeces and contaminate food [10,12,13]. In addition, Shigella has also been described as a sexually transmitted infection mainly in Chapter I -Literature review Part 1 -General overview of Shigella 4 men who have sex with men (MSM) [14]. The organism can even be transmitted during swimming in contaminated pools or lakes and can spread rapidly in institutional environments such as military and child day-care centers [13].

Shigella pathogenesis: the invasion mechanism

Once Shigella is ingested, symptoms usually begin after 12 to 96 hours including fever, nausea, vomiting, abdominal cramping, watery or mucoid bloody diarrhoea. These clinical manifestations are the consequences of Shigella invasion and the destruction of the large intestinal epithelium (Figure 1) [10,13,15,16].

After ingestion, Shigella reaches the stomach where many pathogens are usually killed due to the low pH environment. Shigella has a special ability to adapt to these severe conditions and is more resistant to gastric acid than other intestinal bacteria such as Salmonella, thus allowing a small number of bacteria to survive and cause the infection [17]. Shigella enters the large intestine and crosses the epithelium through microfold cells (M cells), that are specialised in carrying out the "trans-epithelial transport". This process promotes the transport of antigens and pathogens from the intestinal lumen to the underlying immune cells [16,18,19]. Once Shigella has reached the basolateral side, it is phagocytosed by macrophages in the submucosa.

However, Shigella induces immediately apoptotic death of the macrophages and therefore evades immune defenses. After its release, Shigella invades epithelial cells by their basolateral pole via endocytosis. The bacteria then lyse the surrounding phagosome and escape from the endocytosis vacuoles into the cytosol and replicate before spreading intracellularly to neighbouring cells. Then Shigella travels from epithelial cell to epithelial cell using the host cells own microfilament, through actin polymerization to create a tail-like structure for mobility, thus avoiding exposure to extracellular components of host immune defence [16,18].

Nevertheless, this process also elicits a strong inflammatory response in the host. It activates the nuclear factor kappa B (NFκB) in the cells, causing upregulation and secretion of diverse interleukins. These interleukins stimulate massive recruitment of neutrophils at the site and cause more inflammation and epithelial damage thus allowing more luminal bacteria to reach the submucosa without the need for M cells [20]. These mechanisms are essential for the development of diarrhoea and the pathological characteristics of shigellosis. Moreover, Shigella can occasionally cause invasive infections such as meningitis, osteomyelitis, spleen abscess, and sepsis, most commonly in immunocompromised individuals [13]. In children, secondary 

The virulence plasmid and the type III secretion system

The entry and dissemination of Shigella in the intestinal epithelium cells are controlled by several genes carried by a large 220 kb plasmid known as the virulence plasmid (pINV). This pINV is fundamental for virulence and carries over 100 genes and numerous insertion
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Chapter I -Literature review Part 1 -General overview of Shigella 6 sequences (IS) [26,27]. Notably, most of the virulence genes on pINV are located on a 31-kbp "entry region", the ipa-mxi-spa locus, which encodes a type III secretion system (T3SS) (Figure 2). This region does not contain any IS elements and consists of several genes organized into two clusters, one encoding the T3SS apparatus (Mxi and Spa) and the second encoding chaperones, regulators and effectors [26][27][28]. The T3SS is a macromolecular needle-like structure that delivers bacterial effector proteins directly into the host cell cytoplasm. The most important and most heavily studied secreted proteins are the Ipa proteins (IpaA, IpaB, IpaC and IpaD) which play a key role in actin remodelling and promoting invasion of epithelial cells [29,30]. Effector proteins often require chaperones (IpgA, IpgC, IpgE, and Spa15) for their stabilization, interaction with the secretion machinery and delivery into host cells [30][31][32][33].

MxiE and VirB are transcriptional activators required for the regulation of the T3SS-associated genes [34]. Outside the "entry region", other genes contributing to the virulent phenotype are encoded and are mainly involved in post-invasion mechanisms such as the modulation of host immune responses and actin poylmerization [25,35]. Of these genes, the ipaH gene families encode for a class of E3 ubiquitin ligases which play an important role in degradation of host cell proteins. Five ipaH genes have been identified on the virulence plasmid and, depending on the Shigella strain, up to seven genes may be present on the chromosome [36,37]. Finally, the expression of the virulence genes is highly regulated and responds to an array of environmental signals such as temperature, osmolarity and pH. The expression of the T3SS is activated at 37°C, the internal temperature of its human host, and appears to decrease in expression at 30°C [25,30,38]. 

Toxins

Shiga toxin (Stx), a cytotoxic toxin, is one of the most harmful and toxic biological poisons known. It was first discovered in S. dysenteriae 1 in 1903 and was found later in a group of E.

coli isolates (STEC: Shigatoxin producing E. coli) [40]. The secretion of this toxin is associated with severe bloody dysentery that can progress to life-threatening systemic complications such as hemolytic uremic syndrome (HUS), an acute renal failure syndrome, as well as central nervous system abnormalities [41]. Shiga toxin inhibits protein synthesis, induces apoptosis and alters gene and protein expression in host cells (Table 1) [41].
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Chapter I -Literature review Part 1 -General overview of Shigella 8 Shigella enterotoxin 1 (ShET1), ShET2, Pic, SepA, SigA are different types of enterotoxins and serine protease autotransporters, produced by Shigella spp. that play a role in impaired fluid and nutrient absorption in the small intestine, thus resulting in watery diarrhoea (Table 1) [18,42]. 

Epidemiology

The first documented epidemic of shigellosis occurred in Japan in the late 19 th century, during which 90,000 cases and 20,000 deaths were reported in the last six months of 1987. It led to the identification of the first Shigella serotype, S. dysenteriae 1. This serotype is distinguished from other Shigella bacteria by its epidemic nature and production of Stx, which is associated with a high fatal prognosis [1,54]. In the second half of the 20 th century, several S. dysenteriae 1 outbreaks have been reported, the most recent being in East and Central Africa in the early 1990s [13,54]. According to recent global disease burden estimates in 2016, Shigella was responsible for a significant proportion of morbidity and mortality related to diarrhoeal disease, killing more than 210,000 people per year around the world and accounting for 13.2% of all diarrhoea deaths. Shigella affects mainly children younger than 5 years in developing countries where hygiene and sanitation are insufficient but also affects the elderly and immunocompromised patients [3]. In developed countries, shigellosis is often associated with travellers in endemic areas or with some high-risk groups, such as MSM and Orthodox Jewish communities [4,14,55]. S. flexneri is currently the main cause of shigellosis in low-income countries while S. sonnei is mainly endemic in high-income countries (Figure 3 flexneri is lethal to this amoeba and therefore cannot play the same protective role [57, [START_REF] Dupuy | Sensitivity of free-living amoeba trophozoites and cysts to water disinfectants[END_REF][START_REF] Marciano-Cabral | Acanthamoeba spp. as agents of disease in humans[END_REF][START_REF] Saeed | Acanthamoeba castellanii an environmental host for Shigella dysenteriae and Shigella sonnei[END_REF].

However, a recent study has demonstrated that S. sonnei does not survive intracellulary in the amoeba. Hence, the amoeba is less likely to be environmental host of S. sonnei [START_REF] Watson | Shigella sonnei Does Not Use Amoebae as Protective Hosts[END_REF].

Finally, S. sonnei and S. flexneri have gained a selective survival advantage by owing a great ability to acquire mobile resistance genes suggesting that antibiotic resistance alone could not explain the shifting dominance of S. sonnei [6,14,57,[START_REF] Watson | Shigella sonnei Does Not Use Amoebae as Protective Hosts[END_REF]. Further studies are needed to explore differences in virulence and transmission of S. sonnei and to understand the actual cause of S. sonnei persistence compared to S. flexneri. However, these symptoms are common with other bacterial, viral, and protozoan infections [13]. Therefore, the diagnosis relies on isolation and identification of Shigella from faeces.

Conventional bacterial culture on selective media such as MacConkey, Salmonella-Shigella agar followed by a panel of biochemical tests are the first steps towards Shigella identification.

These biochemical reactions provide a preliminary identification, and slide agglutination tests with antisera specific for serogroup and serotype confirm the identification [8,13]. Polymerase chain reaction (PCR) has emerged as an alternative method for Shigella detection and confirmation. Generally, Shigella PCR schemes target the ipaH gene which is located on both the chromosome and the virulence plasmid [START_REF] Løbersli | Molecular Differentiation of Shigella Spp. from Enteroinvasive E. Coli[END_REF][START_REF] Pavlovic | Development of a duplex real-time PCR for differentiation between E. coli and Shigella spp[END_REF]. Other identification and typing tools will be discussed in depth in the part III of this chapter.

Prevention and treatment

As any infectious diarrhoeal disease, the most important prophylactic treatment for shigellosis is the improvement of hygiene conditions. This involves both collective (drinking water supply)

and individual (hygiene education) measures. Frequent handwashing with soap and water, particularly after using the restroom or changing a child's diaper has contributed successfully in the prevention of Shigella. With proper rehydration, shigellosis is a self-limiting disease that usually resolves within 7-10 days. Antibiotic prescription depends on the severity of the disease, the patient age, and the risk of further transmission of the infection. It is therefore necessary in these cases and can prevent complications [START_REF]WHO preferred product characteristics for vaccines against Shigella[END_REF][START_REF] Williams | Guidelines for the treatment of dysentery (shigellosis): a systematic review of the evidence[END_REF][START_REF]Guidelines for the control of shigellosis, including epidemics due to Shigella dysenteriae type 1[END_REF]. Following the introduction of antibiotics and the improvement of water, sanitation and hygiene (WASH) conditions, shigellosis mortality has fallen in recent years, with estimates dropping from 6.45 deaths per 100,000 habitants in 1990 to 2.87 deaths per 100,000 in 2016 [3]. Unfortunately, the emergence of resistance has reduced treatment options, forcing the use of second-or third-generation antibiotics. Currently, the WHO recommends ciprofloxacin as first line therapy [13,[START_REF] Williams | Guidelines for the treatment of dysentery (shigellosis): a systematic review of the evidence[END_REF][START_REF]Guidelines for the control of shigellosis, including epidemics due to Shigella dysenteriae type 1[END_REF]. Azithromycin and ceftriaxone injections are alternative treatments in case of contraindication or when strains are known to be resistant to ciprofloxacin (Figure 4) [13,[START_REF]Guidelines for the control of shigellosis, including epidemics due to Shigella dysenteriae type 1[END_REF][START_REF] Ranjbar | Shigella: Antibiotic-Resistance Mechanisms And New Horizons For Treatment[END_REF]. However, the emergence of strains extensively drug resistant to ciprofloxacin, to third-generation cephalosporins, and to azithromycin is indeed a major health problem especially with the severe lack of new antibiotics

Chapter I -Literature review Part 1 -General overview of Shigella 12 in development [4,5,14,71,[START_REF] Worley | Genomic Drivers of Multidrug-Resistant Shigella Affecting Vulnerable Patient Populations in the United States and Abroad[END_REF]. Although mortality rates have decreased since 1990, morbidity in young children and elderly remains high. In addition, the continuing high incidence of moderate to severe diarrhoea in young children (more than 100 episodes per 1000 children per year) may lead to physical and cognitive developmental delays in these young victims [3,[START_REF] Khalil | Capturing the true burden of Shigella and ETEC: The way forward[END_REF]. For these reasons and since 2017, Shigella has been considered by the WHO as a priority pathogen among other eleven pathogens for which new treatments are urgently needed [7]. years with an increase of sexual transmission among MSM [START_REF]Shigellosis: Annual Epidemiological Report for 2017[END_REF][START_REF]National notifiable diseases: Australia's notifiable diseases status: Annual report of the National Notifiable Diseases Surveillance System[END_REF]. In the United States of America (USA), 86% of the shigellosis recorded in 2015 were caused by S. sonnei.

Nevertheless, S. flexneri was predominant in Africa and Asia [START_REF] Kahsay | A review on Sero diversity and antimicrobial resistance patterns of Shigella species in Africa, Asia and South America, 2001-2014[END_REF]. Few studies were conducted in Middle Eastern and North Africa region. In Egypt, 30% of acute enteric infections were due to Shigella with a predominance of S. flexneri [78].

One of the main objectives of Shigella surveillance is monitoring the emergence and the spread of antibiotic resistant strains. The advent of the antibiotic era in the 1940s provided powerful drugs for the treatment of dysentery, such as sulfonamide (SUL), tetracycline (TET)

and chloramphenicol (CHL), which were effective drugs against Shigella. Unfortunately, the efficacy of these antibiotics lasted only a few years and, by 1950s, Shigella developed resistance to all of these antibiotics and treatment shifted to ampicillin (AMP) and co-trimoxazole (TMP-SUL). In 1980s, a dramatic increase of resistance to these latter antibiotics has been observed in different parts of the world. The pattern of multiple drug resistance (MDR) to AMP, SUL, TMP, TET and CHL is now well known and international guidelines no longer recommend these antibiotics for the treatment of shigellosis. Nalidixic acid (NAL) was widely used but also became ineffective and soon after that the new systemic fluoroquinolones opened up new therapeutic solutions to multidrug-resistant shigellosis. Unexpectedly, fluoroquinoloneresistant strains have been isolated from various sources (Figure 5). sonnei has been reported [START_REF] Campos-Madueno | Rapid Increase of CTX-M-Producing Shigella sonnei Isolates in Switzerland Due to Spread of Common Plasmids and International Clones[END_REF]. In Lebanon, 37.8% of Shigella isolated between 2011 and 2013 were resistant to ampicillin [START_REF] Chamoun | Surveillance of antimicrobial resistance in Lebanese hospitals: retrospective nationwide compiled data[END_REF]. A higher rate (50%) of ampicillin resistant isolates was reported in France in 2019. Moreover, 8% of Shigella were resistant to cephalosporines of third generation [START_REF] Weill | Rapport d'activité annuel 2020 -Année d'exercice 2019[END_REF]. Shigella β-lactam resistance is mainly due to the presence of blaTEM, blaSHV, blaOXA, and blaCTX-M genes, usually present on transmissible plasmids [START_REF] Ranjbar | Shigella: Antibiotic-Resistance Mechanisms And New Horizons For Treatment[END_REF]. CTX-M-15 is one of the most common ESBL found in Shigella and it has been detected in various countries across the world, including France [START_REF] Weill | Rapport d'activité annuel 2020 -Année d'exercice 2019[END_REF][START_REF] Lartigue | Multidrug-resistant Shigella sonnei and Salmonella enterica serotype typhimurium isolates producing CTX-M beta-lactamases as causes of community-acquired infection in France[END_REF], Australia [5], the UK [START_REF] Locke | Acquisition and loss of CTX-M plasmids in Shigella species associated with MSM transmission in the UK[END_REF], Switzerland [START_REF] Campos-Madueno | Rapid Increase of CTX-M-Producing Shigella sonnei Isolates in Switzerland Due to Spread of Common Plasmids and International Clones[END_REF], Korea [START_REF] Kim | Complete nucleotide sequence of the IncI1 plasmid pSH4469 encoding CTX-M-15 extended-spectrum β-lactamase in a clinical isolate of Shigella sonnei from an outbreak in the Republic of Korea[END_REF], Turkey [START_REF] Kacmaz | Drug resistance profiles and clonality of sporadic Shigella sonnei isolates in Ankara, Turkey[END_REF], Iran [START_REF] Bialvaei | The Prevalence of CTX-M-15 Extended-spectrum β-Lactamases Among Salmonella spp. and Shigella spp. Isolated from three Iranian Hospitals[END_REF], and Lebanon [START_REF] Matar | First detection and sequence analysis of the bla-CTX-M-15 gene in Lebanese isolates of extended-spectrum-betalactamase-producing Shigella sonnei[END_REF][START_REF] Sabra | Molecular characterization of ESBL-producing Shigella sonnei isolates from patients with bacilliary dysentery in Lebanon[END_REF]. In general, blaCTX-M are usually found in close proximity to ISEcp1 insertion sequence suggesting that IS might play an important role in mobilizing these resistance genes [START_REF] Ranjbar | Shigella: Antibiotic-Resistance Mechanisms And New Horizons For Treatment[END_REF][START_REF] Li | Molecular characterization of the extended-spectrum betalactamase (ESBL)-producing Shigella spp. in Shanghai[END_REF]. Carbapenem resistance has been recently identified in Shigella strains harbouring blaVIM and blaIMP genes in Japan, India and Senegal.

However, it is rarely reported in Shigella and remains an infrequent event [START_REF] O'hara | Novel metallo beta-lactamase mediated by a Shigella flexneri plasmid[END_REF][START_REF] Thamizhmani | VIM-and IMP-type metallo-β-lactamase-producing Shigella spp. in childhood diarrhea from Andaman Islands[END_REF][START_REF] Sambe-Ba | Sensitivity to antibiotics and genetic support to resistance of Shigella flexneri strains isolated in Dakar from 2001 to 2010[END_REF].

Quinolones resistance

Quinolones are a class of synthetic antimicrobial agents which are widely prescribed in the world. They inhibit the deoxyribonucleic acid (DNA) synthesis by targeting DNA gyrase and DNA topoisomerase IV enzymes. Particularly, they interfere with GyrA, GyrB, ParC, and ParE subunits and form a complex between the DNA, the antibiotic and the enzyme, leading to chromosomal breaks, and promoting lethal bacterial damage [START_REF] Yassine | Plasmid-mediated quinolone resistance: Mechanisms, detection, and epidemiology in the Arab countries[END_REF]. Quinolones are highly efficient for treating shigellosis, but their widespread use has led to the emergence of quinolones resistant Shigella strains. Indeed, the WHO considered the increase in quinolone resistant bacteria to be of "international concern" [START_REF]Antimicrobial resistance: global report on surveillance[END_REF]. Quinolones resistance could arise via primarily two mechanisms: mutations in the quinolone-resistance determining regions (QRDRs) of the target genes as well as plasmid-mediated quinolone resistance (PMQR). QRDRs are specific regions known as "hot spots", where any mutation in these regions could lead to quinolone resistance. PMQR facilitates the selection of isolates with higher levels of resistance and confer reduced susceptibility to quinolones through the protection of the targeted enzymes or the production of molecules that reduce the antibiotic's efficacy. In Shigella, mutations in gyrA and parC genes are the most frequent quinolone resistance mechanism. In particular, gyrA-S83L 

(

Tetracycline resistance

As macrolides, tetracylines bind to the ribosome 30S unit and inhibit protein synthesis [113].

Tetracycline was frequently used to treat Shigella infections. However, tetracycline resistance was first identified in the 1950s and since then a high prevalence of tetracycline resistant Shigella isolates was detected worldwide, indicating that tetracycline is not a suitable antibiotic to empirically treat a shigellosis episode. Resistance of Shigella spp. to tetracycline has mainly been attributed to the presence of tet genes which encode for a tetracycline specific efflux pump that transports the antibiotic back out of the cell [START_REF] Ranjbar | Shigella: Antibiotic-Resistance Mechanisms And New Horizons For Treatment[END_REF]114]. In general, tet(A) and tet(B) are the most common tetracycline-resistance genes in Shigella spp., while tet(C), tet(D) and tet(G), are rarely detected [115][116][117]. Tetracycline resistance can be found in commensal and environmental bacteria, and this spread is due to the mobile nature of the tet genes which are generally associated with mobilization elements within plasmids [START_REF] Ranjbar | Shigella: Antibiotic-Resistance Mechanisms And New Horizons For Treatment[END_REF]118].

Aminoglycosides resistance

Aminoglycosides are one of the top broad-spectrum antibiotics inhibiting protein synthesis.

Several different genes encoding resistance to aminoglycosides have been identified. Colistin, a cyclopeptide belonging to the polymixin family, is mainly active against Gramnegative bacteria. Its mode of action involves altering the permeability of the cell wall which results in cell leakage and death. The use of colistin was restricted due to its nephrotoxicity.

However, with the increasing rate of antibiotic resistance, the colistin was recently reintroduced as a last line antimicrobial agents for the treatment of MDR Gram-negative bacterial infections. according to the ability of the strains to produce indole (Table 3).

The identification of Shigella based only on biochemical characteristics is confounded by their similarity to strains belonging to other genera such as Hafnia alvei, Providencia spp., Aeromonas spp. and especially the atypical E. coli that are anaerogenic and do not ferment lactose. Accordingly, the identification of Shigella has long been based on the antigenic properties of these bacteria [9,145]. The analysis of serological properties for the characterisation of Shigella dates back to the time of the discovery of these bacteria, about a century ago. This method has already been used by Kruse to differentiate his Bacillus pseudodysentery from the one described by Shiga.

Subsequently Martini and Lentz used the serotyping for the characterisation of dysentery bacilli isolated in the Philippines by Flexner, Strong and Musgrave. Two groups with distinct antigenic properties were found: the first contained Shiga's mannitol-negative bacillus, the second contained Flexner's mannitol-positive bacilli and B. pseudodysentery [1,147,148]. In 1918, Murray proposed a formal system of classification of the dysentery bacilli and noted that the Flexner group strains had complex antigenic structures and their differentiation was difficult.

Andrewes and Inman improved the classification of the Flexner group and subdivided this group into four types according to the quantity of four antigens identified at that time in the Flexner group [147,149]. However, it was Boyd who established the basis for modern Flexner group serotyping, whereby each serotype has a type-specific antigen and varying amounts of group antigen. Boyd also described 6 serotypes of the mannitol positive dysentery bacillus that did not possess the Flexner group antigens, these were S. boydii serotypes 1 to 6. S. dysenteriae 3 to 7 were described from mannitol-negative strains with antigenic properties distinct from In The implementation of the numerical taxonomy methods and DNA-DNA hybridization has initiated a series of important alterations in the taxonomic scheme of the Enterobacteriaceae.

