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Abstract

Title: Mycobacterium Tuberculosis and SARS-CoV-2 genomic analysis: input into out-

breaks and surveillance investigations

Author: Laamarti Mariem

Keywords: Mycobacterium Tuberculosis, SARS-Cov-2, Genomic analysis, Phylogeny,

drug resistance, phylodynamic, sequencing.

Comparative microbial genomics is increasingly used for high-resolution epidemiolog-

ical investigation of infectious agents’ sources, transmission dynamics and antimicrobial

resistance.

In Chapter II, We performed the sequencing and genomic characterization of M.

Tuberculosis strains from Morocco to get insight into their genomic diversity, drug resis-

tance, population structure and identify potential mutations associated with drug resis-

tance. We conducted a whole-genome analysis of nine Morrocan M. tuberculosis isolates;

we identified 25 known mutations and 14 novel mutations in drug-associated genes and

provided experimental support for them. We found that all resistance and susceptible

strains clustered with LAM9 and Haarlem, respectively, belonging to the Euro-American

clade. The modelling of GyrA/GyrB mutations showed a decrease in the binding affinity

with levofloxacin.

Chapter III addresses the comparative genomic of SARS-CoV-2 from Morocco to

identify genetic variants as a crucial step in evaluating the spread in Morocco. This

study revealed 108 mutations in their genomes. The analysis haplotype network suggests

different sources of SARS-CoV-2 infection in Morocco.

In Chapter IV, we collected SARS-CoV-2 genomes isolated from 80 countries.The re-

sults showed genotypes specific to geographic location. Moreover, evolution over time has

demonstrated a mechanism of mutation co-accumulation, which might affect the severity

and spread of the SARS-CoV-2 suggesting that a universal vaccine is more likely to be

efficient for all strains.

On the other hand, the selective pressure analysis revealed negatively selected residues

that could be considered therapeutic targets. We have also created an inclusive unified

database that lists all of the genetic variants of the SARS-CoV-2 genomes found in this

study.



Résumé

Title: Analyse génomique de Mycobacterium tuberculosis et du SRAS-CoV-2: contribu-

tion aux épidémies et aux enquêtes de surveillance

Name: Laamarti Mariem

Mot-clés: Mycobacterium Tuberculosis, SARS-Cov-2, Analyse génomique, Phylogénie,

résistance aux antibiotique, phylodynamique, séquençage

La génomique microbienne comparative permet l’investigation épidémiologique des

agents infectieux, afin de cerner leur origine, leur dynamique de transmission, ainsi que

larésistance aux antibiotiques.

Chapter II, Nous avons effectué le séquençage et la caractérisation génomique des

souches de M. Tuberculosis du Maroc pour avoir un aperçu de leur diversité génomique,

la résistance aux antibiotiques, la structure de la population et identifier les mutations

associées à la résistance aux médicaments. Nous avons identifié 25 mutations connues et

14 nouvelles mutations dans les gènes associés à la résistance au antibiotiques et nous

leur avons fourni un soutien expérimental. Nous avons constaté que toutes les souches

résistantes et sensibles étaient regroupées avec LAM9 et Haarlem, respectivement, appar-

tenant au clade euro-américain. La modélisation des mutations GyrA/GyrB a montré

une diminution de son affinité à la lévofloxacine.

Le Chapter III, aborde la génomique comparative du SARS-CoV-2 au Maroc pour

identifier les variantes génétiques. Cette étude a révélé 108 mutations dans le génome des

virus. Le réseau d’haplotypes suggère différentes sources d’infection au Maroc.

Dans le Chapter IV, nous avons collecté des génomes du SARS-CoV-2 isolés dans 80

pays. Les résultats ont montré des génotypes spécifiques à l’emplacement géographique.

De plus, l’évolution au fil du temps a mis en évidence un mécanisme de co-accumulation

de mutations, qui pourrait affecter la propagation du SARS-CoV-2. suggérant que qu’un

vaccin universel est plus susceptible d’être efficace pour toutes les souches

D’autre part, l’analyse de pression sélective a révélé des résidus sélectionnés négativement

qui pourraient être considérés comme des cibles thérapeutiques. Nous avons également

créé une base de données qui répertorie toutes les variantes génétiques des génomes du

SARS-CoV-2 trouvés dans cette étude.
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 ملخص
 تتبعھ و المرض تفشي في المدخلات SARS-CoV-2 : السلي المتفطرة من الجینوم تحلیل: العنوان

 مریم لعمارتي: الاسم

، التحلیل الجینومي ، النشوء والتطور ، المقاومة ، الدینامیكا النباتیة  SARS-CoV-2: المتفطرة السلیة ، الكلمات المفتاحیة
 ، التسلسل.