These approaches have led to the creation of new taxa so that, nowadays, the Enterobacteriaceae family includes more than 30 genera and over 120 species [163]. The idea that Shigella and E. coli might belong to the same species was long suspected because of their serological and biochemical similarities. rRNA, which is highly conserved and has been used all over the world to investigate the relatedness between different bacteria, has shown that Shigella and E. coli are highly related [167,168]. Although the genetical criteria for the establishment of species and even more of genera and families are not absolute, it should be emphasized that the system of classification of enterobacteria is very functional. However, the medical and epidemiological importance of the microorganisms belonging to this group was decisive for certain taxa to be retained despite the contrary genetic evidence. For example, although E. coli and Shigella are genetically indistinguishable at the species level, the Shigella genus has remained independent from the Escherichia genus because of its importance as an agent of bacillary dysentery, its mechanism of pathogenesis and human-restricted nature, and to distinguish pathogenic forms from the nonpathogenic E. coli. 4 shows the different genes formulas present in each serotype.

Genomic insights into

The multilocus sequence typing (MLST) analysis of seven houskeeping genes revealed that 3.1 Phenotypic methods

Biochemical identification and serotyping

Shigella identification relies on a panel of biochemical tests including: lactose, motility, lysine decarboxylase, hydrogen sulfide (H2S), mucate, tetrathionate reductase, glycerol, glucose (acid and gas), D-mannitol, indole, ornithine decarboxylase (ODC), O-nitrophényl-bêta-Dgalactopyranoside (ONPG), dulcitol, rhamnose and D-xylose [9]. In practice, the preliminary identification of Shigella is based on the following scheme (Figure 8): (i) negative mannitol and ODC are specific for S. dysenteriae, some biotypes of S. flexneri 6 and S. flexneri 1-5, X, Y, (ii) positive mannitol and ODC are specific for S. sonnei, (iii) positive mannitol and negative ODC are specific for S. flexneri and S. boydii. S. flexneri 6 biotypes identification depends on capability of mannitol and dulcitol fermentation and the production of gas from glucose fermentation (Table 5). S. sonnei biotypes are identified using ONPG, xylose and rhamnose tests (Table 6) [8,9].

Chapter II -Literature review Part 3 -Laboratory monitoring of Shigella infections 34 Confirmation by serotyping is essential. Since Shigella have always been described as nonmotile (no H-antigen) bacteria and because they do not produce capsular antigens (no Kantigen) , their antigenic characterisation is based exclusively on their O-antigen. Conventional serotyping is performed using slide agglutination with polyvalent and monovalent typing sera subserotyping is based on agglutination with type-specifc and group-specific sera (Table 5) [8,9,145]. Although this method has been the conventional and gold standard method used for Shigella identification and typing, it suffers from many disadvantages. Besides it is being known as a laborious, expensive and time-consuming method, it cannot always provide a correct identification due to intra-and inter-species cross reactions, absence of agglutination in case of rough strains or newly identified serotypes (lacking commercial antisera). 

S. flexneri serotype

Type-specific sera Group-specific sera

I II III IV V VI MASF1c MASF IV-2 3(4) 6 7(8) MASF IV-1 (E1037) 1a + - - - - - - - + - - - 1b + - - - - - - - +/- + - - 1d + - - - - - - - - - + - 1c (7a) - - - - - - + - - - - - 7b - - - - - - + - - + - - 2a - + - - - - - - + - - - 2b - + - - - - - - - - + - 3a - - + - - - - - +/- + + - 3b - - + - - - - - +/- + - - 4a - - - + - - - + +/- - - - 4av - - - + - - - + +/- - - + 4b - - - + - - - + - + - - 4bv - - - + - - - + +/- + - + 5a - - - - + - - - + - - - 5b - - - - + - - - - - + -

MALDI-TOF MS

Matrix-assisted laser desorption ionization time of flight mass spectrometry (MALDI-TOF MS) is increasingly being applied as a routine method for the identification of bacterial isolates due to its rapidity and reliability. Conventional MALDI-TOF MS assays using commercial databases couldn't differentiate between Shigella and E. coli and output result as Shigella/E. coli due to the high degree of similarity between their spectra. Several studies have developed custom-made databases to identify and differentiate Shigella and E. coli. Although these studies revealed better results, problems in identifying Shigella at the serotype and even at the species level were not resolved. Noteworthy, these studies were conducted using a limited number of 

rfb-RFLP

Most of the genes encoding the enzymes responsible for the O-antigen biosynthesis are clustered in a region on the chromosome known as the rfb gene cluster, normally found in Enterobacteriaceae between galF and gnd genes. The number of genes in the rfb gene cluster can vary between eight and twenty depending on the complexity of the O-antigen. Genetic variation in the rfb genes is the major determinant of O-antigen diversity [228].

In 1999, Coimbra and coworkers used the restriction fragment length polymorphism 

fliC-RFLP

WGS-based methods

K-mers-based approaches

KmerFinder is an online tool available at https://cge.food.dtu.dk/services/KmerFinder/ that can predict bacterial species using a fast k-mer algorithm. K-mers are short oligomers of a defined 

SNV-based approaches

Single nucleotide variants (SNVs) are considered stable and reproducible molecular markers that can be used to identify differences between isolates and can then be subsequently used to establish relatedness where strains clustering can be visualized on a phylogenetic tree. 

MLST schemes

MLST is used to determine the relationships among bacterial isolates based on the comparison of sequence variations in several genes characterised by DNA sequencing. Three MLST schemes, initially designed for E. coli, have also been adapted to Shigella. The Achtman scheme, the most commonly used, relies on seven housekeeping (HK) genes (adk, fumC, gyrB, icd, mdh recA and purA) [238]. For each locus, arbitrary numbers are assigned to unique sequences (alleles) and, based on the combination of identified alleles (the 'allelic profile'), the sequence type (ST) is determined. Unlike SNVs approaches that take into consideration each nucleotide variation, the number of nucleotide differences between alleles is ignored. The With the advent of WGS, an extension of the MLST method to cover to a larger number of genes of the core genome has been developed. This high-resolution method, core-genome MLST (cgMLST), allows for the examination of a fixed number of genome loci as well as the creation of a systematic allele numbering system. These genes do not change over time, which makes them forward and backward compatible. EnteroBase works with so many cgSTs through Hierarchical Clustering (HierCC), a novel approach that allows a fast and easy population structures analyses based on cgMLST at multiple levels of resolution. Once an Escherichia/Shigella genome is submitted to Enterobase or retrieved from NCBI, it will be assigned to single-linkage hierarchical clusters (HCs) in realtime, at 13 fixed levels of resolution, ranging from HC0 (high-resolution clusters consisting of identical genomes with no allelic differences) to HC2350 (low-resolution clusters consisting of genomes with up to 2350 allelic differences). A previous evaluation by Zhou and coworkers found that in the genus Escherichia, cluster assignments at the HC2350, HC2000-HC1500, and HC1100 levels could be used to distinguish species, super-lineages and ST complexes, respectively [233,241]. The benefits conferred by Enterobase and the applicaion of cgMLST in surveillance of many pathogens raised several questions: could this Escherichia/Shigella cgMLST scheme be used to reveal the population structure of Shigella? Could it be used as a remplacement for the current serotyping scheme? To answer these questions, we evaluated the performance of this cgMLST scheme and the results are presented in Article 1.

in silico serotyping

Many laboratories relies now on WGS analysis for identification and monitoring of pathogens, and genoserotyping seems to be a promising tool to replace the traditional phenotypic scheme As sequences of more and more complete genomes become available, the use of few housekeeping genes has been extended to "core genomes". Therefore, we reinvestigated, in chapter III, the Shigella population structure using the EnteroBase Escherichia/Shigella cgMLST scheme using over 4,000 Shigella reference strains and clinical isolates covering all Shigella serogroups and serotypes. Several provisional serotypes have been described in the last decades, but no study has been carried out to deeply characterise them and describe their phylogenetic relationship. Hence, all Shigella provisional serotypes described were included in our study to place them within the Shigella/E. coli population.

Laboratory surveillance of Shigella infections was initiated several decades ago, and is based on biochemical tests and serotyping. Nevertheless, phenotypic surveillance is not indicative for genetic relatedness and has multiple disadvantages including the intra-and interspecies cross-reactivity, and the difficulty to type rough and provisional strains. Real-time genomic surveillance of Shigella infections has been implemented in several countries, but without the use of a standardised typing scheme. With the era of WGS microbial data, there is more need for standardised methods to guarantee comparability between laboratories and maintain backward compatibility with the traditional serotyping schemes. Hence, we evaluated the performance of EnteroBase Escherichia/Shigella cgMLST scheme as a replacement of the current Shigella scheme. We showed that the use of this cgMLST scheme will facilitate the transition from traditional phenotypic typing to routine whole-genome sequencing for the laboratory surveillance of Shigella infections. However, to maintain backward compatibility with the current Shigella serotyping scheme, we strongly recommend combining cgMLST with in silico serotyping.

With the accelerated and massive use of WGS, the large number and complexity of the sequences generated can become an obstacle to these new technologies. Facing this quantity of data, the biologist must be sufficiently qualified and able to verify, extract information, compare, interpret, and visualise all the results. There are already many genomic processing tools as well as websites dedicated to genome analysis, but the need for improvement tools is constantly increasing. Therefore, we developed in chapter IV a new in silco tool that can rapidly predict Shigella serotypes from WGS and could be routinely used for the genomic surveillance of Shigella infections.

Epidemic shigellosis is frequent in low-and middle-income countries, and the prevalence of Shigella drug-resistant strains has been increasing worldwide, thus limiting treatment options. However, little is known on the Shigella circulating strains in Lebanon. Moreover, alarming rates of antimicrobial misuse in clinical and non-clinical settings have been reported

along with increasing spread of AMR strains. Consequently, in chapter V, we aimed to characterize Shigella strains isolated from North Lebanon using whole genome sequencing and provide baseline information on the distribution of Shigella serotypes and AMR determinants in Lebanon. Knowledge of the distribution of Shigella serotypes remains important for epidemiological surveillance and vaccines development, which is a WHO priority.

Chapter III -Population structure analysis and laboratory monitoring of Shigella by core-genome multilocus sequence typing We studied over 4,000 clinical isolates and reference strains of Shigella, covering all serotypes, including provisional serotypes, with both the current serotyping scheme and the standardised EnteroBase core-genome multilocus sequence typing scheme (cgMLST). We show that, unlike the current serotyping scheme, which is affected by horizontal gene transfer, cgMLST hierarchical clustering (HC) recognises the natural groupings of Shigella. We have also established a dictionary of correspondence between HC data and conventional serotypes.

Finally, we have curated the many provisional serotypes reported in the literature, and we identify five new Shigella serotypes to be added to the typing scheme. The most recent new Shigella serotype was published 15 years ago.

gene present in enteropathogenic E. coli (EPEC) and enterohaemorrhagic E. coli (EHEC). This strain, and the S. boydii 13 strains, now reclassified as E. albertii 10 (HC2350_1596), were not, therefore, included in this study.

Shigella genomes were grouped into eight different HC2000 clusters (Fig. 1B). flexneri type 6 (Fig. 2). This was consistent with Cluster 1 described by Pupo and coworkers 11 in their MLST analysis of 46 diverse Shigella strains. The HC2000_1465 cluster, named S1, can be divided into five HC1100 clusters (Fig. 2). Only the HC1100_36524 cluster (subcluster S1d) contained strains from a single serotype, S. dysenteriae 7. The HC1100_45518 cluster (S1e) contained only S. flexneri 6 strains, but most strains from this serotype were in another HC1100 cluster, HC1100_1465 (S1b), along with S. dysenteriae 3 (Supplementary Results section "Aerogenic strains of S. boydii 14 and S. dysenteriae 3") and various serotypes of S.

boydii. The HC1100_1466 cluster (S1c) contained S. dysenteriae 5 and various serotypes of S.

boydii. Finally, the HC1100_4194 cluster (S1a) included only S. dysenteriae strains, but from diverse serotypes. S. dysenteriae 3 was found in two different S1 subclusters, S1a and S1b. At

Chapter III -Article 1 cgMLST analysis of Shigella population 85 a higher level of resolution, four Shigella serotypes were grouped within specific HC400 clusters, whereas the other serotypes were split between two to seven HC400 clusters (Table 1).

The second cluster, HC2000_4118, comprised various serotypes of S. dysenteriae (2, prov.

E670/74, prov. 96-265, and prov. BEDP 02-5104) and S. boydii (5, 7, 9, 11, 15-17) (Fig. 3).

This cluster, consisting exclusively of indole-positive strains (Supplementary Results sections "Genomic analysis of metabolic markers used in the current Shigella typing scheme"), corresponds to the Cluster 2 described by Pupo and coworkers 11 . The HC2000_4118 cluster, hereafter referred to as S2, could be divided into six distinct HC1100 clusters (Fig. 3). Five of these HC1100 clusters contained exclusively S. boydii; the sixth, HC1100_4191 (subcluster S2d), contained S. boydii 15 and all the S. dysenteriae serotypes found in S2. Three HC1100 clusters contained a single serotype: HC1100_11401 (S2f) for S. boydii 7, HC1100_7057 (S2e)

for S. boydii 9, and HC1100_11421 (S2c) for S. boydii 11. This last serotype was also found in the S1 cluster (S1b subcluster). At higher resolution, it was possible to assign some serotypes to a particular HC400 cluster. This was the case for S. boydii 16 (HC400_11449) and S. boydii 17 (HC400_11452). However, at this level of resolution, other serotypes were split between two to four clusters (Table 1).

The third cluster, HC2000_192, comprised S. boydii prov. E1621-54 (now proposed as S. boydii 22, Supplementary Results section "Updating the Shigella typing scheme) and all serotypes and subserotypes of S. flexneri, with the exception of S. flexneri 6, which grouped in S1 (Fig. 4).

This cluster seems to correspond to the Cluster 3 reported by Pupo and coworkers 11 , except that S. boydii 12 rather than S. boydii prov. E1621-54 was reported in Cluster 3 in this previous

Chapter III -Article 1 cgMLST analysis of Shigella population 86 study (Supplementary Results section "Discrepancies with published studies"). This HC2000_192 cluster, hereafter referred to as S3, could be divided into seven distinct HC1100 clusters (Fig. 4A). One of these S3 subclusters, HC1100_11429, contained exclusively S. boydii prov. E1621-54. The other six HC1100 clusters contained two or more S. flexneri serotypes per cluster. Connor and coworkers 12 previously subdivided >350 genomes of S. flexneri 1-5, X, Y into seven phylogenetic groups (PGs), based on a Bayesian analysis of population structure. As 140 S. flexneri genomes from our study were included in the analysis by Connor and coworkers 12 , we compared the clustering by cgMLST HC1100 to that obtained by PG.

HC1100_204, HC1100_543, HC1100_1468, HC1100_11594, and HC1100_1530 corresponded to PG2, PG4, PG5, PG6 and PG7, respectively (Fig. 4). HC1100_192 encompassed PG1 and PG3, and the use of a higher HC resolution made it possible to link HC400_192 to PG3. However, PG1 did not correspond to a single HC400 cluster. Instead, it corresponded to two such clusters: HC400_237 and HC400_327, which we named PG1a and PG1b, respectively (Fig. 4).

Discrepancies with published studies

The SB12 cluster was not identified by Pupo and coworkers 11 , or by Yang and coworkers 13 .

Instead, the single S. boydii 12 strain studied in each of these studies was assigned to their cluster 3 (our cluster S3), in place of S. boydii prov. E1621-54 (not included in their studies).

As S. boydii prov. E1621-54 is serologically related to S. boydii 12 (ref. 14 ), it seems likely that their strains were actually S. boydii prov. E1621-54 but were mistakenly serotyped as S. boydii 12 due to the cross-agglutination between the two serotypes. We also encountered this problem when typing Shigella isolates collected from children in Niger 15 . The nine indole-negative isolates obtained, reported to be S. boydii 12 at the time, were sequenced and found to belong to HC1100_11429, within cluster S3. Following the use of a typing serum against strain E1621-Chapter III -Article 1 cgMLST analysis of Shigella population 87 54, they were reclassified as S. boydii prov. E1621-54 (now proposed as S. boydii 22, Supplementary Results section "Updating the Shigella typing scheme"). Furthermore, Pupo and coworkers 11 did not report S. boydii serotype 11 in both clusters S1 and S2, but only in S2. A genomic study of 117 Shigella isolates belonging to validated serotypes found seven Shigella clusters following a SNV-based ML phylogeny analysis 5 . The SB12 cluster was not found, and their S. boydii 12 strain instead clustered with their cluster 5 (S2 in our study). The analysis of this genome (SRR2994194) with cgMLST and rfb cluster analysis revealed that it was actually S. dysenteriae 2. Their S. boydii 9 strain was also placed in their cluster 11 (our S1), whereas we found this serotype in our S2. The genome they reported (DRR015923) was actually a contamination of S. boydii 9 (S1) with S. boydii 10 (S2). A recent preprint paper was more comprehensive and used a selection of 485 Shigella genomes, selected from over 17,000 publicly available genomes based on ribosomal MLST and ST types 16 . An undescribed phylogeny identified three Shigella clusters and seven outliers. The three clusters and five outliers were similar to those from our study. The two remaining, still assigned to Shigella, were clusters CSB13 and CSB13-atypical, actually corresponding to E. albertii, and attaching and effacing (A/E) E. coli, respectively. The status of the provisional serotypes was, however, not addressed adequately, and the continual reporting of different provisional or novel serotypes that are actually identical creates unnecessary confusion for the international surveillance of Shigella infections. This issue has now been dealt with by our work (Supplementary Results section "Updating the Shigella typing scheme").

Genomic analysis of metabolic markers used in the current Shigella typing scheme

An inability to use/ferment mannitol is a key marker of the S. dysenteriae serogroup. However, it was also observed in some strains of S. boydii 14, S. flexneri 4, and S. flexneri 6 (ref. 17 ). The mannitol (mtl) operon contains three genes: mtlA encoding the mannitol permease, mtlD encoding the mannitol-1-phosphate dehydrogenase, and mtlR encoding the mannitol repressor 18,19 dysenteriae 7 strain ATCC 9052 (ref. 20 ), not included in our study, showed a large IS-driven deletion of the entire operon. In the single S2 subcluster containing S. dysenteriae, S2d, mtlR and a remnant of mtlD were present at a chromosomal location different from that in E. coli K-12. The mannitol operon was entirely lacking in the three outlier groups of S. dysenteriae (SD1, SD8, and SD10).

All strains from the S2 cluster were indole-positive, whereas those from S1 were indolenegative, with one exception: S. dysenteriae 7 (indole-positive), assigned to S1d. The loss of indole production has been reported to be due to IS-mediated insertions and/or deletions damaging the tryptophanase (tna) operon in a limited number of strains 21 . This operon, which is 3,144 bp long in E. coli K-12, contains three genes: tnaA encoding a tryptophanase, tnaB encoding a permease, and tnaL encoding a 25-residue leader peptide 21 . We confirm here that the loss of indole production is associated with the insertion of an IS1 at base 55 of tnaL in the genomes from subclusters S1a, S1b and S1c. In subcluster S1e, containing rare S. flexneri 6 genomes, the tna alteration occurred independently, but also involved IS1 integration, this time in the promoter of tna. Additional damage (deletions, other IS insertions) was also observed in individual genomes from these subclusters.

Aerogenic strains of S. boydii 14 and S. dysenteriae 3

By definition, Shigella strains do not produce gas from carbohydrate fermentation (except for S. flexneri 6), and S. dysenteriae strains do not ferment mannitol. The status of aerogenic strains of S. boydii 14 long remained a matter of debate. First described in 1943 by Sachs, an aerogenic and mannitol-negative strain referred to as "Enterobacterium A12" (ref. 22 ), was considered, by several authors, to be a variant of S. boydii 14 (refs. 23-25 ), but was considered by Ewing 26,27 to be an E. coli O32. We considered two such aerogenic isolates, including the original Sachs strain A12 (CIP 53.44), in the reference dataset. They were grouped with typical S. boydii 14 genomes in the S1b subcluster (including, in particular, the reference strain of this serotype, 2770-51). All five recent S. boydii 14 isolates from our routine surveillance dataset were also atypical, as they did not ferment mannitol, and three were aerogenic. Another atypical biotype was described for S. dysenteriae 3. Two of these aerogenic and mannitol-positive S. dysenteriae 3 strains were described in Poland 28 and the UK 14 . We studied the first of these strains (Polska 64-3840). Unlike aerogenic S. boydii 14, strain Polska 64-3840 was not placed by cgMLST in the S1a subcluster with other S. dysenteriae 3, but in S1b, with S. flexneri 6, which is known to produce gas and to ferment mannitol. 20 ), prov. BEDP 02-5104 (ref. 30 ), and prov. E670/74 (ref. 34 ), belonged to S2d; and S. boydii prov. E1621-54 (ref. 35 ), belonged to HC1100_11429 within S3. O2 strain SP140152 (GenBank accession code KY574563) 37 . A partial match (91% identity, 7,041/7,744 with three gaps) was also obtained with the rfb of S. dysenteriae 4 (CP026840).

Updating the

This 17⸱3 kb rfb cluster was not the normal rfb cluster (i.e., that located next to the colanic acid biosynthesis gene cluster). This latter consisted only of a remnant of the S. dysenteriae 3 rfb cluster, damaged by IS5 (Supplementary Fig. 5). The 17⸱3 kb rfb cluster was located on a ~63

kb genomic island integrated close to the yqjH gene (Supplementary Fig. 6). Based on rfb sequences, 123 of the 133 HC100_44952 genomes in EnteroBase (6 May 2021) belong to this provisional S. dysenteriae serotype, and seven are genuine S. dysenteriae 3. The new serotype of S. dysenteriae described in the UK as E112707/96 was not included in our study 38 . However, an analysis of its representative genome deposited in EnteroBase (SRR4195641) revealed that it had the same 17⸱3 kb rfb cluster as strain 96-204 and also belonged to HC100_44952. The three strains from S. boydii prov. 07-6597 identified here, associated with travel to Morocco, Chad and Uzbekistan, clustered within S1c close to the genomes of S. boydii 1 and 20 (Fig. 2). The three S. boydii prov. 07-6597 strains were agglutinated with a serum against strain 07-6597 developed in-house. Their biochemical profile is shown in Supplementary Table 8. The three strains belonged to HC50_45442 and had identical rfb clusters of 17⸱2 kb in size (Fig. 6) that were similar (identities, A non-serotypable S. boydii strain (# 07-7164) clustered within S1c close to genomes of S.

boydii 1 and 20 (Fig. 2). The rfb cluster of 07-7164 was similar to that of S. boydii 20 (itself derived from that of S. boydii 1 via one or two IS1 insertions, Fig. 6), except that 07-7164 carried an additional IS1, inserted within the wzy gene and associated with a deletion encompassing the wbuU and wbuW genes.

S. dysenteriae prov. BEDP 02-5104 (also known as prov. SH-111) 30 , and prov. [START_REF] Thamizhmani | VIM-and IMP-type metallo-β-lactamase-producing Shigella spp. in childhood diarrhea from Andaman Islands[END_REF] AP022515). These isolates were agglutinated with a serum raised against BEDP 02-5104 but not by the anti-S. dysenteriae 2 typing serum, suggesting that expression of the plasmid-borne rfb genes has superseded the expression of the chromosomal genes. In EnteroBase, 45 of the these S. dysenteriae prov. BEDP 02-5104 genomes (Supplementary Fig. 7). The remaining genome was located in another HC100 cluster, among S. dysenteriae 2 genomes. This analysis suggests that this provisional serotype is actually a S. dysenteriae 2 that has acquired an Oantigen-modifying plasmid. In the absence of knowledge about the stability of this plasmid and the possibility of its transfer to S. dysenteriae 2 from other HC100 clusters, it seems wise not to consider S. dysenteriae prov. BEDP 02-5104 to be a new serotype for the time being.

The representative strain of S. dysenteriae prov. E670/74 (# E670/74) was also found in S2d, along with S. dysenteriae 2. Its rfb cluster was 9⸱7 kb in size and was similar (99% identities, 9,646/9,709; gaps, 0/9,709) to that of E. coli O170 (GenBank accession no. AB812070.1) 39 (Figs. 6 and7). This provisional serotype was described in 1989 and has not since been reported 34 . We did not identify it in our routine surveillance dataset either. Only four of the 222 S2d genomes in EnteroBase in May 2021 had this 9⸱7 kb rfb cluster, including at least three independent cultures of the same strain, E670/74. Should this serotype be isolated sporadically, it would be considered non-typable in the absence of a dedicated typing serum and genomic sequencing, and would therefore remain undetected. We, therefore, suggest its addition to the Shigella serotyping scheme under the name S. dysenteriae 18. Strain E670/74 was deposited in the National Collection of Type Cultures (NCTC) as the reference strain for this serotype, under NCTC 11311.

The three S. boydii prov. E1621-54 strains studied 14,35 , including # E1621-54, belonged to a particular cluster (HC1100_11429) of S3. All the other S3 isolates were S. flexneri (serotypes X, Y, and 1-5 and7). This rfb was more distantly related to that of S. boydii 12 (Fig. 7). The strains of this provisional serotypeoriginally described in humans and monkeys from Indonesiaproduced indole 14,35 . However, most of our S. boydii prov. E1621-54 isolates were indole-negative. This loss of function was associated with an IS1 inserted into the promoter region of the tna operon (different from the insertion in S1e 16 ; Cs2, Cluster 2 (Shigella) from ref. 16 ; ¥ , Cluster 3 (S. flexneri) from ref. 16 . 16 ; Cs2, Cluster 2 (Shigella) from ref. 16 ; ǂ , 0:H45/Cluster 1 from ref. 16 ; CSS, S. sonnei cluster from ref. 16 ; ¥ , Cluster 3 (S. flexneri) from ref. 16 .
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Introduction

Shigella, the aetiological agent of bacillary dysentery, is one of the commonest causes of diarrhoea worldwide and a major public health problem, killing thousands of people around the world each year. It is a virulent human pathogen with a very low infectious dose that is transmitted by the faecal-oral route [1,2]. Shigella is endemic in developing countries and mostly affects children under the age of five years. In developed countries, Shigella is frequently associated with travellers returning from endemic areas, men who have sex with men (MSM), and Orthodox Jewish communities [2][3][4][5].

In the current classification, Shigella bacteria (actually specialized lineages of Escherichia coli) are split into four serogroups (originally considered to be species) -Shigella dysenteriae, S.

boydii, S. flexneri and S. sonneiand more than 50 serotypes [6][7][8].

Conventional Shigella typing is based on both biochemical tests and serotyping with large panel of antisera raised against lipopolysaccharide O antigens, in rabbits. This approach has been used for laboratory surveillance since 1949 and is also used for taxonomic differentiation between Shigella and entero-invasive Escherichia coli (EIEC), an enteric pathovar of E. coli that has several characteristics in common with Shigella, including the presence of a virulence plasmid (pINV) [6,9]. Conventional Shigella typing is a laborious, time-consuming procedure requiring considerable resources and a high level of expertise. Various molecular methods targeting the O antigen rfb gene cluster and the H-antigen fliC gene have been proposed, to overcome these difficulties [10][11][12]. Shigella has long been considered non-flagellated, but may carry intact but cannot differentiate between Shigella and E. coli with similar or identical O-antigens [11]. This method is also unable to differentiate between the S. flexneri 1-5, X, and Y subserotypes [12].

All S. flexneri serotypes other than S. flexneri serotype 6, have the same O-antigen backbone structure, but differ in terms of the glucosylation, O-acetylation and/or phosphoethanolamine (PEtN) modifications conferred by bacteriophages integrated into the host chromosome or performed by enzymes encoded by plasmid genes [2,13]. Several multiplex PCRs have been reported to identify S. flexneri subserotypes, targeting genes involved in O-antigen production and/or modification [2,13,14]. As whole-genome sequencing (WGS) is becoming more affordable and is now widely used for routine surveillance, these molecular methods have fallen into decline. With the emergence of extensively drug-resistant S. sonnei strains reported in many countries in recent years and the current dearth of treatments, improvements in the laboratory surveillance of Shigella are essential [15][16][17]. We recently demonstrated that coregenome multilocus sequence typing (cgMLST) with the EnteroBase scheme is a robust and portable method for the laboratory surveillance of Shigella infections, but we recommended the use of cgMLST coupled with in silico serotyping to maintain backward compatibility with the current Shigella serotyping scheme, thereby preventing a lack of comparability with the serotyping data amassed worldwide over a period of more than 70 years [7].

In this study, we used several genetic structuresthe rfb gene cluster, phage-and plasmidencoded O-antigen modification (POAC) genes, seven housekeeping genes, the fliC gene and CRISPR spacersto develop ShigaPass, a new in silico tool for predicting Shigella serotypes from WGS assemblies. We validated this new tool on more than 4,500 genomic sequences from reference strains and clinical isolates that had already been thoroughly characterised with the current serotyping scheme. We show here that ShigaPass outperforms all existing in silico tools, with a correct assignment rate of 98.5%.

Materials and methods

Strain selection and typing

In total, we studied 4,715 Shigella strains distributed in two datasets: a development dataset ad a validation dataset (Supplementary Data 1).

The development dataset was used to develop ShigaPass, a tool predicting Shigella serotypes from various genetic structures: the rfb gene cluster, POAC genes, seven housekeeping genes (from the EnteroBase E. coli/Shigella MLST scheme, https://enterobase.warwick.ac.uk/species/index/ecoli [18,19]), fliC genes, and CRISPR spacers. This dataset contained data for 440 Shigella strains selected from the French National Reference Center for E. coli, Shigella, and Salmonella (FNRC-ESS) collection, Institut Pasteur, Paris, and four S. flexneri 5b strains retrieved from EnteroBase [19], to ensure that all known serotypes were covered and that the strains and isolates studied were representative of the Shigella population (Supplementary Table 1). The strains from the development dataset were sequenced on various Illumina sequencing platforms (Supplementary Data 1). In addition, data for a collection of 45 EIEC strains representative of the various previously described EIEC clusters [20][21][22][23], 70 E. coli strains including 68 E. coli strains from the E. coli reference (ECOR) collection representative of the diversity of E. coli [7,24], and 20 non-Shigella/E. coli strains were selected from the FNRC-ESS or downloaded from NCBI and used as a control for the development dataset (Supplementary Table 1).

The validation dataset consisted of 4,276 clinical isolates of Shigella used to validate ShigaPass.

Between January 2017 and September 2021 (when phenotypic typing was stopped), 4,489 clinical Shigella isolates were received, serotyped and sequenced (NextSeq 500) at the FNRC-ESS, which is responsible for the microbiological surveillance of Shigella in France through a voluntary laboratory-based network of ~1000 clinical laboratories located in mainland France and its overseas territories. We included 4,276/4,489 (95.2%) of these isolates in the validation
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ShigaPass for genoserotyping 125 dataset. These 4,276 isolates were those for which the genomic sequences obtained had passed the quality control criteria of EnteroBase and which had not already been used in the development dataset. A collection of non-Shigella isolates (n = 28) was also included in the development dataset, as a control (Supplementary Table 1). All the reference strains and clinical isolates originating from the FNRC-ESS were thoroughly characterised by sero-agglutination and a panel of biochemical tests, according to the standard protocols described previously [25].

DNA extraction and sequencing

Genomic DNA was extracted with the Wizard Genomic DNA Kit (Promega, Madison, WI, USA), the Maxwell 16-cell DNA purification kit (Promega) or the MagNA Pure DNA isolation kit (Roche Molecular Systems, Indianapolis, IN, USA), in accordance with the manufacturer's instructions. Whole-genome sequencing was performed with various Illumina platforms for the strains and isolates of the development dataset (HiSeq, NovaSeq 6000, NextSeq 500). For the validation dataset, WGS was performed as part of routine procedures at the FNRC-ESS, and at the Mutualized Platform for Microbiology (P2M) at Institut Pasteur, Paris. The libraries were prepared with the Nextera XT kit (Illumina, San Diego, CA, USA) and sequencing was performed with the NextSeq 500 system (Supplementary Data 1). All reads were filtered with FqCleanER version 3.0 (https://gitlab.pasteur.fr/GIPhy/fqCleanER) with options -q 15 -l 50 to eliminate adaptor sequences and discard low-quality reads with phred scores below 15 and a length of less than 50 bp [26]. Assemblies were generated with SPAdes version 3.15, with the following options: k 21,33,55,77 --only-assembler --careful --cov-cutoff auto [27]. Short-read sequence data were submitted to the European Nucleotide Archive (ENA, https://www.ebi.ac.uk/ena/) under study numbers PRJEB44801, PRJEB2846, and PRJEB2128

and were also uploaded onto EnteroBase. EnteroBase SPAdes assemblies were downloaded to evaluate the effect of assembly methods on the performance of ShigaPass. The genomic
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ShigaPass for genoserotyping 126 sequences from 4,160 Shigella strains and isolates had already been described (Supplementary Data 1), and 541 new genomic sequences are presented here (Supplementary Data 1) [2, 7,

.

Determination of MLST profiles

MLST profiles were determined with Achtman's E. coli/Shigella MLST ST7 typing scheme [18]. MLST databases were downloaded from EnteroBase [19] and used in the ShigaPass script for sequence type (ST) calling, with a 100% threshold for identity and coverage.

Characterisation of fliC alleles and fliC phylogeny

In silico PCR was performed to extract the fliC gene from the genomes of the development dataset with the previously described primers (Supplementary Table 2) [30]. If fliC extraction by in silico PCR was unsuccessful, the region between the fliA and fliD genes, which are known to flank fliC, was extracted. The validity of this extraction method was tested by checking that it was able to extract known fliC alleles. In cases in which the fliC gene was split between two contigs due to the presence of an insertion sequence (IS), conventional PCR and Sanger sequencing (Institut Cochin sequencing platform) were performed to obtain the full fliC gene sequence (Supplementary Table 2) [30]. DNA sequences were assembled in Bionumerics version 6.6 (Applied Maths, Sint-Martens-Latem, Belgium) and their quality was assessed. IS elements were identified with ISfinder [31]. An initial alignment of all fliC alleles was performed in Bionumerics, with a multialignment comparison (UPGMA, default settings) to identify unique alleles. The IS elements were removed manually before this alignment, to ensure that only the fliC genes were aligned. The fliC genes amplified by both PCRs (conventional and in silico) were incomplete, as they were missing the start and stop codons.
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For extraction of the complete fliC genes, a representative genome was selected for each fliC allele, and the region containing fliC plus a few hundred nucleotides on either side was extracted and analysed with ORFfinder (https://www.ncbi.nlm.nih.gov/orffinder/). A reference database containing unique and complete fliC alleles was then constructed. For the fliC alleles containing IS elements, scaffolds were created with the fliC gene and 20 nucleotides at each end of the IS, with a series of 'n' nucleotides in the middle, to identify IS elements within fliC alleles in the genomes.

Phylogeny was inferred from complete fliC gene sequences, with the removal of IS elements before alignment. The sequences were aligned in Seaview version 4, with the clustalo alignment option [32]. A phylogenetic tree was constructed by selecting PhyML, with the default parameters (GTR model; empirical nucleotide equilibrium frequencies; no invariable sites; optimised site rate variation, NNI searching, BioNJ starting tree with optimised tree topology and five random starts) with 100 bootstrap replicates. The tree was visualised with iTOL version 6 (https://itol.embl.de) [33].

Determination of CRISPR profiles

In silico PCR was performed to extract the CRISPR locus located downstream from the iap gene (iap CRISPR), with the following primers (primer F: 5'-gatggttatcagcaacgcgcaa-3', Ra:

5'-tattccggtggatttggatggg-3', Rb: 5'-ccggtagatttggatggtttaag-3', or Rc: 5'atggctgcgggtaacgctca-3'). The primers were designed with the PacBio sequences available for Shigella genomes [34]. Details about iap CRISPR locus amplification are provided in Table 1.

CRISPR direct repeats (DR) and spacer sequences were identified by eye. A reference database containing Shigella CRISPR spacers was constructed and used for subsequent BLAST analyses to detect the spacers in all Shigella strains of the development dataset. For strains in which no spacers were detected, the position of the CRISPR iap repeat locus was identified by locating (Supplementary Table 3) [7]. In general, rfb sequences have a low GC content and are not well covered in strains sequenced with the Nextera XT kit for library preparation (Illumina, San Diego, CA, USA), as the transposase-based library is biased against AT-rich sequences [7,35].

Genome assemblies may, therefore, generate incomplete rfb data. We trimmed the rfb into kmers of 150 bp in length and used a 50 bp sliding window easily detectable with a BLAST pipeline. The k-mers including IS sequences or displaying >90% coverage and identity between different serotypes were removed. The same strategy was used to construct the database of POAC genes.

Detection of the ipaH gene

The presence of sequences encoding the highly conserved C-terminal domain of ipaH proteins, which is encoded by both the chromosome and the virulence plasmid, was used as an indicator of Shigella/EIEC [36]. However, this domain was frequently split into multiple contigs. We overcame this problem by applying k-merisation with the same options as for rfb genes. All the gene sequences used in this study are described in Supplementary Table 4.

Development of ShigaPass, a new in silico script for Shigella genoserotyping

ShigaPass is a shell script designed to predict Shigella serotypes from assembled genomes. It Assemblies are queried against different databases with BLAST+ version 2.12 [37]. The resulting hits are filtered to match the thresholds selected for sequence identity and coverage (Supplementary Table 5), and the best-match hits are identified for each marker. If multiple rfb hits are detected, the predominant rfb, with the largest number of hits, is identified. Strains with no ipaH hits detected are considered "Not Shigella/EIEC" and only ipaH-positive strains are subjected to ShigaPass prediction. ShigaPass predicts serotype on the basis of matching with a list of meta-profiles derived from the correlation between the four markers and each serotype.

New profile combinations of rfb clusters, CRISPR profiles, fliC and ST alleles may arise.

ShigaPass therefore also predicts the serotype whenever it finds a match between the rfb cluster profile and two of the three remaining markers with the defined meta-profiles. S. flexneri 1-5, X, Y subserotypes are determined if their shared rfb (rfb1-5) is detected on the basis of the POAC gene combination. When ShigaPass cannot assign a Shigella serotype, it returns a "Shigella spp." or "EIEC" result. "Shigella spp." is assigned if the script fails to recognise a matching profile, but does recognise a specific Shigella MLST. This assignment may be encountered if the genome is contaminated, of poor quality, or in cases of new emerging serotypes. "EIEC" is identified if ipaH is detected but no matching profile is identified.

We compared the performance of ShigaPass with that of existing in silico serotyping tools:

ShigaTyper version 1.0.6 (using short reads) [38], ShigEiFinder version 1.2.0 and its latest version 1.3.2 (using both short reads and assemblies) uploaded onto GitHub on April 20, 2022 [39].

ShigaPass is freely available from Github under GNU General Public License v3 (GPL3).

Results

Determination of MLST profiles

Using the Shigella strains in the development dataset (n = 440), we identified 67 STs for 433 strains, as shown in Table 2. The ST could not be determined for seven strains because one of the alleles (6/7 fumC and 1/7 adk) was truncated in the assemblies (these STs are written with a hyphen by EnteroBase, e.g.., . Most of the STs had been reported before, but some were new. Given that STs are determined by seven genes, this variation is unsurprising, because mutations of any one of these genes can give rise to a new ST. We found that 44 of the 67 STs identified belonged to five ST complexes (the ST147, 148, 152, 243, and 245 complexes), which are found in S2, S1, SON, S1 and S3 Shigella clusters (clusters previously defined by Yassine et al., [7]), respectively. The Shigella S2 cluster contained most of the STs that did not belong to ST complexes.

Characterization of fliC alleles and fliC phylogeny

We identified 59 fliC alleles in total, ranging in length from 1,575 to 2,013 nucleotides, excluding IS elements. The fliC alleles contained premature stop codons, IS elements, or both, owing to their cryptic nature.

The fliC clustering was consistent with the Shigella population structure determined by cgMLST [7]. A unique fliC allele was found to correspond to each of the following serotypes:

S. dysenteriae 4, and 7 and S. boydii 5, 7, 13, 14, 15, 16, and 17 (Figure 1). No fliC gene was found in S. dysenteriae 2, 18 or provisional (prov.) BEDP 02-5104 strains, or in S. boydii 12 strains, a few S. sonnei strains and S. flexneri 6 strains from the S1e cluster. Attempts to extract a new fliC from the region between fliA and fliD in these strains were unfruitful due to ISmediated deletions in the fliC gene region.

the S. boydii 10 strains were incorrectly assigned, or not assigned at all, by both ShigaTyper and ShigEiFinder. There were also problems with the assignment of some S. boydii 4, 5, 6, 20, and 21 strains, specifically with ShigaTyper (no assignment or incorrect assignment) (Figure 3, and Supplementary Table 7). In addition, ShigaTyper and ShigEiFinder still considered "S.

boydii 13" and "atypical S. boydii 13" to be part of the total Shigella population. They are now considered to correspond to E. albertii and attaching and effacing (A/E) E. coli, respectively.

As a result, ShigaPass identifies them as "not Shigella/EIEC".

Validation of ShigaPass

We evaluated the performance of ShigaPass, using an independent dataset consisting of 4,276 isolates, including 85 S. boydii, 49 S. dysenteriae, 2,393 S. sonnei, 1,616 S. flexneri 1-5, X, Y, 133 S. flexneri 6, 22 EIEC, three E. coli, and three E. albertii strains (Supplementary Table 1).

All these strains were received and sequenced by the FNRC-ESS between 2017 and 2021, within the framework of the French national surveillance programme for Shigella infections and were thoroughly characterised by sero-agglutination. Eight Shigella strains could not be identified to serotype level because they were rough or non-serotypable. Two strains were classified as non-serotypable due to lack of sera against S. dysenteriae 14 and S. dysenteriae 17 in 2021. These two strains were identified as S. dysenteriae 14 and S. dysenteriae 17, with a 100% match, by ShigaPass, which also efficiently identified all rough strains. However, these strains were not included in the analysis of accuracy rates for in silico tools. Following analysis of the validation dataset, we updated the meta-profile list with 74 new profiles (mostly reflecting ST variability). These new profiles displayed a 75% match to the initial meta-profiles, so even without the addition of these new profiles, it was possible to identify genomes with these new profiles correctly with ShigaPass.