 
الجینومات بشكل متزاید في الاستقصاء الوبائي للعوامل المعدیة، من أجل تحدید أصلھا، ودینامیكیات تستخدم مقارنة 

 انتقالھا، وكذلك استراتیجیات مقاومتھا للمضادات الحیویة.

، أجرینا التسلسل والتوصیف الجیني للسلالات المتفطرة السلیة من المغرب، لاكتساب نظرة شاملة حول ٢الفصل في 
الجیني، مقاومتھا للمضادات الحیویة، التركیبة النسبیة وایضا حول الطفرات المرتبطة بمقاومة الأدویة. لذلك تنوعھا 

 14طفرة معروفة و  25أجرینا تحلیل جینوم كامل لتسع عزلات مغربیة من المتفطرة السلیة، تمكنا من خلالھ تحدید 
 لعزلات.ا لھذه الظاھريویة، و دعمنا ھذا تحلیل بدراسة النمط طفرة جدیدة في الجینات المرتبطة بمقاومة المضادات الحی

، على التوالي، والتي تنتمي Haarlemو LAM9وجدنا أیضا أن جمیع السلالات المقاومة والحساسة تم تجمیعھا مع 
انخفاضًا في تقارب ھذا الأخیر  GyrA\GyrBإلى الفرع الأوروبي الأمریكي. بینما أظھرت نمذجة طفرات في المركب 

 مع اللیفوفلوكساسین.

في المغرب لتحدید المتغیرات الجینیة، كخطوة حاسمة في تقییم  CoV-SARS-2مقارنة جینومیة لـ  ٣الفصل یناقش 
طفرة في جینوم الفیروسات المدروسة بینما اقترحت شبكة النمط  108انتشار الفیروس. وقد كشفت ھذه الدراسة عن 

 .بفي المغر SARS-CoV-2اني مصادر مختلفة لعدوى الفرد

. أظھرت نتائج ھذه دراسة أنماط وراثیة دولة 80لة من المعزو CoV-SARS-2، قمنا بجمع جینومات ٤الفصل في 
خاصة بالموقع الجغرافي. بالإضافة إلى ذلك، أظھر التطور بمرور الوقت آلیة التراكم المشترك للطفرات، والتي یمكن 

من ناحیة أخرى، كشف تحلیل الضغط الانتقائي عن مواضع جینیة مختارة سلباً  أن تؤثر على شدة وانتشار الڤیروس.
 ھا أھدافاً علاجیة. كما تشیر ھذه النتائج إلى أن لقاح عالمي من المرجح أن یكون فعال لجمیع السلالاتیمكن اعتبار

-SARS-CoVوالتي تسرد جمیع المتغیرات الجینیة لجینومات  أیضًا قاعدة بیانات شاملة موحدة في النھایة، أنشأنا  .
 الموجودة في ھذه الدراسة.  2

  

	