Chapter 4, and Supplementary Table 9). The identification rate for S. flexneri subserotypes was almost identical for ShigaPass (96.5%) and ShigaTyper (94.8%) (Table 6). The 60 strains incorrectly assigned by ShigaPass included one S. dysenteriae 16 strain identified as "S. dysenteriae 3/ S. dysenteriae 16", and one S. sonnei and one S. flexneri 6 strain identified as "Shigella spp." due to the contamination of genomic sequences with at least two different serotypes. The 57 remaining discrepancies were due to differences between the phenotypic and genotypic signatures encountered in S. flexneri 1-5, X, and Y (Table 4). In addition to having nonfunctional prophage genes, some strains seemed to have lost these genes during subculture.

Isolate 201904879 was phenotypically identified as S. flexneri 3a, implying that it carried both the oac and gtrX genes, but only the oac gene was detected by ShigaPass, resulting in a genomic classification as 3b. Reagglutination was performed on several colonies from a stock culture, and we found some colonies serotyped as S. flexneri 3a and others as S. flexneri 3b, suggesting isolates. The AT-rich rfb gene cluster and POAC genes are not well covered by transposasebased libraries (Nextera XT kit) like those generated by our public health sequencing platform [7]. All validation strains were sequenced by this platform. Thus, when we used assemblies produced by EnteroBase, which filters out low-coverage contigs, the rate of correct assignment dropped from 98.6% to 89.5% (Table 6). Correct assignment rates were unaffected by the use of EnteroBase assemblies or our assemblies based on sequences obtained from sequencing platforms not using the Nextera kit.

The mean execution time per genome of ShigaPass was approximately 15 seconds, with the use of four processing cores and 4 GB of memory, versus 1.5 seconds for ShigEiFinder (using assemblies).

Discussion

Over the last few decades, Shigella typing has been based on biochemical tests and serotyping by slide agglutination with typing sera against lipopolysaccharide O-antigens [6]. Many of these typing sera are not commercially available, particularly for newly identified Shigella serotypes, or are no longer commercially available, resulting in inefficient typing. In addition, this conventional method is laborious, costly and time-consuming, and it cannot type rough strains.

Whole-genome sequencing is becoming increasingly affordable and is now used for routine surveillance; there is, therefore, a need to develop user-friendly tools based on this technology for microbe identification and typing [40]. different fliC genes with the RFLP method [10]. This discrepancy probably reflects the lower discriminatory capacity of their RFLP method than of the use of entire fliC sequences. This made it impossible to distinguish between alleles differing by only a few SNPs outside of the restriction enzyme recognition site. CRISPR spacers have been successfully used for typing, and even subtyping, in Salmonella [41], but no extensive inventory of Shigella CRISPR loci has been generated. We focused on the identification of CRISPR spacers in the iap locus. We found a low degree of polymorphism, consistent with previous findings [42][43][44]. The limited number of spacers detected could be explained by an inactive CAS machinery, as previously reported in a small sample of Shigella strains [43].
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We compared the performance of ShigaPass with those of ShigaTyper and ShigEiFinder, two in silico tools recently described for Shigella genoserotyping. ShigaPass accurately identified all the Shigella and non-Shigella genomes (n = 4,871) used in this study, with a correct assignment rate of 98.5%, whereas the correct assignment rates of the other tools were 95.1%

for ShigaTyper, 93.5% for ShigEiFinder (Fasta), and 92.5% for ShigEiFinder (Reads).

ShigaTyper was designed to predict Shigella serotypes via a mapping approach, using Illumina or Oxford Nanopore reads for two genes of the O-antigen rfb cluster, wzx and wzy [38]. Shigella is distinguished from EIEC on the basis of a set of criteria, including detection of the lactose permease (lacY) and lysine decarboxylase (cadA) genes, in particular. However, these criteria should be reconsidered, because not all EIEC carry cadA and lacY genes, potentially leading to flawed results for EIEC with an rfb identical to that of Shigella [23,38,[START_REF] Casalino | CadC is the preferential target of a convergent evolution driving enteroinvasive Escherichia coli toward a lysine decarboxylase-defective phenotype[END_REF]. ShigEiFinder accepts raw reads and assembled genomes, and uses the Shigella O-antigen genes database created by ShigaTyper for Shigella prediction, the database of E. coli O-and H-antigen genes of SerotypeFinder for EIEC prediction and a set of 22 accessory genome genes to reveal Shigella/EIEC clusters [39]. The wzx/wzy geneskey components for O-antigen synthesisare serotype-specific and frequently used in PCR-based assays for serotype identification [35].

However, like other genes of the rfb cluster, they have a low GC content. The higher performance of ShigaPass can be explained by the use of k-mers for the whole rfb cluster (excluding regions shared between different serotypes) rather than just the wzx/wzy genes, thereby increasing the chances of serotype identification if the genomic sequences obtained do not cover the rfb cluster very well. ShigaTyper and ShigEiFinder (short reads) use the same coverage threshold (50%) for the detection of wzx/wzy genes, but ShigEiFinder also uses the ratio of the mean mapping depth of these genes to the average mean mapping depth of seven housekeeping genes (O/HK ratio) for the detection of O-antigen genes. A new version of ShigEiFinder was released in April 2022, to fix some of the problems identified in our previous study [7]. The major revisions to this tool included a change in O/HK ratio from 10% to 1%, and adjustment of the combination of S. flexneri modification genes. These changes increased the rates of correct Shigella serotype prediction from 81.6% (3,973/4,871) to 93.5%

The discrepant results between the phenotypic and genotypic data for cluster S3 S. flexneri strains are not unexpected because serotype conversion, mediated by prophages and plasmids carrying O-antigen-modifying genes, is frequent and well documented [7,13,14,[START_REF] Ventola | Shifting national surveillance of Shigella infections toward geno-serotyping by the development of a tailored Luminex assay and NGS workflow[END_REF]. S.

flexneri serotyping is laborious and relies on a panel of 12 antisera raised against specific type and group factors. The most common causes of discrepant results are the instability of these mobile genetic elements and the presence of phenotypically inactive POAC genes with insertions, deletions, or mutations. The lack of commercial availability for some antisera and the cross-reactivity observed with some serotypes has resulted in it being impossible to resolve all discrepancies. For this reason, we previously recommended using the S. flexneri phylogenetic groups (PGs) described by Connor and coworkers and easily identified by cgMLST [2,7], rather than relying exclusively on S. flexneri subserotypes [7].

Assembly-and BLAST-based methods are largely dependent on assembly method/quality, and are therefore not necessarily indicative of ShigaPass performance. We found that the accuracy of serotype prediction was lower when EnteroBase assemblies from our validation dataset were used. This decrease in accuracy led to false-negative results, mainly because the assembly method used by EnteroBase is stringent and removes low-coverage contigs, including those containing the rfb cluster [19]. In parallel, false-positive results may arise due to mixtures of two or more Shigella genomes. However, this problem can be overcome in most cases in which the rfb detected is not consistent with other markers. In this case, the output of ShigaPass will be "Shigella spp.", which could be considered a marker of genome contamination. Such contamination may otherwise pass unnoticed, particularly in cases of confusion between different S. flexneri 1-5, X, Y strains.

In conclusion, ShigaPass is a user-friendly tool developed for the prediction of all Shigella serotypes from assembled genomes and for differentiating between Shigella and non-Shigella isolates based on the detection of rfb, fliC, ipaH and POAC genes, MLST ST7 and CRISPR Shigella serotype in the development dataset. S, ShigaPass; T, ShigaTyper [38]; F, ShigEiFinder using SPAdes assemblies [39].; R, ShigEiFinder using short reads [39]. SB, S. Shigella serotype in the validation dataset. S, ShigaPass; T, ShigaTyper [38]; F, ShigEiFinder using SPAdes assemblies [39]; R, ShigEiFinder using short reads [39]. SB, S. boydii; SD, S.

dysenteriae; SON, S. sonnei; SF, S. flexneri. A correct assignment means that the predicted serotype was the same as the phenotypically determined serotype. An uncertain assignment means that the correct serotype was listed among others or, for ShigEiFinder, that only the cluster level (Cs1 to Cs3) was obtained. An incorrect assignment means that the predicted serotype was different from the phenotypically determined serotype. "None" means that no serotype was predicted. More detailed results can be found in Supplementary Six isolates (three S. flexneri and three S. dysenteriae) carried the blaOXA-1, along with at least the tet(B), aadA1 and catA1 genes (Supplementary data 2). This combination is normally seen in the SRL-pathogenicity island (PAI) conferring resistance to tetracyclin, aminopenicillin, streptomycin and chloramphenicol. In one isolate, the blaOXA-1 coexisted with the blaCTX-M-3

-F fliC-R P1-F P1-R CAAGTCATTAATAC(A/C)AACAGCC GACAT(A/G)TT(A/G)GA(G/A/C)ACTTC(G/C)GT AATGCGGTAGCTGGTGTTGAT GTCATCGTCTGCGCGGAAAT SD1 fliC-F fliC-R P2-F P2-R P3-F CAAGTCATTAATAC(A/C)AACAGCC GACAT(A/G)TT(A/G)GA(G/A/C)ACTTC(G/C)GT CTGCTACAGTCAGCGATCTG GCACCAGTAACTGCTGTGTTA CCATTCATGGCCATATCAATGA SD9 fliC-F fliC-R P2-F P2-R P3-F CAAGTCATTAATAC(A/C)AACAGCC GACAT(A/G)TT(A/G)GA(G/A/C)ACTTC(G/C)GT CTGCTACAGTCAGCGATCTG GCACCAGTAACTGCTGTGTTA TCCGATCTGTTTGCTAGCGG SD11 fliC-F fliC-R P4-F P4-R P5-F P5-R P6-F P6-R CAAGTCATTAATAC(A/C)AACAGCC GACAT(A/G)TT(A/G)GA(G/A/C)ACTTC(G/C)GT TAAGGGCACCACAGATACCAA CCACCAGTAGTCGCATCAAG ACTCATTTTGCGGGTGTAGTAA AGGTGGCGCTTGAGGTAGAA AGGACTCCTTCTGAGCGGG TTGGTGACATTGACAGTGTCTA SB16 fliC-F fliC-R P4-F P5-F P5-R P6-F P7-F P6-R CAAGTCATTAATAC(A/C)AACAGCC GACAT(A/G)TT(A/G)GA(G/A/C)ACTTC(G/C)GT TAAGGGCACCACAGATACCAA ACTCATTTTGCGGGTGTAGTAA AGGTGGCGCTTGAGGTAGAA AGGACTCCTTCTGAGCGGG GACCATCATCAAGCCTCTGTT TTGGTGACATTGACAGTGTCTA SB17 fliC-F fliC-R P8-F P8-R P9-F CAAGTCATTAATAC(A/C)AACAGCC GACAT(A/G)TT(A/G)GA(G/A/C)ACTTC(G/C)GT GTTCAACGGCGTGAACGTAC GGACAGACTAGCCTCAGTCA CACCGTTCAACGACATTACGA SB7 fliC-F fliC-R P8-F P8-R P10-F P10-R CAAGTCATTAATAC(A/C)AACAGCC GACAT(A/G)TT(A/G)GA(G/A/C)ACTTC(G/C)GT GTTCAACGGCGTGAACGTAC GGACAGACTAGCCTCAGTCA ATCGCCACAATAACTGCCGG CCGGCAGTTATTGTGGCGAT SF1-5, X, Y fliC-F fliC-R P11-F P11-R P12-F P12-R CAAGTCATTAATAC(A/C)AACAGCC GACAT(A/G)TT(A/G)GA(G/A/C)ACTTC(G/C)GT AATGTCCTCTGCGGTTGCAC CGTGACGAACGACGCCTGA

Supplementary Table 4. GenBank accession numbers and co-ordinates of all the genes used in this study
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Shigella isolates

which is located on a separate contig that seems to be a part of a plasmid. A study from Iran showed that all blaOXA-positive isolates were blaOXA-1 and many of them were found in S.

flexneri [38], Although shigellosis is a self-limiting disease, but antibiotic therapy is recommended to prevent complications. The emergence of antibiotic resistance in Shigella infections complicates its treatment. A High prevalence of Shigella isolates resistant to many antimicrobials has been noted in this study. Plasmids and integrons play an important role in dissemination of resistance genes. Further analyses will be conducted to study the different types of plasmids and integrons carried by these isolates through the Nanopore long reads sequencing. 

Chapter VI -Discussion and conclusion

In 1936, Dr. Shiga commented that "After I retire from bacteriology I suppose that dysentery will disappear". Eradication of the bacillary dysentery and putting an end to the suffering of thousands of people, were one of Dr. Shiga's dreams [1]. Unfortunately, a century has passed since Shiga's landmark discovery and shigellosis remaines a major public health problem and is still killing thousands of people every year [2]. Not only dysentery hasn't disappeared but Shigella has also acquired different antimicrobial resistance mechanisms and has been classified by WHO as a priority pathogen for which new antibiotics are urgently needed [3].

Moreover, no licensed vaccine exists, and to date all developed vaccines are still in their trials phase, meaning that no vaccine will be available in the near future [4]. Therefore, prevention remains the best way to control and limit shigellosis burden. While the improvement of WASH conditions is considered as the most effective strategy to prevent shigellosis, it requires both a huge financial support and a collaboration between government and authorities in WASH provision to build, maintain, and repair water and sanitation infrastructures. Laboratory-based surveillance of Shigella infections plays a major role in monitoring shigellosis epidemiology and detecting clusters or significant changes in pathogen presence and behaviour [5]. Therefore, a better surveillance of shigellosis is a first step towards achieving Dr. Shiga's goals.

Laboratory surveillance of Shigella infections was initiated several decades ago, and it is based on biochemical tests and serotyping. This scheme developed by Ewing in the late 1940s splits Shigella into four serogroups. Because of the diverse antigenicity based on O-antigen components in cell wall, Shigella serogroups were further subdivised into more than 50 serotypes [6,7]. However, this scheme is not indicative for genetic relatedness between isolates.

For a long time, bacterial taxonomy was based on morphological and phenotypic traits that could be affected by horizontal gene transfer and IS element inactivation. The application of the 16S ribosomal RNA and the DNA-DNA hybridisation methods allowed for a deeper and more accurate representation of the bacterial taxonomy. However, the resolution of the 16S ribosomal RNA was not sufficient for accurate classification at the species and sub-species levels. The DNA-DNA hybridisation is a tedious and time-consuming method [8,9]. The development of MLST has provided an alternative to these two methods with a higher level of resolution. Within this context, studies based on sequencing of 8-23 housekeeping genes have suggested that Shigella fall into three main clusters and several outliers within E. coli [10,11].

As the number of complete genomes (WGS) increases, the use of housekeeping genes has been extended to the "core genome" analysis [12,13]. The rapid progresses of new WGS technologies and their associated analysis tools have revolutionised the world of microbiology and are overturning traditional practices that have been used for more than a century [9].

In line with these progresses, the aim of this thesis was to use the whole genome sequencing data to refine the Shigella population structure and to enhance laboratory monitoring of Shigella.

The first article entitled "Population structure analysis and laboratory monitoring of Shigella by core-genome multilocus sequence typing" presented the broad overview of the population of Shigella. Using hierarchical clustering of E. coli/Shigella Enterobase cgMLST data of over 4,000 Shigella reference strains and clinical isolates we showed that Shigella strains belong to eight distinct phylogenetic clusters within the E. coli species which confirmed the results of previous studies suggesting multiple origins of the "Shigella" phenotype. The cgSNV analysis yielded similar results highlighting the accuracy of low-resolution cgMLST HCs for identifying the natural grouping pf Shigella. Moreover, the comprehensive sampling from thousands of phenotypically characterised isolates and reference strains covering all serotypes including provisional serotypes and atypical strainsmade it possible to complete, and in some cases amend, the Shigella population structure obtained in previous studies. The major difference between our study and the previous studies was the clustering of S. boydii 12. This latter does not belong to the cluster 3 as described by Pupo and Yang and their coworkers but falls into a separate cluster and constitute an outlier [10,11] 12 due to the cross-agglutination between the two serotypes.

Furthermore, we showed in this study that cgMLST is a robust and portable genomic method that can enhance the laboratory monitoring of Shigella, by providing sufficient resolution to monitor the trends in globally circulating Shigella types. HC2000 were particularly adequate for defining the clustering level of Shigella genomes. Using HC1100 and, in certain instances HC400, can provide supplementary details needed to reveal subclusters. Additionally, this scheme recognizes the natural population structure of Shigella and thus prevents genetically unrelated strains from being conflated, and genetically related strains from being separated which is largely seen in cluster S3 within S. flexneri serotypes that were classified based on instable genetic determinants.

The identification of provisional serotypes and their confirmation as a nomenspecies belonging to Shigella is a complex procedure. That's why many provisional serotypes have retained the provisional status for many years. The continual reporting of different provisional or novel serotypes and the lack of commercialised antisera that can recognize them, creates unnecessary confusion for the international surveillance of Shigella infections. Particularly, this problem has led different teams across the world to report the same provisional serotype under different names. Now, this issue could be easily solved using cgMLST that clearly defines Shigella clusters and assigns genomes to clusters at multiple levels of resolution.

While this study was based on evaluating the performance of low levels of resolution (HC2000 to HC400), assessment of high levels of resolution (HC5 and HC10) was not evaluated. These HCs could be used for fine typing to identify a single-source outbreak or to monitor an epidemic strain. However, Hawkey and coworkers have shown that cgMLST has clear limitations for the global surveillance of S. sonnei infections as it splits epidemic S. sonnei strains belonging to the same cluster (detected by cgSNV analysis) into multiple HC5 and HC10 clusters [14]. On the other hand, these HCs have been already used to detect foodborne outbreaks caused by Salmonella and enterohaemorragic E. coli [12,15,16]. Therefore, there is a need to assess the accuracy of HC5 and HC10 in other prevalent Shigella serotypes such as S. flexneri 2a and 3a. This could give insights about different applications of cgMLST in other cases of Shigella.

Finally, we have included in this study a collection of EIEC strains to place Shigella strains in a wider phylogenetic context but we only focused on the description of Shigella population.

EIEC is an enteric pathovar of E. coli that shares several characteristics with Shigella, including the presence of a virulence plasmid. Recently, Zhang and coworkers identified seven EIEC clusters and a number of sporadic types of EIEC [17]. Therefore, it would be helpful to apply the Enterobase E. coli/Shigella cgMLST scheme to refine the population structure of EIEC and investigate the origin and evolution of these sporadic EIEC.

The second article entitled "ShigaPass: an in silico tool predicting Shigella serotypes from whole-genome sequencing assemblies" describes a new in silico tool that can predict Shigella serotypes from WGS assemblies. Whole-genome sequence data are an invaluable tool for the study of bacterial pathogens. Thanks to the collaborative work between bioinformaticians and biologists, the development of in silico tools allows a complete exploitation of the genetic information and provides more rapid and effective methods for infection surveillance. With the era of microbial data there is more need for standardized methods to guarantee comparability between laboratories and maintain backward compatibility with the traditional serotyping schemes. cgMLST is a robust and portable method for the laboratory surveillance of Shigella infections but can not reveal all Shigella serotypes. Thereby, to prevent disjunction with the seven decades of serotyping data accumulated worldwide, the development of new tools that can mimic serotyping is important. Conventional Shigella is based exclusively on the type of the O-antigen expressed in the cell wall. However, it possesses several disadvantages. The rfb gene cluster coding for the O-antigen has been identified and sequenced for almost all Shigella serotypes [18]. None studied rfb sequences were characterized in our previous study. Therefore, a complete set of rfb gene cluster is now available and could be used to develop in silico tools for Shigella genoserotyping. During the last four years, two in silico tools, ShigaTyper and ShigaPass, have been developed to predict Shigella serotypes. They were mainly based on detection of wzx and wzy gene which are key components for O-antigen synthesis and are known to be serotype-specific [17,19]. In our previous study, we evaluated the performance of these scripts along with the SeroPred script implemented in EnteroBase to detect Shigella and E. coli serotypes [12]. Using a set of approximately 4,000 strains and isolates, SeroPred yielded the lowest performance and couldn't detect Shigella serotypes in most cases. ShigaTyper and ShigEiFinder were found to be promising tools, however, both require optimisation in the choice of molecular targets for certain serotypes. In addition, their databases lack the rfb sequences of the provisional and the newly identified serotypes, thus these tools could not identify them. Moreover, we found that when genomes were generated using a transposasebased library kit (such as Nextera XT kit), regions with low GC contents (like rfb gene cluster)

were under covered and therefore ShigEiFinder yielded a lower performance of Shigella typing.

Therefore, the existing in silico tools are not totally suitable to be implemented in the FNRC-ESS as a routine tool for Shigella genoserotyping. The FNRC-ESS, in which part of this thesis took place, is responsible for the microbiological surveillance of Shigella in France and uses WGS as part of routine procedures. WGS is generally performed at the Mutualized Platform for Microbiology (P2M) at Institut Pasteur, Paris, using the Nextera XT kit and Illumina NextSeq 500 system. For these reasons we developed ShigaPass which is capable of predicting all Shigella serotypes from whole-genome sequencing assemblies. Unlike other existing in silico tools, our strategy is based on detecting various genetic structuresthe rfb gene cluster, phage-and plasmid-encoded O-antigen modification genes, seven housekeeping genes, fliC genes and CRISPR spacersto robustly predict Shigella serotypes and differentiate between Shigella, EIEC, and non-Shigella/EIEC. We compared the performance of ShigaPass with those of ShigaTyper and ShigEiFinder, using over 4,500 Shigella strains and isolates. We should note that ShigEiFinder team has released a new version of ShigEiFinder in April 2022 fixing some of the problems identified in our previous study. However, ShigaPass gave the best performance with a correct assignment rate of 98.5%. This higher performance could be explained by the fact that ShigaPass relies on a database containing k-mers for the whole rfb cluster rather than just the wzx/wzy genes, thereby increasing the chances of serotype identification if the genomic sequences obtained do not cover the rfb cluster very well. The uncorrect assignments were mainly caused by differences between phenotypic and genotypic characteristics of S. flexneri.

For this reason, we previously recommended using the S. flexneri phylogenetic groups (PGs) described by Connor and coworkers and easily identified by cgMLST [2,7], rather than relying exclusively on S. flexneri subserotypes [7]. Finally, we also strongly recommend combining ShigaPass with cgMLST data, to optimise the laboratory and epidemiological surveillance of Shigella.

WGS is becoming the preferred method for investigating the genome sequence of bacterial pathogens. The FNRC-ESS has been using ShigaPass for the routine surveillance of Shigella infections in France since October 2021. Serotyping by slide agglutination is no longer used, and Shigella surveillance is now based on genomic approaches that could identify Shigella serotypes using ShigaPass and monitor the trends and evolution of Shigella using the Enterobase cgMLST scheme. Untill now, ShigaPass is only able to predict Shigella serotypes using WGS assemblies but a new version that can accept short and long reads will be developed in the future.

The third article entitled "Characterisation of Shigella spp. isolated from North Lebanon using Whole genome sequencing" is still in preparation. This thesis is a collaborating thesis between the Bacterial Pathogen Unit, Institut Pasteur, Université Paris Cité, and the Health, Environmental and Microbiology laboratory (LMSE), Lebanese University. For this reason, one of the aims of this thesis was to apply WGS to study Shigella isolates recovered from North Lebanon. This is the first study that give insight about Shigella circulating serotypes in Lebanon and shed the light on different AMR determinants carried by these strains. Nanopore long reads sequencing will be performed to better characterize the genetic carriers of AMR genes. This study will help in better understanding the diversity of Shigella in North Lebanon as well as understanding the AMR dissemination mechanisms that occurred in Lebanon. However, our study has some limitations. In Lebanon, no Shigella reference laboratory exists. Therefore, it is difficult to have access to national or even regional data about Shigella prevalence, and such studies depend on a collaboration between research and clinical centers. After a collaboration conducted between the LMSE and different medical tertiary cares in North Lebanon, 54 isolates were sent to the LMSE for storage and further analyses, during 2009 and 2017. This limited number of collected Shigella isolates could be mainly explained as not every Shigella isolate identified by the medical tertiary cares was sent to the LMSE. In addition, several facts could indirectly affect the collection of Shigella isolates such as the difficulty to identify and characterize Shigella isolates which led to misidentification. In addition, since shigellosis is manifested by watery diarrhoea and is generally a self-limited disease, not every case sees a doctor and not every doctor orders a test. However, our study aimed to provide baseline information about Shigella status in Lebanon. It showed a high diversity in Shigella circulating strains as well as a high percentage of AMR. Nevertheless, it would be helpful to investigate the prevalence of Shigella in different regions and districts of Lebanon. Since the most recent strain in this study was isolated in 2017, further works are highly encouraged to study the actual situation and prevalence of AMR Shigella isolates. Knowledge of the distribution of Shigella serotypes remains important for epidemiological surveillance and helps the authorities to improve the control and prevention measures.

In conclusion, this study presents the broad overview of Shigella population and the evaluation of different genomic methods as a replacement of the classical Shigella typing scheme. Here, we propose to combine cgMLST HCs data with the ShigaPass in silico serotyping data as a novel Shigella typing scheme. These genomic methods are portable, robust, easy to use and have high resolution. Finally, this study will have broad application ranging from understanding the evolution of Shigella to diagnosis and epidemiology.
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Chapter I -Literature review Part 1 -

 1 General overview of Shigella 5 complications like Reiter's Syndrome, or post-infection arthritis, and neurological manifestations in the form of seizures have been reported[21][22][23].

Figure 1 :

 1 Figure 1: Shigella' infection cycle [24].

Chapter I -Literature review Part 1 - 7 Figure 2 :

 172 Figure 2: (A), Genetic map of the virulent plasmid (pWR501 pINV) of Shigella flexneri. Virulence determinants are coloured in red. (B), The genetic organization of the entry region is based on the sequence of plasmid pWR100 [25, 39].

Figure 3 : 11 1. 5 Diagnosis

 3115 Figure 3: Epidemiology of S. sonnei versus S. flexneri. Red indicates countries where S. sonnei is the dominant cause of shigellosis. Blue indicates countries where S. flexneri is still predominant (although S. sonnei cases may be rapidly increasing) [64].
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 4137 Figure 4: Guidelines for treatment of suspected shigellosis [13]. *Azithromycin and fluoroquinolones should be used with caution in patients taking the antimalarial artemether as these drugs can prolong the QT interval on the electrocardiogram and trigger arrhythmias. †Per WHO recommendations.

Figure 5 :

 5 Figure 5: Distribution of S. sonnei resistance to first-and second-line antibiotics [64]. FQR, fluoroquinolone resistance; ESBL, extended-spectrum β-lactamase-producing; RSA, reduced sensitivity to azithromycin.

Figure 6 :

 6 Figure 6: Summarized bacterial antibiotic mechanisms of action and mechanisms of resistance [80].

  those of Shiga and Schmitz bacilli [150, 151]. In 1949, Ewing proposed the present system of Shigella taxonomy which was revised in 1958 by the Nomenclature Committee of the International Association of Microbiological Societies [143, 152]. This scheme classifies Shigella on the basis of their biochemical and antigen characteristic into four serogroups: S. dysenteriae (serogroup A), S. flexneri (serogroup B), S. boydii (serogroup C), and S. sonnei (serogroup D). Each serogroup is then subdivided into several serotypes based on the specificity of the O-antigens. However, only one serotype of S. sonnei has been described [143]. Since this last major revision, additional serotypes of S. Chapter I -Literature review Part 2 -Taxonomy, and Genetics of Shigella dysenteriae and S. boydii have been described. So that at present 15, 20, and 8 serotypes are recognised in S. dysenteriae, S. boydii and S. flexneri, respectively. S. flexneri serotypes 1 to 5, X and Y are subdivided into 19 subserotypes [153]. The O-antigen of S. flexneri 6 is significantly different from that of other serotypes of S. flexneri. Despite the results of the various studies indicating that S. flexneri 6 is closer to S. boydii than to the other serotypes of S. flexneri, the inclusion of serotype 6 in the species S. flexneri has been maintained by the "working Group on Shigella" at the International Congress of Bacteriology in 1973 [9, 145, 147, 154].

by

  Yang and coworkers, gave the same population structure but with a higher resolution subdividing C1 into 3 subclusters (Figure7)[161]. These studies suggested that Shigella have evolved, within the last 35,000 to 270,000 years, from several independent ancestors on multiple occasions within the group of non-pathogenic E. coli and recommended the inclusion of Shigella as a pathovar of E. coli[154, 161]. The multilocus variable-number tandem-repeat (VNTR) analysis (MLVA) of 78 Shigella spp. strains and 11 strains of E. coli classified Shigella into four main clusters. Cluster 1 was consistent with the cluster C1 of Pupo et al. and was subdivided into three subclusters like Yang and coworkers did in their study. Cluster 2 comprised all S. sonnei, some E. coli and all the serotypes found in cluster C2 of Pupo et al.. Cluster 3 consisted of all S. fexneri 1-5, X, and Y, S. boydii 12 and S. dysenteriae 8, thus meaning that it differed from cluster C3 of Pupo et al. by the presence of S. dysenteriae 8. The fourth cluster grouped all the S. dysenteriae 1 and some E. coli strains [171]. A more recent studies based on whole genome sequencing (WGS) analysis of Shigella and different lineages of E. coli have confirmed that Shigella fall into different clusters interspersed within E. coli and supported Pupo et al., classification [162, 172, 173]. Some minor differences between these studies have been noticed. Since these studies were either based on small set of Shigella strains or did not cover all Shigella serotypes, we reinvestigated the Shigella population structure. The results and the comparison with earlier studies are presented in detail in Article 1. Chapter I -Literature review Part 2 -Taxonomy, and Genetics of Shigella 28 Even though it is clear now that Shigella and E. coli are closely related, Shigella has always been distinguished from E. coli by their physiological, antigenic and biochemical characteristics (non-motility, no decarboxylation of lysine, no use of citrate and malonate, and many other charcteristics cited above). However, the distinction between Shigella and E. coli was hindered with the emergence of pathogenic forms of E. coli in 1940s, particularly the entero-invasive E. coli (EIEC) pathovar [174].

Figure 7 :

 7 Figure 7: Phylogenetic tree generated by the neighbor-joining method for the combined data of 23 chromosomal genes. Strain names prefixed by EI are EIEC strains, followed by strain number; for Shigella strains, S. dysenteriae, S. flexneri, S. boydii, and S. sonnei are abbreviated D, F, B, and SS, respectively, followed by the serotype number. Names of those sequenced E. coli/Shigella strains were given and their serotypes are indicated in parentheses. Bootstrap values >50% are indicated at the nodes. Salmonella enterica LT2 is used as outgroup. The three major clusters of Shigella are indicated by vertical dashed lines at the right, and the vertical dotted lines delineate the newly identified three subclusters of C1 [154].2.5.1 Relationship with enteroinvasive E. coli Among E. coli, Shigella forms a specific pathovar with EIEC, as both of them can invade epithelial cells and cause dysentery through the acquisition of similar pINV plasmid [175]. Moreover, Shigella and EIEC share several common traits such as immobility, inability to decarboxylate lysine and to ferment lactose. However, EIEC can display profiles ranging from a metabolically active E. coli-like profile (positive for these characteristics) to an inactive Shigella-like profile [176-178].

serotypes 1 - 5 ,

 15 X and Y belong to the ST245 complex while S. flexneri 6 fell into ST145 of the ST243 along with other serotypes of S. boydii [199-201], confirming the idea pointed out earlier that S. flexneri 6 is closer to S. boydii than to the other serotypes of S. flexneri [154]. WGS analysis conducted by Connor and coworkers on 351 S. flexneri sequences covering different serotypes revealed that S. flexneri (excluding the serotype 6) consist of seven phylogenetic groups (PG) that have arisen on several occasions. Interestingly, each PG contain various serotypes suggesting that serotype switching is frequent, therefore highlighting the weakness of the actual serotying scheme [187].

Table 4 :

 4 Genes formulas of each S. flexneri subserotype lineages encompassing the majority of the isolates. It was found that S. sonnei emerged less than 400 years ago and it was a singular divergence event that then branched into the five lineages[4, 6]. With the aim to investigate the epidemiology and population structure of S. sonnei circulating regionally, several WGS studies from various countries in the world was carried out[55, 100, 111,[203][204][205][206][207]. These studies identified additional sub-lineage-level phylogenetic groups especially within lineage III (the largest lineage), associated with features such as ciprofloxacin-resistance [100], transmission within Orthodox Jewish communities [55],or transmission amongst MSM[111]. These events are likely due to a successful clone being introduced into a particular region, then spreading within the local area. Although all three lineages were found in Europe, not all of them have spread all over the world. Specifically, lineage III of S. sonnei has spread and became predominant in other continent such as Asia, Australia and North America for more than 20 years. This lineage has gained survivability over other populations following the acquisition of either a plasmid and chromosomal Tn7-like transposon encoding for antimicrobial resistance genes or through random chromosomal mutations affecting the gyrA gene[4, 6, 203]. These findings highlight that AMR acts as a driver for microevolution in S. sonnei regional populations.Laboratory-based surveillance is a key element in tracking and monitoring infectious disease trends, assessing the effectiveness of control and prevention measures, and detecting clusters or significant changes in pathogen presence and behaviour[208]. Traditional and molecular methods such as phenotypic typing, DNA amplification and restriction have been widely used. Now with the genomic era and the vast WGS data produced, the transition to the routine use of WGS for pathogens surveillance is becoming more frequent[209, 210]. Due to the importance of Shigella as an agent of bacillary dysentery and the global spread of MDR and even XDR Shigella strains, laboratory monitoring of Shigella is crucial[5, 55]. Numerous identification and typing methods have been developed which differ in their discriminating power and reproducibility. The techniques presented below are a non-exhaustive list.
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 8 Figure 8: Shigella serogroups identification

  against the different Shigella lipopolysaccharide O-antigens. S. flexneri 1-5, X, Y

(

  RFLP) assay to identify Shigella serotypes [229]. This technique is based on the amplification of the rfb locus followed by a digestion using the MboII restriction enzyme and then separation by agarose gel electrophoresis. This approach produced clearly identifiable and reproducible O-antigen restriction patterns for each serotype except for S. boydii 12, which produced two unique patterns, and S. flexneri serotypes 1-5, X, and Y, which produced the same Chapter II -Literature review Part 3 -Laboratory monitoring of Shigella infections 38 indistinguishable pattern [229]. To facilitate the portability of this method and automation of the band restriction analysis, a dynamic program called "Molecular serotyping tool" was subsequently created. This software enables the comparison of the rfb-RFLP pattern with a database containing 171 previously published patterns corresponding to all known E. coli/Shigella O-antigens, thus ensuring a quick and easy serotype identification [230]. However, this method cannot distinguish between Shigella and E. coli that share identical Oantigen [231]. To note, previous studies have shown that 18 Shigella serotypes share identical, highly similar to, or adapted E. coli O-antigen gene clusters, which explain the many crossagglutinations observed with the serotyping scheme [228]. A further rfb analysis to include and characterise all Shigella serotypes has been conducted and presented in Article 1.

Figure 9 :

 9 Figure 9: Schematic representation showing amplified products and restriction fragments data base for O-patterns corresponding to different species and serotypes [228]. *A second band (≈ 840 bp) was observed; A, S. dysenteriae; B, S. flexneri; C, S. boydii; D, S. sonnei

  Unlike traditional typing methods, WGS approaches decode the total information contained in the bacterial DNA, thus answering wide range of epidemiological questions that range from fine epidemiological studies to local and global studies as well as phylogenetic and population structure studies[4, 203, 233]. In typical WGS protocols (such as Illumina platforms), sequencing consist of three main steps: (i) library preparation which serve to tag, fragment, and normalize the genome, (ii) cluster generation on a flow cell containing complementary oligonucleotides adapters, and (iii) sequencing using a four-color reversible terminator-based methodology. At the end of the sequencing, DNA fragments of about hundreds of nucleotides are synthesised and called reads. These reads are later assembled into a draft or complete genome that can be used for further analysis such as gene prediction and annotation, comparative genomics, and evolutionary analysis[234]. With the decreasing costs and increasing speed and reliability of sequencing technologies, WGS is becoming a powerful tool not only for genomics research but also for public health and epidemiological surveillance. Consequently, government and regulatory agencies have shifted their reliance on pathogen characterization methods such as Pulsed-field gel electrophoresis (PFGE) and MLVA/MLST to WGS methods [234, 235].

  length k. The software splits the query (reads or assembled genome) into k-mers and compare them to a set of k-mers derived from reference genomes. The number of cooccurring k-mers between the query and reference genomes are then expressed as "score" to determine evolutionary relatedness [236]. Chattaway and coworkers used this algorithm for the Chapter II -Literature review Part 3 -Laboratory monitoring of Shigella infections 40identification of E. coli and Shigella serogroups. This accurately identified the strains to the species level with a 98.4% of concordance between the traditional phenotyping scheme and the k-mer identification. Mismatches between these two methods were resolved using the MLST data, therefore the authors strongly recommended the use of k-mers comparisons and MLST for a better identification[200].

  portability and reproductibilty are the main advantages of MLST since it relies on an Chapter II -Literature review Part 3 -Laboratory monitoring of Shigella infections 41 internationally standardised nomenclature [237]. Based on the Achtman scheme, Chattaway and coworkers identified four major clonal complexes (CCs). The CC152 consisted of all S. sonnei isolates and the CC245 contained all S. flexneri 1-5, X and Y isolates while S. flexneri 6 belonged to CC145 that comprised also S. boydii and S. dysenteriae. The CC288 cosisted of different serotypes of S. boydii and S. dysenteriae. The authors concluded that sperating species based on one test could lead to unsatisfactory results [200].
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 10 Figure 10: Population structure of E. coli, highlighting CCs and STs associated with all four Shigella species and with EIEC [200]. Isolates are colored with respect to their identification by traditional biochemistry and serology (yellow, S. sonnei; blue, S. flexneri; green, S. boydii; red, S. dysenteriae; pale blue, EIEC; and white, E. coli). A, B, C, D and E were labelled to highlight different types of mismatching between the traditional method and the k-mer based method.

  The cgMLST has been successfully used to decipher the population structure and the surveillance of many pathogens such as Salmonella enterica [233] and Listeria monocytogenes [239]. One of the cgMLST schemes developed is Content removed for copyright reasons Chapter II -Literature review Part 3 -Laboratory monitoring of Shigella infections 42 implemented in EnteroBase which enable an easy and portable interpretation of cgSTs and give a hierarchical overview of the population structure of different pathogens [233, 240].3.3.3.a EnteroBaseEnteroBase is a database initially developed for Salmonella, Escherichia/Shigella, Yersinia and Moraxella by Mark Achtman's team in 2016 (https://enterobase.warwick.ac.uk/) and replaces the former Warwick MLST database (mlst.warwick.ac.uk). However, with the rapid popularity gained databases for Mycobacterium, Streptococcus, Clostridioides, Vibrio, and Helicobacter have been added. The Escherichia/Shigella database currently (May 2022) includes 208,893 strains. The user submits his raw reads (.fastq) in a compressed format (.gz), together with the metadata for each isolate. At the end of the analysis, the user can download the results in a table format. These results include, in addition to the MLST analysis (seven genes), a ribosomal-MLST (rMLST) extraction (51 genes), cgMLST (2,513 genes), whole-genome (wgMLST) (25,005 genes), O-and H-prediction serotype and phylotypes prediction. The user can also download the assembled genomes and create common workspaces to facilitate the exchange of results. In addition, SNP tree and MLST grape tree can be directly created by selecting strains present in Enterobase. To note, Enterobase scans NCBI short read archive every day and downloads new coming Illumina reads as well as complete genomes[233].Visual comparisons of cgSTs are rarely productive because each consists of up to 2,513 integers. Furthermore, EnteroBase contains approximately 200,000 of cgST numbers because almost every genome produces a unique cgST number. Many of these cgSTs differ only by missing data because they are derived from draft genomes composed of multiple contigs.
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 11 Figure 11: Maximum-likelihood core SNP tree of Escherichia/Shigella genomes representing all HC1100 clusters present in Enterobase [240]. The tree is colored by HC2350 cluster designations.

[ 1 )

 1 172, 242, 243]. To date, three in silico serotyping tools have been developed to predict Shigella serotypes. ShigaTyper is designed to predict Shigella serotypes via a mapping approach, using Illumina or Oxford Nanopore reads, for two genes of the O-antigen rfb cluster, wzx and wzy [243]. Shigella is distinguished from EIEC on the basis of a set of criteria, including detection of the lactose permease (lacY) and lysine decarboxylase (cadA) genes, in particular [243]. 2) ShigEiFinder accepts raw reads and assembled genomes, and uses the Shigella Oantigen genes database created by ShigaTyper for Shigella prediction, the database of Content removed for copyright reasons Chapter II -Literature review Part 3 -Laboratory monitoring of Shigella infections 44 E. coli O-and H-antigen genes of SerotypeFinder for EIEC prediction and a set of 22 accessory genome genes to reveal Shigella/EIEC clusters [172]. 3) EnteroBase SeroPred is implemented in EnteroBase and outputs the O-antigen using the O-antigen genes database created by ShigaTyper for Shigella predicition and the database of E. coli O-and H-antigen genes of SerotypeFinder for E. coli prediction [233]. The performance of these different in silico serotype prediction tools were evaluated in Article 1 and 45. Dautin N. Serine protease autotransporters of Enterobacteriaceae (SPATEs): biogenesis and function. Toxins (Basel) 2010;2:1179-1206.

Article 1 -

 1 Published: Iman Yassine, Sophie Lefèvre, Elisabeth E. Hansen, Corinne Ruckly, Isabelle Carle, Monique Lejay-Collin, Laëtitia Fabre, Rayane Rafei, Dominique Clermont, Maria Pardos de la Gandara, Fouad Dabboussi, Nicholas R. Thomson, François-Xavier Weill. Population structure analysis and laboratory monitoring of Shigella by core-genome multilocus sequence typing. Nature communication, 27 January 2022The epidemiology of bacillary dysentery (shigellosis)an infection transmitted via the faecaloral routehas recently changed. Epidemic shigellosis is frequent in tropical areas, where it is acquired by local populations or travellers, but is also increasingly being seen in high-income countries, particularly in the gay community, in which it is transmitted sexually and is caused by various Shigella serotypes, often highly resistant to antibiotics. Laboratory monitoring of the Shigella strains circulating at national level is therefore important, for the detection of epidemic strains, and the implementation of control measures. Since the 1940s, laboratorybased surveillance has been based on a standardised serotyping scheme classifying Shigella strains into four serogroups and more than 50 serotypes. Over the last five years, real-time whole-genome sequencing has been used for the surveillance of Shigella infections in highincome countries. Several different strategies have been used and there is currently no standardised high-resolution scheme for genome typing.