Acronyms

ACE2 Angiotensin-converting enzyme 2

AIDS acquired immunodeficiency syndrome

AM Alveolar Macrohages

BCG bacille Calmette-Guerin,

Blast Basic Local Alignment Search Tool

CARD Comprehensive Antibiotic Resistance Database

CCDC Chinese Center for Disease Contrôle

CCL2 Macrophage Chemokine

COG Cluster of orthologous group

COVID-19 Corona Virus Disease 2019

DNA Deoxyribonucleic Acid

EAI East African-Indian

EMB Ethambutol

ENA European Nucleotide Archive

FEL Fixed Effect Likelihood

FQL Fluoroquinolone

Fubar FAST Uncpnstraoned Bayesian ApprRoximation

GISAID Global initiative on sharing all influenza data

GTR General time reversible

H Harleem

HIV human immunodeficiency virus

HR Heaptad Repeat

IDR Intra Dermal Reaction

IgG Immunoglobulin G

IgM Immunoglobulin M

INH Isoniazid

LAM Latin American – Mediterranean

LTBI Latent Tuberculosis Infection

MAF Wester West Africa

MDR-TB Multi Drug Resistance tuberculosis

MEME Mixed Effects Model of Evolution

MERS-Cov Middle East respiratory syndrome

MGIT Mycobacteria Growth Indicator Tube

MIRU-VNTR Mycobacterial Interspersed Repetitive Unit-Variable Number

x



xi

ACE2 Angiotensin-converting enzyme 2

Mtb Mycobacterium Tuberculosis

MTBC Mycobacteriu Tuberculosis Complexe

NCBI National Center for Biotechnology Information

NSP Non-Structural Protein

ORF Open Reading Frame

Pamp Pathogens activated molecular patterns

PDB Protein Data Bank

PDIM Phthiocerol dimycoceroserate

RAST Rapid Annotation using Subsystems Technologyæ

RBD Receptor Binding Domain

RIF Rifampicin

RNA Ribonucleic Acid

RT-LAMP Reverse-Transcriptase Loop-Mediated Isothermal Amplification assay

SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2

SLAC Single Likelihood Ancestor Counting

SM Streptomycin

SNP Single Nucleotid Polymorphism

TB Tuberculosis

TLR Toll ike Receptor

USAID U.S. Agency for International Development

WGS Whole Genome Sequencing

WHO World Health Organization

XDR Extensively Drug Resistance



Introduction

Several unique features characterize infectious diseases - they rely on a single agent as a

cause. They can be transmitted from one person to another, cause epidemics, and have a

strong impact on human evolution [1][2]. Besides, infectious diseases can be eradicated,

but also new ones may emerge, creating a dynamic stage for human-infection interplay [3].

Clinical symptoms of pulmonary tract infections are highly variable and cannot identify

the etiologic agent or agents. Although most respiratory tract infections are caused by

viruses (69%; [4]), antibiotics are widely prescribed to treat symptoms. Antibiotics, which

are of little or no benefit for viral infections, can contribute to the emergence and spread

of resistant bacteria and to higher costs for health care [5][6].

The outcome of an acute respiratory tract infection depends on the organism’s viru-

lence and the inflammatory response in the lung. Innate immune responses to microbes

in the lungs determine the outcome of infection; an insufficient response can result in life-

threatening infection, but an excessive response can lead to life-threatening inflammatory

injury.

Thus, the interest in the aftermath of superimposing viral pandemics ( SARS-CoV-2)

over long-standing diseases, such as tuberculosis (TB), which remains a significant disease

for public health worldwide and especially in emerging economies. Tuberculosis and

COVID-19 are among the four priority list for research and development. Recent advances

in sequencing technologies have allowed genomics analysis to play an essential role in

understanding outbreaks of pathogens. While techniques for generating and analyzing

genomics data continue to evolve, the fundamental questions during disease outbreaks —

where did the infectious agent originate, how is it changing, and where will it go next

— remain the same. The subsequent chapters demonstrated the use of many of these

methods to analyze infection outbreaks of two different pathogens. Chapter 2, describe our

investigation of Mycobacterium tuberculosis before the COVID-19 pandemic in Morocco,

with an emphasis on how we identify new drug resistance-associated mutations. Chapter

3, explain how we used genomics to understand the spread of SARS-Cov-2 in Morocco.

Chapter 4 describes the continuity of the work on SARS-Cov-2, this time focusing on

analyzing large scale genomics data in order to understand viral transmission worldwide.

The final chapter is the culmination of many of the lessons learned in the preceding

chapters and emphasizes the added value of genomics in public health investigations

and the power of combining genomics and epidemiological data for outbreak response.

Hence, detailing how new pandemic such as COVID-19 can affect ongoing epidemic like

tuberculosis to provide a resource that may assist the study of future infectious disease

outbreaks.

xii
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Chapter 1

Background Theory

1.1 Mycobacterium tuberculosis

1.1.1 Tuberculosis Burden wordwild

Tuberculosis (TB) is an ancient disease caused by a ”Mycobacterium Tuberculosis” that

most frequently affects the lungs; Humanity in its recorded history and prehistory has

been affected by TB through large epidemics and continues to be a major global health

concern [12]. Tuberculosis is one of the world’s ten causes of death worldwide and the pri-

mary infection source from a single infectious agent [13]. Despite the sheer numbers, TB

has been over shadowed for too long by HIV and malaria, and currently by the COVID-19.