  Four HC2000 clusters contained Shigella genomes from a single serotype: HC2000_305 (SON) with S. sonnei, HC2000_1463 (SD1) with S. dysenteriae type 1, HC2000_44944 (SD10) with S. dysenteriae 10, and HC2000_45542 (SB12) with S. boydii 12, and three clusters -HC2000_1465 (S1), HC2000_4118 (S2), and HC2000_192 (S3)consisted of multiple serogroups and serotypes. The first of these clusters, HC2000_1465, contained various serotypes of S. dysenteriae (3, 4-7, 9, 11-15, provisional (prov.) 93-119, prov. SH-103, prov. 97-10607, prov. SH-105, prov. 96-3162 and prov. 204/96); S. boydii (1-4, 6, 8, 10, 11, 14, 18-20, and prov. 07-6597); and S.

  : A NINJA neighbour-joining GrapeTree showing the population structure of Shigella spp. based on the cgMLST allelic differences between 493 Shigella and E. coli reference genomes. Central Tree: the tree nodes are colour-coded by Shigella serogroup and E. coli pathovar. The different Shigella cgMLST clusters are labelled. For the SON cluster, the different genomic lineages of S. sonnei are indicated with Latin numerals. For the S. flexneri serotypes in cluster S3, the phylogenetic groups (PG1 to PG7) are also indicated. Peripheral trees: the tree nodes are colour-coded by different cgMLST HCs data (from HC400 to HC2000).

Supplementary Figure 3 .

 3 A maximum-likelihood phylogenetic tree showing the population structure of 491 Shigella and E. coli reference genomes based on 5,129 recombination-filtered core-genome singlenucleotide variants (SNVs). Nodes supported by bootstrap values ≥95% are indicated by red dots.Phylogenetic clades containing Shigella genomes are labelled with the same nomenclature (S1-S3, SON, SD1, SD8, SD10, and SB12) as in Figure1. All the Shigella genomes are also labelled on the right with cgMLST HC2000 and HC1100 data. Two genomes (E. fergusonii RHB19-C05 and S. dysenteriae type 1 CAR7) were removed from the analysis by the Gubbins software.

Supplementary Figure 4 .Supplementary Figure 5 :

 45 A NINJA neighbour-joining GrapeTree showing the genomic diversity of 4,268 Shigella isolates, based on the "reference" (n = 317), "reference+" (n = 81), and "routine" (n = 3,870) datasets. The tree nodes are colour-coded by type of dataset (A) or by Shigella serogroup (B). The global dataset consists of the reference and reference+ datasets. The numbers of isolates in each dataset are indicated in brackets. Shigella -Routine dataset [3870] Shigella -Reference and Reference+ datasets [398] Representation of the normal O-antigen gene cluster locus in S. dysenteriae 3 and S. dysenteriae 16 isolates.

  cryptic flagellin (fliC) genes. Using fliC-restriction fragment length polymorphism (RFLP), Coimbra and coworkers identified 17 different fliC restriction patterns, each corresponding to one or several Shigella serotypes [10]. The rfb-RFLP method, which involves amplifying the rfb locus by long-range PCR, yields different band patterns for most of the O-antigens, but Chapter IV -Article 2 ShigaPass for genoserotyping 123

Chapter IV -Article 2

 2 ShigaPass for genoserotyping 128 the iap gene. DR and spacers were then identified manually, by examining the region immediately downstream from iap by eye. Determination of O-antigen gene clusters and phage-encoded O-antigen modification A reference database was constructed from published O-antigen rfb gene clusters

  uses the reference databases created to identify rfb gene clusters, MLST ST7, fliC alleles, and Chapter IV -Article 2 ShigaPass for genoserotyping 129 CRISPR spacer sequences. The detection of ipaH is used as an exclusion checkpoint.

a

  loss of the gtrX prophage. Another issue was frequently encountered with S. flexneri strains harbouring the opt gene responsible for phosphoethanolamine (PEtN) modification of the Oantigen on a plasmid. This PEtN modification confers positive agglutination with MASF IV-1 serum, which was not applied systematically before 2018. Many strains were genomically Chapter IV -Article 2 ShigaPass for genoserotyping 137 identified as S. flexneri 4av (positive agglutination with MASF IV-1) but were phenotypically recognised as S. flexneri 4a (negative agglutination with MASF IV-1) when sero-agglutination was repeated, probably due to loss of the plasmid-borne opt gene. False-negative and falsepositive results were mostly due to low target gene coverage, or a mixture of multiple Shigella

Figure 1 .

 1 Figure 1. Maximum-likelihood phylogenetic tree of fliC alleles for S. dysenteriae (SD), S.

Figure 2 .

 2 Figure 2. Summary of the ShigaPass pipeline. SB, S. boydii; SD; S. dysenteriae; SF, S. flexneri;

Figure 3 .

 3 Figure 3. Stacked-bar chart displaying the results (percentage assignment) per tool for each

Figure 4 .

 4 Figure 4. Stacked-bar chart displaying the results (percentage assignment) per tool for each

  . boydii; SD, S. dysenteriae; SF, S. flexneri; SS, S. sonnei A/C, A/G, G/C and G/A/C in parentheses indicate A or C, A or G, G or C, G or A or C (respectively).

Fifty-four strains

  of Shigella spp. were collected from clinical stool samples of patients admitted for bacillary dysentery to different medical tertiary cares in North Lebanon between 2009 and 2017. These strains were identified using either Api20E (BioMérieux, Marcy-l'Étoile, France) or RapID ONE (Remel, San Diego, California, USA) in first instance and stored at the Health, Environmental and Microbiology laboratory (LMSE). For strains characterization and further analyses, these isolates were subsequently sent to the French National Reference Centre for Escherichia coli, Shigella and Salmonella (FNRC-ESS) at the Institut Pasteur in Paris, France.

Figure

  Figure 1: Antimicrobial resistance in Shigella isolates. SD, S. dysenteriae; SB, S. boydii; SF,

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  5 ans. La surveillance des infections à Shigella repose sur une nomenclature, standardisée à la fin des années 1940, et qui différencie quatre sérogroupes et plus de 50 sérotypes sur la base de tests biochimiques et antigéniques. Cette méthode classique est laborieuse, longue, non automatisable et nécessite un haut niveau d'expertise. Le séquençage des génomes bactériens entiers a récemment révolutionné la microbiologie de Santé Publique.
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Table 1 :

 1 Toxins secreted by Shigella and their functions

	Protein Gene	Location	Function	Reference
				Cytotoxicity,	
	Stx	stxAB	Chromosome	Protein synthesis inhibition, Apoptosis induction,	[40, 41]
				Gene expression alteration	
	ShET1	set1A, set1B	Chromosome	Enterotoxicity, Intestinal fluid accumulation	[42, 43]
	ShET2	sen, ospD3	Virulence Plasmid	Enterotoxicity, Intestinal fluid accumulation	[42, 44]
	SigA	sigA	Chromosome	Serine protease autotransporters, Cytotoxicity, Intestinal fluid accumulation	[42, 45, 46]
				Serine protease autotransporters,	
	Pic	Pic	Chromosome	Enterotoxicity, Immunomodulation,	[42, 45, 47]
				Hemagglutination	
				Serine protease autotransporters,	
	SepA	sepA	Virulence Plasmid	Enterotoxicity, Inflammation and tissue damage in	[42, 45, 48]
				epithelial cells	
	1.3.3 Pathogenicity islands		
	Shigella and encode for enterotoxins, O-antigen modification, iron acquisition and
	antimicrobial resistance genes (Table 2) [18].	

Pathogenicity islands (PAI), which are unstable genetic elements acquired through horizontal gene exchange, contributes to Shigella virulence. Five distinct PAIs have been identified in

Table 2 :

 2 Shigella pathogenicity islands

	PAI	Genes	Protein function	References
	SHI-1 sigA, pic, set1A, set1B Enterotoxins and serine protease	[18, 43, 46,
			autotransporters	47]
	SHI-2 iucA-D, iutA, shiA-G	Iron acquisition and inflammation	[49, 50]
			reduction	
	SHI-3 iucA-D, iutA	Iron acquisition	[51]
	SHI-O gtrA, gtrB, gtrV	O-antigen modification and serotype	[18, 52]
			conversion	
	SRL	aadA1, oxa, cat, tetA,	Resistance to streptomycin, ampicillin,	[53]
		tetC, int, rox, fec	chloramphenicol and tetracycline,	
			Ferric dicitrate uptake system	

  therefore, with the absence of regular water treatment, this regular exposure naturally immunizes people against P. shigelloides and S. Sonnei, as the O antigen is considered the main target of the immune system during Shigella infection[START_REF] Kubler-Kielb | The elucidation of the structure of the core part of the LPS from Plesiomonas shigelloides serotype O17 expressing O-polysaccharide chain identical to the Shigella sonnei O-chain[END_REF][START_REF] Shepherd | Comparison of O-antigen gene clusters of Escherichia coli (Shigella) sonnei and Plesiomonas shigelloides O17: sonnei gained its current plasmid-borne O-antigen genes from P. shigelloides in a recent event[END_REF]. Consequently, this immunity is not common in developed regions, which could explain why S. sonnei is predominant in areas with treated water. Another hypothesis is related to the presence of an amoeba called Acanthamoebae castellanii, a very common amoeba found in various water sources (including potable water), and it is known to survive harsh water treatments like chlorination. Acanthamoebae phagocytoses S. sonnei thus protecting it from disinfection processes allowing it to survive in adverse environmental conditions. On the other hand, S.

) [56]. Several mechanisms have been proposed to explain this correlation [57]. One mechanism is that people living in low-income countries are more exposed to faecally contaminated water supplies containing Pleisiomonas shigelloides. P. shigelloides O17 shares nearly identical O antigen Chapter I -Literature review Part 1 -General overview of Shigella 10 with S. sonnei,

  The surveillance of Shigella is important to confirm and detect the emergence of strains that are potentially problematic for public health. In France, the National Reference Centre for

	Escherichia coli, Shigella and Salmonella (FNRC-ESS, Institut Pasteur) is in charge of the
	microbiological surveillance of shigellosis. Between 2017 and 2021, the FNRC-ESS typed over
	4,500 isolates received from ~1000 clinical laboratories located in mainland France and its
	overseas territories. This surveillance system has been estimated to detect 50-60% of
	laboratory-confirmed Shigella infections in France. S. sonnei (54%) and S. flexneri (37%) were
	invariably predominant over the years (2005-2019) whereas S. boydii (6%) and S. dysenteriae
	(3%) were constantly under-represented [74].

In Europe, 6,425 confirmed shigellosis cases were reported by 30 European Union/European Economic Area countries in 2017, accounting for 1.7 cases per 100,000 population

[START_REF]Shigellosis: Annual Epidemiological Report for 2017[END_REF]

. Australia reported 5.8 cases of shigellosis per 100,000 habitants in 2016 with 93% increase compared to the five-year historical mean, 2011 to 2015

[START_REF]National notifiable diseases: Australia's notifiable diseases status: Annual report of the National Notifiable Diseases Surveillance System[END_REF]

. The notification rate remained high among young children under five years of age and adult males aged

 

Table 3 :

 3 Classification of S. boydii and S. dysenteriae serotypes based on indole production

S. dysenteriae serotypes S. boydii serotypes

  , 10, 11, 12, 13, 14 and15 1, 2, 3, 4, 6, 8, 10, 12, 14, 18, 19 and 20 2.3 Classification of Shigella based on antigenic characteristics: from earlier work to the Ewing's scheme

	Indole +	2, 7 and 8	5, 7, 9, 11, 15, 16 and 17
	Indole -	1, 3, 4, 5, 6, 9	

Table 6 :

 6 S. sonnei biotypes identification

	S. sonnei biotypes	ONPG	Indole	Mannitol	Xylose	Rhamnose	Dulctiol ODC
	a	+	-	+	-	+	-	+
	g	+	-	+	-	(+)	-	+
	d	-	-	+	+	+	-	+
	e	+	-	+	+	+	-	+
	f	-	-	+	-	+	-	+
	(+), positive reaction within 2-3 days					

  The distinction between Shigella and E. coli is complex especially in case of EIEC displaying Shigella like profile or EIEC sharing the same O-antigens [211-213]. Additionally and as discussed in the previous chapter, this method does not reflect the genetic relatedness of

	Shigella population.

Table 7 :

 7 S. flexneri serotyping scheme

  Shigella and E. coli and not all Shigella serotypes were covered. In addition, none of the studies was able to fully differentiate (100%) between Shigella and E. coli[214][215][216].The use of comparative genomics has provided an opportunity to identify and validate PCR markers. One such study identified 'species'-specific markers for the detection of each of the four Shigella serogroups. However, it was performed and validated with only one isolate per serogroup[225]. Other studies took into consideration the fact that there are different clusters of Shigella and EIEC, and that it would be difficult to find a single marker present in all lineages of Shigella and absent in all EIEC, and vice versa. For this purpose, they identified 'clade'-

	specific markers to differentiate between them [173, 224]. Although these phylogenetic clade-
	specific markers seemed to be promising, later studies showed that the chosen markers failed
	to discriminate between Shigella and EIEC when a larger genetic diversity was considered
	[172, 224].
	3.2 PCR-based methods
	3.2.1 Multiplex PCR

The polymerase chain reaction (PCR) -based methods have gained huge popularity in diagnosis and identification of microorganisms due to its high sensitivity, specificity, speed, and costeffectiveness. To avoid the difficulties associated with serotyping, several PCR assays have been explored to identify and differentiate between Shigella, E. coli, and EIEC

[START_REF] Løbersli | Molecular Differentiation of Shigella Spp. from Enteroinvasive E. Coli[END_REF][START_REF] Pavlovic | Development of a duplex real-time PCR for differentiation between E. coli and Shigella spp[END_REF] 217]

.

Generally, PCR schemes target virulence plasmid genes such as ipaH

[218, 219]

, virA

[220]

,

and ial to identify Shigella

[221, 222]

. However, these genes are common to Shigella and EIEC and can be only used to differentiate Shigella/EIEC from E. coli. Of these genes, ipaH is a multicopy gene located on both the chromosome and the pINV. Hence, it is commonly used and integrated in several PCR schemes to prevent false-negative results due to the loss of plasmid after subculture. In an attempt to differentiate between Shigella and EIEC, PCR targeting the ipaH, lacY (lactose permease gene) and/or uidA (β-glucuronidase gene) have been developed considering that ipaH is common in Shigella and EIEC, uidA common in Shigella and E. coli, while lacY is only present in E. coli

[START_REF] Løbersli | Molecular Differentiation of Shigella Spp. from Enteroinvasive E. Coli[END_REF][START_REF] Pavlovic | Development of a duplex real-time PCR for differentiation between E. coli and Shigella spp[END_REF]

. The effectiveness of the primers described in these studies to differentiate between Shigella and EIEC was later questioned, and it was shown that they cannot accurately distinguish between Shigella and EIEC as some EIEC were found to be lacY-negative and some Shigella such as S. sonnei and S. dysenteriae 1 harbor the lacY gene [162, 173, 223-225]. Several multiplex PCR schemes have been established for S. flexneri serotyping [153, 202, 226, 227]. Using a set of eight primers targeting the O-antigen synthesis and modification genes, Sun and coworkers were able to identify 14 out of 15 serotypes of S. flexneri known at that time [202]. Gentle and coworkers upgraded this conventional PCR to a real-time version [226]. In addition, two other multiplex PCR assays have been developed to detect the 19 serotypes of S.

flexneri recognized so far, where the first PCR determine the serotype genes and the second PCR identifies group antigenic factor genes and serotype 7 specific gene (gtrIC)

[227]

. While these PCR schemes were able to reveal the S. flexneri serotypes, discrepancies between phenotypic and genotypic results were noticed. This was explained by the fact that detecting the POAC genes by PCR does not guarantee their expression because deletions, insertions, and mutations render them inactive

[153, 202, 226, 227]

.

SA, Luck SN, Sakellaris H, Rajakumar K, Adler B. Molecular

  The sigA gene which is borne on the she pathogenicity island of Shigella flexneri 2a encodes an exported cytopathic protease involved in intestinal fluid accumulation.

	Infect
	Immun 2000;68:2457-2463.
	47. Henderson IR, Czeczulin J, Eslava C, Noriega F, Nataro JP. Characterization of Pic,
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  . Different mechanisms of mannitol (mtl) operon disruption associated with the mannitol-negative trait have occurred independently in S. dysenteriae. In the four different subclusters of S1 containing this serotype, only remnants of the mtlA and mtlD genes, flanked by Insertion Sequences (ISs) IS1 and IS3, are present in S1a genomes; a remnant of mtlR disrupted by one IS1 is present in S1c genomes; and the entire mtl operon is lacking in S1d genomes, represented only by S. dysenteriae 7. The analysis of a PacBio sequence of S.

Table 1 .

 1 ). One additional S. boydii prov. E1621-54 isolate was identified in our routine surveillance dataset. In EnteroBase, approximately 60 non-redundant genomes belonged to HC1100_11429, and all had the 16⸱9 kb rfb cluster of S. boydii prov. E1621-54. We therefore propose the addition of this serotype to the Shigella typing scheme under the name S. boydii 22. Strain E1621-54 has been deposited in the CIP as the reference strain for this serotype, under CIP 111950. cgMLST allelic differences between the PacBio and Illumina genomes obtained for identical strains

	Chapter III -Article 1	cgMLST analysis of Shigella population

Table 3 .

 3 GenBank accession numbers and coordinates of the gene and genetic structures

	studied			
	Target	Strain	Accession no.	Coordinates
	mtlA	Escherichia coli K-12 substr. MG1655	NC_000913.3	3772281-3774194
	mtlD	Escherichia coli K-12 substr. MG1655	NC_000913.3	3774424-3775572
	mtlR	Escherichia coli K-12 substr. MG1655	NC_000913.3	3775572-3776159
	tnaC	Escherichia coli K-12 substr. MG1655	NC_000913.3	3888435-3888509
	tnaA	Escherichia coli K-12 substr. MG1655	NC_000913.3	3888730-3890145
	tnaB	Escherichia coli K-12 substr. MG1655	NC_000913.3	3890236-3891483
	ipaH	Shigella boydii CDC 3083-94	CP001063.1	1918645-1920360
	rafABD	Escherichia coli K-12	M27273.1	1-5284
	rafY	Escherichia coli	U82290.1	1-1866

Table 4 .

 4 Number of Shigella strains and isolates studied per dataset

	Serotype	Reference	Reference+	Routine
	S. boydii	70	10	101
	1	3	0	5
	2	3	0	40
	3	3	0	0
	4	5	1	10
	5	4	2	2
	6	1	0	0
	7	3	0	0
	8	3	0	2
	9	4	3	1
	10	4	0	7
	11	5	0	14
	12	2	2	0
	14	6	0	5
	15	2	0	0
	16	2	0	0
	17	1	1	0
	18	3	1	4
	19	3	0	5
	20	6	0	5
	21	3	0	0
	22	3	0	1
	Rough	0	0	0
	NST	1	0	0
	S. dysenteriae	81	2	53
	1	16	0	0
	2	7	0	14
	3	3	0	7
	4	4	0	1
	5	3	0	0
	6	2	0	0
	7	3	0	0
	8	3	2	0
	9	3	0	1
	10	2	0	0
	11	2	0	0
	12	4	0	7
	13	2	0	0
	14	1	0	0
	15	1	0	0
	16	6	0	16
	17	6	0	1
	18	1	0	0
	prov. BEDP 02-5104	12	0	2
	Rough	0	0	3
	NST	0	0	1
	S. sonnei	44	0	2161
	Lineage I	11	0	14
	Lineage II	15	0	108
	Lineage III	17	0	2039
	Lineage IV	1	0	0
	S. flexneri 1-5	103	65	1423
	Lineage I	32	12	460
	1a	6	1	9
	1b	9	0	338

Table 5 :

 5 cgMLST allelic differences observed between pairs of isolates from the same patient

	Isolate # 1 Isolate # 2 Serotype 1	cgMLST allelic	Time interval between
			difference	samples, in days
	201700699 201700700	SD 2	0	0
	201701574 201701177	SF 2a	4	41
	201702189 201702190	SF 2a	1	0
	201702422 201702619	SON	1	11
	201702425 201702482	SON	1	0
	201702489 201702493	SON	0	9
	201702491 201702785	SON	0	3
	201702492 201702518	SON	2	0
	201704164 201704239	SF 1b	3	0
	201704289 201704335	SON	3	5
	201704554 201705129	SON	2	19
	201705047 201705059	SF 1b	3	4
	201706769 201706374	SF 2a	1	3
	201707086 201707593	SON	3	12
	201707285 201707469	SON	3	3
	201708044 201708196	SON	0	4
	201708831 201709932	SD 12	0	7
	201709780 201711502	SON	3	60
	201801253 201801603	SON	3	16
	201803392 201803594	SF 1b	0	3
	201805339 201805383	SF 1b	0	6
	201807341 201808646	SF 6	0	11
	201807678 201807018	SON	1	10
	201808860 201809690	SON	1	28
	201810618 201810845	SON	1	5
	201901699 201902697	SF 2a	5	27
	201902285 201901958	SF 7b	2	3
	201902507 201902449	SF 2a	2	11
	201903629 201903788	SF 6	2	6
	201903789 201903630	SF 6	0	8
	201910698 201910787	SON	0	1
	201911113 201910946	SF 2a	1	7
	201911370 201908021	SF 1b	3	90
	202008533 202008379	SON	1	7
	SD, S. dysenteriae; SF, S. flexneri; SON, S. sonnei.	

Table 6 .

 6 In silico serotype prediction for 316 Shigella reference strains with serotype designation, obtained with various tools 1 Shigella serotype described in our study; # , no prediction for ShigaTyper (no wzx, multiple wzx or error); new, novel serotype; Not, not Shigella or EIEC; ! , Shigella or EIEC unclustered; B, S. boydii; D, S. dysenteriae; F, S. flexneri; p. 96-265, S. dysenteriae prov. 96-265; Cs1, Cluster 1 (Shigella) from ref.

	% assignment:

Table 7 .

 7 In silico serotype prediction for 3,861 Shigella routine isolates with serotype designation, obtained with various tools 5

	Article 1	cgMLST analysis of Shigella population

C, correct; U, uncertain; I, incorrect; N, none; *, novel Shigella serotype described in our study; # , no prediction for ShigaTyper (no wzx, multiple wzx or error); new, novel serotype; Not, not Shigella or EIEC; ! , Shigella or EIEC unclustered; +, "uncertain" according to SeroPred; B, S. boydii; D, S. dysenteriae; F, S. flexneri; p. 96-265, S. dysenteriae prov. 96-265; Cs1, Cluster 1 (Shigella) from ref.

an in silico tool predicting Shigella serotypes from whole- genome sequencing assemblies

  ShigaPass has been used by the FNRC-ESS for the routine surveillance of Shigella infections in France since October 2021, and we anticipate its adoption by various public health laboratories for Shigella surveillance around the world. affordable and is now used for routine surveillance, opening up possibilities for the development of much-needed accurate rapid typing methods. We describe here ShigaPass, a new in silico tool for predicting Shigella serotypes from WGS assemblies on the basis of DNA Over the last decade, microbial genomics has revolutionised the laboratory surveillance of bacterial diseases. Here, we describe the development of ShigaPass, a new in silico tool for predicting Shigella serotypes from whole-genome sequencing assemblies. Unlike other existing in silico tools, ShigaPass uses various genetic structures to predict Shigella serotype and to differentiate between Shigella, EIEC and non-Shigella/EIEC isolates. This tool was validated on more than 4,500 serotyped and sequenced reference strains and clinical isolates of Shigella. ShigaPass outperformed existing in silico Shigella serotype prediction tools, yielding the best concordance with the current Shigella serotyping scheme, thereby Furthermore, ShigaPass data can be combined with core-genome multilocus sequencing typing (cgMLST) results, for optimal epidemiological surveillance. ShigaPass has been routinely used for the genomic surveillance of Shigella infections in France since October 2021.

	C Colanic acid gene cluster w z x C w c a K w c a L w c a M Chapter IV -ShigaPass: an in silico tool predicting IS 1 IS 5 S. dysenteriae 3 CP026823 CP026807 CP026825 S. dysenteriae 16 O-antigen gene cluster (rfb) IS 1 g a lE g a lF w z x la r Shigella serotypes from whole-genome sequencing assemblies Article 2 -Submitted to Microbial Genomics Iman Yassine, Elisabeth E. Hansen, Sophie Lefèvre, Corinne Ruckly, Isabelle Carle, Monique Lejay-Collin, Laëtitia Fabre, Rayane Rafei, Maria Pardos de la Gandara, Fouad Dabboussi, Ahmad Shahin, ShigaPass for genoserotyping François-Xavier Weill. ShigaPass: Chapter IV -Article 2 ensuring robust backward compatibility.
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Laboratory monitoring of the Shigella strains circulating at national level is, therefore, important for epidemiological monitoring and the surveillance of outbreaks, vaccine development and the implementation of control measures to reduce the incidence of shigellosis.

Efforts to assess the diversity of the circulating serotypes have historically been based on Shigella serotyping by seroagglutination, which is laborious and time-consuming method. Over the last decade, whole-genome sequencing-based typing has become an essential tool for the public health surveillance and molecular epidemiology of infectious diseases. We recently demonstrated that core-genome multilocus sequence typing (cgMLST) with the EnteroBase scheme is a robust and portable method for the laboratory surveillance of Shigella infections, but we recommended the use of cgMLST coupled with in silico serotyping to maintain backward compatibility with the current Shigella serotyping scheme.

In this paper, we describe ShigaPass, a new in silico tool capable of predicting all Shigella serotypes from whole-genome sequencing assemblies. Unlike other existing in silico tools, ShigaPass makes use of various genetic structuresthe rfb gene cluster, phage-and plasmidencoded O-antigen modification genes, seven housekeeping genes, fliC genes and CRISPR spacersfor the robust prediction of Shigella serotypes and differentiation between Shigella, entero-invasive Escherichia coli (EIEC), and non-Shigella/EIEC. This tool was developed and validated on more than 4,500 Shigella reference strains and clinical isolates that had already been characterised phenotypically with a panel of biochemical tests and serotyped by slide agglutination. The results obtained with ShigaPass perfectly matched the current Shigella serotyping scheme, and this tool outperformed all the other existing in silico tools tested. sequences for the rfb gene cluster, phage and plasmid-encoded O-antigen modification genes, seven housekeeping genes, fliC genes and CRISPR spacers. Using a combination of these markers, ShigaPass can predict Shigella serotypes within 15 seconds. Using more than 4,500 reference strains and clinical isolates of Shigella thoroughly characterized with a panel of biochemical tests and serotyped by slide agglutination, we show here that ShigaPass outperforms all existing in silico tools, with a correct serotype assignment rate of 98.5%.

Impact statement

Laboratories play a crucial role in the surveillance and investigation of outbreaks of Shigella infections.

Table 6 ,

 6 Figure 4, and SupplementaryTable 9). ShigaPass gave the best serotype prediction. With this larger dataset, ShigEiFinder performed less well than ShigaTyper. However, 8-12% of the strains belonging to S. boydii 2, 4, 11, or S. dysenteriae 2, 20-100% of S. boydii 10, S. dysenteriae 3 or 16, and 100% of S. dysenteriae 17 and prov. BEDP 02-5104 strains were incorrectly assigned by both scripts. Problems with the identification of S. boydii 1, 8, 14, 18, 19, 20, and 22, and S. dysenteriae 4, 6 and 12 were encountered with ShigEiFinder (Figure

	IV -Article 2	ShigaPass for genoserotyping

  We developed ShigaPass, a new in silico tool for Shigella genoserotyping, based on the examination and characterisation of rfb and fliC genes, CRISPR loci and MLST STs from the 440 Shigella genomes of the development dataset. We identified 59 fliC alleles, 27 CRISPR profiles, and 67 ST. We found that MLST, CRISPR, and fliC alone were not sufficiently discriminating to replace traditional serotyping, as many serotypes share the same allele. The O-antigen rfb cluster is the only marker known to be highly specific for serotypes, but it cannot be used alone either, because many E. coli strains carry rfb clusters that are identical, or highly similar to those of Shigella. The combination of these four markers can robustly recognise the different Shigella serotypes and could be used to differentiate between Shigella and non-Shigella isolates. We confirmed the presence of a cryptic fliC in all but a few serotypes (S. dysenteriae 2, 18 or prov. BEDP 02-5104, S. boydii 12, a few S. sonnei strains and S. flexneri 6 belonging to the S1e cluster) of Shigella, which seemed to have lost their fliC after IS mobilisation. Our fliC results contrast slightly with those of Coimbra et al., who identified 17

	IV -Article 2	ShigaPass for genoserotyping
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  An incorrect assignment means that the predicted serotype was different from the phenotypically determined serotype. "None" means that no serotype was predicted. More detailed results can be found in Supplementary Table8. Only results for ShigEiFinder version 1.3.2 are displayed.

	Chapter IV -Article 2	ShigaPass for genoserotyping
	obtained.	
	boydii; SD, S. dysenteriae; SON, S. sonnei; SF, S. flexneri; EIEC, entero-invasive E. coli; Not,
	Not Shigella/EIEC. A correct assignment means that the predicted serotype was the same as the
	phenotypically determined serotype. An uncertain assignment means that the correct serotype
	was listed among others or, for ShigEiFinder, that only the cluster level (Cs1 to Cs3) was
		146

Table 9 .

 9 Only results for ShigEiFinder version 1.3.2 are displayed.

Table 1 :

 1 Primers used for amplification of the iap CRISPR locus

	Primer sequences (5'-3')	Target	Accession numbers	Co-ordinates	Used for amplification of iap CRISPR locus in
			CP026797.1 2180505-2180484	
	F: GATGGTTATCAGCAACGCGCAA	iap	CP026774.1 3543154-3543133	All Shigella clusters
			CP026788.1 4099260-4099239	
	Ra: TATTCCGGTGGATTTGGATGGG	Cas2	CP026797.1 2180060-2180081	S1, S2, SON, SD8 and SD10 clusters
	Rb: CCGGTAGATTTGGATGGTTTAAG	Cas2	CP026774.1 3542529-3542551	SD1 and SB12 clusters
	Rc: ATGGCTGCGGGTAACGCTCA	Cas3	CP026788.1 4098825-4098844 S3 cluster
	CP026797.1, S. boydii 8; CP026774, S. dysenteriae 1; CP026788, S. flexneri 2a; S1, S2, S3, SON, SD1, SD8, SD10, SB12,
	Shigella clusters described by Yassine et al., 2022 [7].				

Table 2 .

 2 STs identified for Shigella strains in the development dataset

	Serotype	n	MLST
	S. boydii	86	
	1	5	243 (4), 1746 (1)
	2	6	145 (5), 7385 (1)
	3	3	243 (2), 1743 (1)
	4	7	145 (5), 1130 (2)
	5	4	149 (4)
	6	1	243 (1)
	7	3	1749 (3)
	8	3	243 (3)
	9	4	257 (1), 1751 (1), 1752 (1)
	10	6	243 (6)
	11	7	1765 (3), 5475 (2)
	12	2	1767 (1), 1768 (2)
	14	8	1273 (8)
	15	2	250 (1), 1766 (1)
	16	2	1750 (1)
	17	1	5619 (1)
	18	3	243 (3)
	19	5	243 (5)
	20	8	243 (7), 7375 (1)
	21	3	243 (3)
	22	3	1753 (2), 1769 (1)
	S. dysenteriae	90	
	1	16	146 (12), 260 (3)
	2	9	147 (3), 273 (3), 288 (1), 1747 (1), 1759 (1)
	3	6	148 (3), 145 (1), 7364 (1)
	4	4	252 (3), 7371 (1)
	5	3	243 (1), 1770 (1)
	6	2	252 (2)
	7	3	243 (2), 1742 (1)
	8	3	289 (2), 7363 (1)
	9	3	252 (2), 1741 (1)
	10	2	290 (2)
	11	2	253 (1), 258 (1)
	12	6	148 (5), 253 (1)
	13	2	261 (1), -121 (1)
	14	1	148 (1)
	15	1	1739 (1)
	16	8	148 (8)
	17	6	252 (6)
	18	1	273 (1)
	prov. BEDP 02-5104	12	288 (7), 1761 (4), 1760 (1)
	S. sonnei	103	152 (82), 1502 (16), 1504 (1), 5517 (1), 6035 (1)
	S. flexneri 1-5, X, Y	135	
	PG1	41	
	1a	7	245 (5), 1024 (1), 6443 (1)
	1b	13	245 (11), 7384 (2)
	1c/7a	6	245 (6)
	7b	2	245 (2)
	2b	3	245 (2), 5672 (1)
	3b	2	7384 (2)
	4a	1	8878 (1)
	4av	2	245 (1), 1022 (1)
	4b	3	245 (2), 1022 (1)
	X	1	245 (1)

Table 5 .

 5 Summary of accuracy (%) for the various in silico Shigella serotype prediction, determined with the development dataset strains1 . , For Shigella strains, accuracy was calculated based on the rate of correct assignment of Shigella serotypes; EIEC, entero-invasive Escherichia coli.

	Bacteria	n	ShigaPass	ShigaTyper v1.0.6	ShigEiFinder Fasta v1.2.0	ShigEiFinder Reads v1.2.0	ShigEiFinder Fasta v1.3.2	ShigEiFinder Reads v1.3.2
	S. boydii	86	100	69.8	83.7	69.8	88.4	88.4
	S. dysenteriae	90	98.9	71.1	70	61.1	77.8	78.9
	S. flexneri 1-5, X, Y	139	91.4	87.8	80.6	67.6	89.9	88.5
	S. flexneri 6	22	100	95.5	95.5	86.4	100	100
	S. sonnei	103	100	84.5	93.2	94.2	93.2	94.2
	EIEC	45	100	97.8	93.3	82.2	93.3	82.2
	Not Shigella/EIEC	90	100	97.8	97.8	97.8	97.8	97.8
	Total	575	97.7	84.5	85.9	78.3	90.3	89.4

1 

Table 6 .

 6 Summary of accuracy (%) for the various in silico Shigella serotype prediction tools, determined with the validation dataset strains 1 .

	Bacteria	n	ShigaPass	ShigaPass (EnteroBase assemblies)	ShigaTyper v1.0.6	ShigEiFinder Fasta v1.2.0	ShigEiFinder Reads v1.2.0	ShigEiFinder Fasta v1.3.2	ShigEiFinder Reads v1.3.2
	S. boydii	85	100	65.9	81.2	71.8	1.2	71.8	43.5
	S. dysenteriae	43	97.7	74.4	53.5	46.5	4.7	60.5	34.9
	S. flexneri 1-5, X, Y	1,614	96.5	78.4	94.8	54.5	0.1	88.5	91.1
	S. flexneri 6	133	99.2	54.1	96.2	85.7	3.8	85.7	50.4
	S. sonnei	2,393	100	100	99.2	99.5	99.6	99.5	99.6
	EIEC	22	100	100	90.9	95.5	40.9	95.5	59.1
	Not Shigella/EIEC	6	100	100	50	50	66.7	50	66.7
	Total	4,296	98.6	89.5	96.5	81	56	93.9	92.9

1 

, For Shigella strains, accuracy was calculated according to the rate of correct assignment of Shigella serotypes; EIEC, entero-invasive Escherichia coli.

Table 1 .

 1 Number of Shigella and non-Shigella isolates studied per dataset

	Serotype	Development Validation
	S. boydii	86	85
	1	5	5
	2	6	35
	3	3	0
	4	7	8
	5	4	2
	6	1	0
	7	3	0
	8	3	3
	9	4	1
	10	6	5
	11	7	11
	12	2	0
	14	8	3
	15	2	0
	16	2	0
	17	1	0
	18	3	4
	19	5	3
	20	8	4
	21	3	0
	22	3	1
	S. dysenteriae	90	49
	1	16	0
	2	9	12
	3	6	5
	4	4	1
	5	3	0
	6	2	1
	7	3	0
	8	3	0
	9	3	1
	10	2	0
	11	2	0
	12	6	5
	13	2	0
	14	1	0
	15	1	0
	16	8	15
	17	6	1
	18	1	0
	prov. BEDP 02-5104	12	2
	Rough	0	3
	NST	0	3
	S. sonnei	103	2,393
	S. flexneri 1-5	139	1,616
	PG1	41	547
	1a	7	10
	1b	13	422
	1c/7a	6	75
	7b	2	10
	2a	0	1
	2b	3	0
	3b	2	9
	4a	1	0

NST, non-serotypable; EIEC, entero-invasive Escherichia coli.

Supplementary

Table 2 :

 2 List of primers used for the amplification and sequencing of fliC genes

	Set of	Sequences 5'-3'	Used for amplification
	primers		and sequencing of:
	fliC		

Table 8 .

 8 In silico Shigella serotype predictions for the strains from the development dataset, obtained with various tools

	Target	Strain	Accession no.	Coordinates
	fliA	Escherichia coli K-12 MG1655	NC_000913.3	2001789-2001070
	fliD	Escherichia coli K-12 MG1655	NC_000913.3	2003872-2005278
	iap	Escherichia coli K-12 MG1655	NC_000913.3	2876581-2877618
	ipaH	Shigella flexneri 2a 301 chromosome	AE005674.2	2686919-2687698
	gtrI	Shigella flexneri 1a Y53	AF139596.1	4871-6391
	gtrA-I	Shigella flexneri 1a Y53	AF139596.1	3589-3951
	gtrB-I	Shigella flexneri 1a Y53	AF139596.1	3948-4868
	gtrII	Shigella phage SfII	AF021347.1	2167-3627
	gtrIV	Shigella flexneri 4a NCTC8296	AF288197.1	2157-3470
	gtrA-IV	Shigella flexneri 4a NCTC8296	AF288197.1	882-1244
	gtrB-IV	Shigella flexneri 4a NCTC8296	AF288197.1	1241-2155
	gtrV	Enterobacteria phage SfV	U82619.2	17858-19111
	gtrA-V	Enterobacteria phage SfV	U82619.2	20028-20390
	gtrB-V	Enterobacteria phage SfV	U82619.2	19108-20031
	gtrX	Shigella phage SfX	L05001.1	23-1273
	gtrIC	Shigella flexneri 1c Y394	FJ905303.1	7395-8975
	gtrA-IC	Shigella flexneri 1c Y394	FJ905303.1	6113-6475
	gtrB-IC	Shigella flexneri 1c Y394	FJ905303.1	6472-7398
	oac	Shigella phage Sf6	AF547987.1	15624-16625
	oac1b	Shigella flexneri 1b 1997020	JN377795.1	2907-3908
	optII	Shigella flexneri Xv 2002017	CP001385.1	1523-3043
	optIII	Shigella flexneri Yv HN006	KC020049.1	1523-3043
	galF	Shigella boydii 1 65-6310	PTES01000001.1	1683165-1684058
	tauA	Shigella boydii 6 ATCC 12027	CP026866	2751573-2752592

C, correct; U, uncertain; I, incorrect; N, none; # , no prediction for ShigaTyper (no wzx, multiple wzx or error); new, novel serotype; ! , Shigella or EIEC (entero-invasive Escherichia coli) unclustered; B, S. boydii; D, S. dysenteriae; F, S. flexneri; p. 96-265, S. dysenteriae prov. 96-265; B13a, atypical S. boydii 13; ǂ , 0:H45/Cluster 1 from ref.

[1]

; Cs1, Cluster 1 (Shigella) from ref.

[1] 

; Cs2, Cluster 2 (Shigella) from ref.

[1]

; ¥ , Cluster 3 (S. flexneri) from ref.

[1]

; *, EIEC cluster; °, Not Shigella/EIEC.

Supplementary
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 9 In silico Shigella serotype predictions for the strains from the validation dataset, obtained with various tools Cryptosporidium and enterotoxigenic Escherichia coli (ETEC), Shigella is one of the four major pathogens causing moderate to severe diarrhoea in developing countries[1, 2]. Shigellosis usually occur by food-borne, waterborne, or human-to-human transmission[3]. Worldwide, the incidence of shigellosis is highest among children under five years of age.Depending on species, Shigella can lead to illness ranging from mild, self-limited diarrhoea to severe dysentery with frequent passage of blood and mucus. Infection with Shigella may lead to dehydration and sometimes death, particularly in immunocompromised individuals, children, and elderly and can cause chronic health conditions[4][5][6]. The increasing incidence of multidrug resistance Shigella infections has led the world health organisation (WHO) to classify Shigella among priority pathogens for which new antibiotics are urgently needed[7]. According to recent global disease burden estimates in 2016, it has been estimated that the incidence of Shigella attributable diarrhoea among children younger than five was 107.3 episodes per 1000

	Serotype	n		ShigaPass					ShigaTyper			ShigEiFinder (Fasta) v1.3.2			ShigEiFinder (Reads) v1.3.2
			C	U	I	N	C	U	I	N	C	U	I	N	C	U	I	N
	S. boydii	85														
	1	5					100				60	40				100 ǂ
													2.9				2.8
	2	35					91.4			8.6	74.3	22.8 ǂ	(O39:H49/		48.6	48.6 ǂ	(O39:H49/C
													CSP13)				SP13)
	4	8					87.5			12.5	87.5	12.5 ǂ			62.5	37.5 ǂ
	5	2					100				100				100	
	8	3					100					100 ǂ			33.3	66.7 ǂ
	9	1					100				100				100	
	10	5								100			100 (B6)		60	20 ǂ	20 (B6)
	11	11					90.9			9.1	81.8	18.2 ǂ				100 ǂ
	14	3					100				100				33.3	66.7 ǂ
	18	4					100				75	25 ǂ			100	
	19	3					100				100				66.7	33.3 ǂ
	20	4					100				75	25 ǂ			25	50 ǂ	25 (B1)
	22*	1					100				100						100 ¥
	S. dysenteriae	49														
	2	12					91.7			8.3	91.7	8.3 (Cs2)			91.7	8.3 (Cs2)
												20 ǂ				
	3	5					80		20 (EIEC)		60	20 (D3/CS1,			20		80!
												SS/CSS)				
	4	1					100					100 ǂ					100!
	6	1					100				100						100!
	9	1					100				100				100	
	12	5					100				80	20 ǂ					100!
	16	15	93.3	6.7 (D3/D16)					66.7 (p. 96-265)	33.3	40	46.7 ǂ 6.7 (Dp) 6.6 (F6)			13.3	20 ǂ	66.7!
	17*	1								100		100 ǂ					100!
	p. 02-5104	2							100 (D2)				100 (D2)				100 (D2)
	S. flexneri	1,747														
	1a	10	20		70 (1b) 10 (1c)		20		70 (1b) 10 (1c)		20		70 (1b) 10 (1c)		20	10 ¥	70 (1b)
	1b	422					99.6		0.4 (EIEC)		96.4	2 ¥ 0.2 (1b,SS)	1.4 (3b)		95	5 ¥

child-years in the Middle East and North Africa

[2]

. In Lebanon, alarming rates of antimicrobial misuse in clinical and non-clinical settings have been reported along with increasing spread of antimicrobial resistance (AMR) strains

[8, 9]

. However, there is a paucity of data related to Shigella epidemiology and prevalence of Shigella serotypes in Lebanon and little is known about antimicrobial resistance patterns in Shigella circulating strains. Knowledge of the distribution of Shigella serotypes remains important for epidemiological surveillance and vaccines development, which is a WHO priority. Application of whole genome sequencing has been largely used to investigate Shigella epidemiology and detect AMR determinants. Here, we aim to characterize Shigella strains isolated from North Lebanon using whole genome sequencing and provide baseline information on the distribution of Shigella serotypes and AMR determinants in Lebanon.