The World Health Organization (WHO) claims that 1/3 of the worldwide population is

now infected with tuberculosis. About 10% of this population are predicted to develop

active TB at some stage in their lifetime [14].

While TB disease seemed ”conquered” by the end of the 1990s, two events cooper-

ated with a sharp new increase in TB incidence. In the first place, the HIV epidemic

has spread worldwide, making millions of people more vulnerable to active TB infection

and latent TB infection reactivation (LTBI) [15][16]. Secondly, the Soviet Union’s disin-

tegration resulted in the collapse of Eastern Europe’s health system and an outbreak of

TB, especially MDR-TB [17]; causing a synergistic epidemic. However, HIV prevention

and treatment programs helped decrease the number of cases from 33.7% before 2000 to

25.7% after 2010. From this perspective we raise a serious concern for a third outbreak

with the emergence of the new virus [18] such as whether the COVID-19 cases would

boost the development of active TB, or vice versa [19][20][21]. Globally, between 2015

and 2019, the incidence of TB decreased by around 9%; this was less than halfway to the

20% reduction estimated by the ”End TB Strategy milestone between 2015 and 2020” [22].

In 2019, 10 million individuals worldwide (56% males, 32% females, and 12% of chil-

dren) became ill with tuberculosis, from which 14% died [13]. More than 95% of TB

deaths occurred in low and middle-income countries (Figure 1.1). The lowest incidence

rate was mainly reported in high-income countries such as Western Europe, Canada,

America, Australia, Saudi Arabia, and New Zealand. Countries with the highest inci-
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Figure 1.1: Estimated tuberculosis incidence rates in 2019 [7]

dence rates of tuberculosis are predominantly in Africa (South Africa, Gabon, Central

African Republic) where TB epidemics are fuelled by coinfection with HIV/AIDS and

multidrug resistance [23] [24].

1.1.2 MDR-TB burden

MDR-TB diagnosis and treatment remains a significant obstacle and is far from being

wholly solved [25]. Rifampicin resistance was observed in 61% of people with pulmonary

tuberculosis worldwide in 2019, up from 51% in 2017 and 7% in 2012. A total of 206,030

individuals with MDR/RR-TB were identified and registered, a 10% rise from 2018[7]. Ex-

tensively drug resistance (XDR) strains, probably originated from MDR-TB strains. The

XDR-TB show resistant to the second line drugs fluoroquinolones (FLQ) and aminogly-

cosides (AMI), have been registered in 92 countries. 6% of MDR-TB cases are estimated

to be XDR-TB [26].

1.1.3 Burdden of Tubrculosis in Morocco

In Morocco, despite the Ministry of Health (MH) efforts to mitigate the disease, TB

remains a significant public health issue [27]. According to the WHO report, in 2019,

31,536 cases were reported to have active TB causing 656 death [28]. Morocco ranked

66th among countries with TB incidence, with an estimated MDR number of 265 and two

confirmed XDR-TB [7]. Furthermore, the studies conducted in some parts of Morocco

have also revealed a high prevalence of MDR-TB, 26.4% in the Northern Region [29] and

12.8% in Casablanca [30]; A study by Chaoui et al. Showed that 30% of TB are resistant

to fluoroquinolones and harbored the drug resistance-associated mutation in gyrA [31],





while an other research identified 4 (2.6%) XDR and 18 (11.8%) pre-XDR isolates [32].

At the end of the seventies, a national TB program was set up to avoid, regulate, and

gradually eradicate TB in Morocco. Free structured therapy regimens are given for tuber-

culosis patients [28]. Two reference national laboratories provide testing for TB infection.

In 2004, Morocco managed to reach the WHO objectives related to TB diagnosis and

treatment [27]. Thus, in 2015, 83% of the cases were detected, 85% were treated for TB

[27]. However, TB incidence did not seem to decrease in Morocco. The recent statistics

showed that TB incidence in Morocco was as high as in 2015 [27].

Poverty, gender, smoking, drinking, and HIV infection are significant risk factors for TB.