  Quinolone resistance of all 42 isolates was shown to be mediated by point mutations in gyrA, since no mutations in parC gene were detected. GyrA S83L (64.3%, 27/42) was the most common mutation found, followed by GyrA D87Y(40.5%, 17/42). A mutation at GyrA S83A was found in one isolate. No isolate was shown to carry PMQR gene except two isolates that Tetracyclin resistance was mediated by tet(A) and tet(B) genes. tet(A) was predominant (41.2%, 21/51) and found mainly in S. sonnei isolates, whereas tet(B) was mainly detected in S. flexneri. dfrA1 was the commonest gene found to be responsible for resistance against trimethoprim (86.3%, 44/51). Two isolates possessed dfrA14. In one S. boydii 20 isolate (CL-056), dfrA1 coexisted with dfrA5. The same isolate also carried two types of sul genes, sul1 and sul2. Ib. strB, aadA2, and strA were predominant and found in 47% (24/51), 45% (23/51), and 41.2% (21/51). Additionally, 60.8% (31/51) isolates carried more than one aminoglycoside resistant genes (Supplementary data 2).

	harbored qnrS1 (Supplementary data 2). Although no ciprofloxacin-resistant isolates were
	identified in this study, resistance to NAL promotes the selection of isolates with decreased
	susceptibility to ciprofloxacin [11]. However, resistance to ciprofloxacin has been increasingly
	reported worldwide [39], therefore a continuous monitoring of Shigella resistance in Lebanon
	is important.

However, sul1 was carried by all sulphonamide resistant isolates while sul2 was only detected in this isolate. Different resistance genes were implicated in resistance to aminoglycosides including strA (also named aph(

6

)-Ia), strB (also named aph(

6

)-Id), aadA1, aac(3)-IId, aac(6)-Iaa, ant(3)-Ia, aph(3)-

Table 1 :

 1 Antimicrobial-resistance patterns seen in the 51 Shigella isolates

	Resistance patterns	SS SF SB SD
	NAL	1	
	TMP NAL	3	
	AMP CTX CAZ GEN	1	
	STR TMP NAL	5	
	AMP STR CHL TET	1	2
	AMP STR SUL TMP		1
	STR TMP TET NAL	1	
	AMP CTX CAZ GEN TMP NAL	1	
	AMP CTX CAZ STR GEN TMP TET	1	
	AMP CTX CAZ STR SUL TMP	1	
	AMP CTX CAZ STR TMP NAL	1	
	AMP STR TMP CHL TET	1	
	STR SUL TMP TET NAL	13 7	
	AMP		

CTX CAZ STR SUL TMP NAL 1 AMP CTX STR SUL TMP NAL 1 AMP CTX CAZ STR GEN SUL TMP TET NAL 4 AMP CTX STR SUL TMP TET NAL 3 AMP STR SUL TMP CHL TET NAL 1 AMP CTX STR SUL TMP CHL TET 1

  

SD, S. dysenteriae; SB, S. boydii; SF, S. flexneri; SS, S. sonnei.

  . However, it was the S. boydii prov E1631-51 (now S. boydii 22) that fell within cluster 3. As S. boydii prov. E1621-54 is serologically related to S. boydii 12, it seems likely that the strains used in Pupo et al. and Yang et al., studies were actually S. boydii prov. E1621-54 but were mistakenly serotyped as S. boydii
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SB, S. boydii; SD, S. dysenteriae; SF, S. flexneri

profiles. We showed that ShigaPass outperformed the other existing in silico tools tested. The FNRC-ESS has been using ShigaPass for the routine surveillance of Shigella infections in France since October 2021, and ShigaPass is available from GitHub for public use. Finally, we strongly recommend combining ShigaPass with cgMLST data, to optimise the laboratory and epidemiological surveillance of Shigella.
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Data summary

The short-read sequence data have been submitted to the European Nucleotide Archive (ENA, https://www.ebi.ac.uk/ena/) under study numbers PRJEB44801, PRJEB2846, and PRJEB2128. Other whole-genome sequences analysed during the study are available from ENA (https://www.ebi.ac.uk/ena/), NCBI RefSeq (https://www.ncbi.nlm.nih.gov/refseq/), DDBJ (https://www.ddbj.nig.ac.jp/index-e.html), and GenBank (https://www.ncbi.nlm.nih.gov/genbank/). All the accession numbers of the genomes used in this study are listed in Supplementary Data 1. ShigaPass and all the databases used (rfb, fliC, CRISPR, and MLST) are publicly available at Github (https://github.com/imanyass/ShigaPass).

The authors confirm that all the supporting data, codes and protocols are provided within the article or in supplementary data files.

Chapter II -Objectives

Since the discovery of DNA and the genetic code, researchers have worked diligently to unlock the secrets within the genomes of organisms and many technologies have been developed to interpret these large strings of biological code. Almost a century had passed between the discovery of DNA (1869) and the sequencing of the first bacterial genome (1977). Since then, whole genome sequencing has revolutionised the world of microbiology and the technologies used continue to evolve at an unprecedented rate. The emergence of so-called high-throughput sequencing and then benchtop sequencers has contributed to reduce the cost of bacterial genome sequencing, making it affordable to a large number of laboratories. The new sequencing technologies and their associated analysis tools are constantly progressing, overturning traditional practices used for more than a century.

Laboratory-based surveillance is a key element in tracking and monitoring infectious diseases, in assessing the effectiveness of control and prevention measures and in detecting clusters or significant changes in the pathogen presence and behaviour. Among these pathogens, Shigella is one of the most common causes of diarrhoea worldwide and is a major public health problem. Shigella is a virulent human pathogen with a very low infectious dose that is transmitted by the faecal-oral route. The epidemiology of shigellosis has recently changed and has been increasing in high-income countries, particularly in the homosexual community. Given the severity and frequency of shigellosis and the emergence of extensively drug resistant strains, there is need to improve surveillance and to get a better understanding of Shigella population.

Most studies have focused on either S. flexneri or S. sonnei as they are the predominant species responsible for bacillary dysentery in the world. However, little is known about Shigella population which is due to the lack of high-resolution tools for Shigella strains typing.

Nevertheless, former studies have revealed that Shigella and E. coli are very closely related organisms and were considered as "one species genetically". Few studies have investigated the Shigella population structure, but they were based either on a limited number of strains, or did not consider all Shigella serotypes, especially the provisional serotypes.

Whithin this context, the main objective of my work was to better understand the population structure of Shigella "genus" using whole genome sequencing and to improve the laboratory monitoring of these infections.

Supplementary Information

Population structure analysis and laboratory monitoring of Shigella using a standardised core-genome multilocus sequence typing scheme Iman Yassine, Sophie Lefèvre, Elisabeth E. Hansen, Corinne Ruckly, Isabelle Carle, Monique Lejay-Collin, Laëtitia Fabre, Rayane Rafei, Dominique Clermont, Maria Pardos de la Gandara, Fouad Dabboussi, Nicholas R. Thomson, François-Xavier Weill.

Supplementary Methods

Other studied genomes

EnteroBase 1 was queried on 11 November 2020, to identify genomes with new HC1100/HC400 combinations (i.e., not present in our reference and routine datasets) for a given serotype, determined by in silico analysis of the rfb cluster. We selected at least one genome for each unique combination and a maximum of five if the genomes concerned appeared to come from epidemiologically unrelated isolates. In addition, if a serotype was represented by only one strain in our collection, we selected another genome from EnteroBase, when possible. This selection resulted in 81 Shigella genomes (reference+ dataset). The 27 enteroinvasive E. coli (EIEC) included in this study belonged to the various previously described EIEC clusters 2-5 .

We discarded four (ECOR 7,23,32,43) of the 72 E. coli strains from the ECOR collection 6 from this study due to discrepant results for MLST and/or Clermont typing between the studies of Galardini and coworkers 7 , Clermont and coworkers 8 , and EnteroBase 1 . These 81 additional Shigella genomes, the 68 E. coli genomes from the ECOR collection, and the 27 EIEC genomes are listed in Supplementary Data 1.

Supplementary Results

Genomic clustering of Shigella reference strains

One Shigella reference strain originally present in our collection (UE 95-1589) 9 and previously described as S. boydii 7 was actually Escherichia albertii (HC2350_1596). It did not contain the invasion plasmid antigen gene ipaH, instead bearing the intimin eae gene, a pathogenicity 

+, all strains positive (one day); -, all strains negative; (+), all strains positive (two days); 

Supplementary References

Some serotypes possessed multiple fliC alleles differing by few SNPs. This was the case for the fliC genes from the ShH1 complex specific for S. sonnei, and the ShH2 complex specific for the S3 cluster. Conversely, similar fliC alleles belonging to the ShH3 or ShH4 complexes were also found in Shigella strains of different serotypes. However, these fliC sequence complexes included some fliC variants specific for particular serotypes, such as ShH3 and S. boydii 11, ShH4 and S. boydii 5, and ShH5 and S. boydii 9 (Figure 1).

In some strains, the presence of certain IS elements within fliC may also be specific to certain serotypes, such as IS2 within ShH21 (S. dysenteriae 11), IS1 within ShH32 (S. dysenteriae 9) and IS2 within ShH33 (S. dysenteriae 3).

Determination of CRISPR profiles

We identified 22 different spacers arranged in 27 CRISPR profiles in the Shigella development dataset. The number of spacers per profile ranged from one to seven. Cluster S2 Shigella strains had the largest numbers of spacers (2-7 spacers), whereas S1 and S3 strains had no more than three spacers. Furthermore, these CRISPR profiles were highly consistent with the Shigella population structure determined by cgMLST (Table 3) [7]. For example, the A-var2 and A-var3 spacers were found only in strains from the Shigella S1 and S3 clusters, respectively.

No spacers were detected in the S. dysenteriae 14 (n = 1) and S. dysenteriae 17 (n = 16) strains, which lacked the entire CRISPR array and had only a remnant iap gene (ending after the first 240 nucleotides for S. dysenteriae 17 and after the first 650 nucleotides for S. dysenteriae 14), followed by IS elements. However, the analysis of a PacBio sequence of S. dysenteriae 14 ATCC 49347 [34] not included in our study revealed the presence of the A-var2 spacer. This finding highlights the possibility of IS-driven alterations at the iap CRISPR locus. These ISmodified CRISPR structures were encountered only in S. dysenteriae 14 and 17. We therefore Chapter IV -Article 2 ShigaPass for genoserotyping 132 designed specific k-mers recognising DNA sequences encompassing the end of the iap gene and the first few nucleotides of the IS. Another feature of many Shigella strains from many serotypes was the presence of spacer 16 on a separate contig outside of the iap locus (Table 3).

Examination of the region surrounding this spacer did not reveal any DR, but we found that this spacer was located on the Shigella virulence plasmid, rather than on the chromosome. However, in one serotype, S. boydii 12, spacer 16 both was present both on the virulence plasmid and within the iap CRISPR locus.

Determination of the O-antigen gene clusters and phage-encoded O-antigen modification genes

The rfb database contained the k-mer sequences of 42 previously described Shigella O-antigen gene clusters. The mean number of k-mers per rfb was 170, and the total number of k-mers per rfb ranged from 83 to 294. Each k-mer in the database was specific for one serotype, as nonspecific k-mers were discarded, with few exceptions, including: S. boydii 1/S. boydii 20 and S. boydii 6/S. boydii 10. These serotypes actually share the same fliC alleles, CRISPR spacers, and MLST ST, and possess the same rfb sequences. However, the rfb of S. boydii 20 is unusual in that it begins with an IS, the galF gene preceding the rfb cluster having been deleted. A comparison between the S. boydii 6 and S. boydii 10 genomes showed that the tauA gene, which encodes a taurine-binding periplasmic protein, was present only in S. boydii 6 genomes. S. dysenteriae prov. BEDP 02-5104 carries two rfb clusters, one of which is chromosomal and identical to that of S. dysenteriae 2, whereas the other is plasmid-borne. S. dysenteriae 16 has a variable 2-6 kb remnant rfb (identical to that of S. dysenteriae 3) in addition to a complete rfb located on a genomic island [7]. These additional rfb were used as an indicator for S. dysenteriae prov. BEDP 02-5104 and S. dysenteriae 16, respectively. Another exception is the presence in S. sonnei of a plasmid-borne rfb on the virulence plasmid, pINV, which seems to be frequently Chapter IV -Article 2 ShigaPass for genoserotyping 133 lost during subculture, and a chromosomal remnant rfb (~2 kb). This remnant was not sufficiently discriminatory if not covered in its entirety, because, even though the entire remnant sequence is found only in S. sonnei strains, parts of this sequence are present in non S. sonnei strains. There is, therefore, ultimately no portion unique to S. sonnei. The k-mers common to other serotypes were not, therefore, removed. We overcame this problem by maintaining the S. sonnei rfb k-mers in a separate database and subjecting them to BLAST only if no other rfb was detected.

The S. flexneri strains from the S3 cluster all had the same O-antigen backbone structure. Their serotypes were determined on the basis of modifications to the O-antigen tetrasaccharide repeat conferred by bacteriophages or plasmid genes. All genomes carrying the rfb of S. flexneri 1-5, X, Y were queried against the k-mer database containing the sequences of the gtr, oac, and opt POAC genes. S. flexneri serotype was determined on the basis of the correspondence between S. flexneri 1-5, X, Y serotypes and the POAC genes detected (Supplementary Table 6).

Evaluation of ShigaPass using the development dataset

ShigaPass is an in silico tool for predicting Shigella serotypes based on the identification of rfb clusters, MLST STs, fliC alleles, and CRISPR spacers. Extraction of these markers from 440 Shigella strains of the development dataset revealed 137 distinct meta-profiles, each defined on the basis of all four of these targets (Supplementary Table 7). The workflows adopted by ShigaPass are outlined in Figure 2 and explained in the Materials and Methods section. 1). All non-Shigella isolates were correctly assigned to either EIEC or "not Shigella/EIEC". ShigaPass incorrectly assigned 13 of the 440 Shigella genome sequences (2.9%). One S. dysenteriae 16 genome (strain 08-2736) was identified as "S. dysenteriae 3/S. dysenteriae 16" because only the rfb region common to both S. dysenteriae 3 and S. dysenteriae 16 was detected. Twelve S. flexneri 1-5, X, Y strains were inaccurately identified. An examination of these genomes revealed the presence of nonfunctional genes due to IS elements, premature STOP codons, or SNPs in POAC genes, potentially accounting for the discrepancies between phenotypic and genomic results. For example, strain NCDC 5979-70 was phenotypically identified as S. flexneri X, but was predicted to be a 3a strain by genomic analyses, because it carried the gtrX and oac genes.

However, the oac gene was found to be disrupted by an IS from the IS3 family. All discrepant results for the two datasets are presented in Table 4. Interestingly, we found that some S. flexneri 3b isolates harboured the oac1b variant rather than oac. As both these variants give positive reactions with S. flexneri group 6 antisera, this phenotype was missed with sero-agglutination methods. These results were compared with those of ShigaTyper and ShigEiFinder, for all the Shigella and non-Shigella isolates in the development dataset (Table 5, Figure 3, and Supplementary Table 7). ShigaPass gave the best serotype prediction results. The correct assignment rates obtained were 97.7% (562/575) for ShigaPass, 90.3% (519/575) for ShiEiFinder (assemblies) version 1.3.2, 89.4% (514/575) for ShigEiFinder (short reads) version 1.3.2, and 84.5% (486/575) for Shigatyper. The poorer performance of ShigaTyper and ShigEiFinder than of ShigaPass was mostly due to the inaccurate typing of several S. boydii serotypes and the new and provisional serotypes of S. dysenteriae (16,17, and prov BEDP 02-5014) (Figure 3). In particular, 14-20% of the strains from S. boydii 1, 2, 11, 19 and 100% of
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Whole genome sequencing

Total DNA was extracted from overnight cultures in tryptic soy broth (TSB) at 37°C, using the MagNAPure 96 system robot (Roche). WGS was performed on the genomic platform of the Institut Pasteur, in Paris, France ("Plateforme de microbiologie mutualisée", P2M). The libraries were constructed using the Nextera XT kit (Illumina) and sequencing was performed with the NextSeq 500 system (Illumina), generating 150 bp paired-end reads. The short reads were filtered by FqCleanER version 3.0 (https://gitlab.pasteur.fr/GIPhy/fqCleanER), assembled de novo with SPAdes version 3.15 and uploaded to EnteroBase (https://enterobase.warwick.ac.uk).

Genome analysis

ShigaPass was used for serotype confirmation. S. sonnei genotyping was performed by Mykrobe version 0.9. Antimicrobial resistance genes and virulence genes were determined using ResFinder version 4.1 and (https://cge.cbs.dtu.dk/services/ResFinder/) [26] on SPAdes assemblies.

Results and discussion

Serotypes distribution

Shigella serotyping was done by slide agglutinantion and in silico via our developed script, All isolates fall within Shigella core-genome multilocus sequence typing (cgMLST) cluster as defined by Yassine and coworkers [11]. Among the six S. flexneri group 1-5, X, Y, three isolates belonged to the Phylogroup (PG) 3, and three isolates belonged to PG1a. Genotype analysis of S. sonnei using the Mykrobe tool showed that all S. sonnei isolates belonged to lineage 3, particularly to subclade 3.6.1 (aka cipR parent).

The distribution of Shigella serogroups differs by country and in different populations within a country. Generally, S. sonnei is predominant in developed countries while S. flexneri is commonly found in developing countries [12]. Many studies highlighted the shifting in S.

sonnei dominance with economy and sanitation improvement [13]. In Lebanon, no study was conducted before to monitor the prevalence of Shigella serotypes. Our findings demonstrate that all Shigella serogroups exist in North Lebanon and show that S. sonnei is predominant.

Since our study is based on a small number of isolates recovered from limited ressources, further studies should be conducted implying a larger sampling ressources to understand and/or confirm the distribution of Shigella serotypes. However, this study has shed the light on different circulating serotypes. We detected newly emerging serotypes such as S. boydii 20 and S. flexneri 1c. S. boydii 20 was the most prevalent serotype among S. boydii serotypes and accounted for 11.1% of all isolates. S. boydii 20 was first described in 1999, and by the year flexneri 1c was detected in Bangladesh, Egypt, Indonesia and Pakistan [15][16][17]. These findings highlight the importance of continuous monitoring of emerging isolates.

Virulence factors

Shigella produces a variety of enterotoxins which are responsible for the clinical manifestations of acute watery diarrhea and dysentery in shigellosis. While 87% (47/54) of isolates carried Shigella enterotoxin 2 (ShET2) encoded by sen gene, none of the isolates harbored the Shiga toxin gene (stx), nor set gene coding for Shigella enterotoxin 1 (ShET1). Our results agree with previous studies that showed that sen is commonly detected as opposed to set gene which is mainly detected in S. flexneri 2a [18][19][20][21].

Regarding virulence factors, all the isolates were positive for ipaH (invasion plasmid antigen H) gene, a multicopy gene located on both the chromosome and the plasmid [22]. gad (96%, 52/54) and sigA (89%, 48/54) were commonly detected. On the other hand, virF, ial, and ipaBCD, were detected in almost half of the isolates (26/54). gad is a chromosomally encoded gene that plays an important role in acid tolerance. It is one of the mechanisms used to survive the stomach acidity [23]. sigA encodes for Shigella IgA-like protease homolog and is located in SHI-1 pathogenicity island [24]. virF, ial, and ipaBCD are encoded on the virulence plasmid which could be lost [25]. It has been shown that during growth at 37C Shigella lose the virulence plasmid [26], which could explain the difference in frequencies between virulence factors.

Antimicrobial resistance

Of these 54 isolates, only three were pan-susceptible. Highest percentage of antimicrobial resistance was noted against TMP (85.2%), STR (81.5%), NAL (77.8%), PEF (66.7%), TET (63%) and SUL (59.3%). A lower percentage of resistance was found for AMP (38.9%), CTX (27.8%), CAZ (18.5%), GEN (13%) and CHL (11.1%) (Figure 1). All isolates were susceptible to ERT, AKN, CIP, TGC and AZM. Among the 51 resistant isolates, 47 (92.1%) were considered multi-drug resistant (MDR), being resistant to three or more antimicrobial classes (Table 1, Supplementary data 2). Overall, 19 drug resistance patterns were identified, of which the resistance profile "STR, SUL, TMP, TET, NAL" was the most found (39.2%, 20/51) (Table 1). High rates of antimicrobial resistance to these antibiotics were reported globally and this pattern is now well known. That's why international guidelines no longer recommend these antibiotics for the treatment of shigellosis.

Chapter V -Article 3