In a two year retrospective study by Hanja et al., showed that more than two-thirds of

the studied population were men (69%), three-quarters of these cases (71%) were smok-

ers, 21% were cannabis addicts, and 7% were alcoholics [33]. On the other hand, TB is

believed to prevail in prefectures rather than in provinces, and that population density in

Morocco is a major risk factor. Such claims require further research.

Association between TB incidence and meteorological factors has also been explored

and showed that annual rainfall in the east of Morocco has a significant effect on the TB

rate [34]. More may need to be explored about TB in Morocco. Such as risk factors and

Studies on spatial clusters of TB incidence that would have given a better understanding

of where interventions are most required are lacking in Morocco.

1.1.4 Taxonomic Hierarchy and Microbiology of M. tuberculosis

TAXONOMY AND CLASSIFICATION:

KINGDOM: Bacteria PHYLUM: Actinobacteria

ORDER: Actinomycetales

SUBORDER: Corynebacterineae

FAMILY: Mycobacteriaceae

GENUS: Mycobacterium

SPECIES: Mycobacterium tuberculosis

There are over 170 species in the genus of Mycobacterium that can be divided into

one of three major groups [36]: Mycobacterium tuberculosis complex species, Mycobac-

terium tuberculosis mycobacterial species, and Mycobacterium leprae [37]. Depending on

their growth rate, the Mycobacterium genus is usually divided into two major groups:

Slow-growing species, including M.tuberculosis, M.bovis and M.leprae and fast-growing

species, such as M.smegmatis.

Human tuberculosis is a pulmonary condition mainly (but not exclusively) caused by

MTBC [37]. The complex contains three human-specific members, M.tuberculosis, M.canetti

and M.africanum. The rest primarily infect animal hosts, but share the potential to in-

fect humans. At the genome level, M. tuberculosis, M.canettii, M.africanum, M.bovis,

M.microti, M.pinnipedii, and M.caprae all share an almost 99% homology throughout

their ribosomal RNA gene sequences [38],[39].

Neither Gram-positive nor Gram-negative; acid-fast bacterium identifiable by Ziehl–Neelsen





Figure 1.2: Mycobacterium tuberculosis aspects

.(A) TB coloration, (B) TB Culture, (C) TB Foluorecence microscopy [35]

staining (Figure 1.2). Mycobacterium tuberculosis is not identified in Grams’ stain prepa-

ration due to the abundant lipid content in their cell envelope (40% cellular dry mass) [40]

mainly composed of thick layer of peptidoglycan, lipids, glycolipids and polysaccharide.

Furthermore, the tubercle bacilli aerobic strics, non-spore-forming, without flagella and

often form beads in the culture media [39]. While M. tuberculosis can synthesize all the

amino acids and enzymatic reaction cofactors, it is a slow grower and needs 22 hours in

a growth medium compared with 20 minutes in Escherichia coli to double its number

[41].This was determined to be related to the slower polymerization rate of a protein

found in M.tuberculosis which affects cell division and cell wall biosynthesis [42].

1.1.5 Pathology:

1.1.5.1 Transmission and infection

Current WHO estimation indicate that Mycobacterium tuberculosis, transmitted by aerosol,

infects approximately one third of the global population. Human to human transmission





of TB is airborne occurs through small aerosols (5 m) by coughing, talking, or sneez-

ing, the patient produces infectious droplets that can remain in the air for several hours.

Contamination occurs during the inhalation of infectious droplets (Figure 1.3).

Figure 1.3: Infection initiation by the inhalation of aerosol droplets that contain

bacteria.

[8]

A person exposed to a contagious patient is not necessarily infected. The probability

of contamination by M. tuberculosis depends on three factors:

1. The degree of contagiousness of the infected person

• Positive bacteriological status

• Virulence of bacteria (some strains are highly transmissible).

2. Exhibition environment:

• Small unventilated rooms are favorable conditions for transmission.

• The proximity of the source patient.

3. Duration of exposure:

• People in close contact with patients with TB are most at risk of infection.

1.1.5.2 Pathogenesis & Immunity

Following transmission to a new host via aerosol, M. tuberculosis is believed to first un-

dergo phagocytosis by alveolar macrophages (AMs) and subsequently interstitial macrophages

[43]. In other pathogens, these macrophages are microbicidal and recruited through Toll-

like receptor (TLR)-mediated signaling activated by the so-called pathogen activated

molecular patterns (PAMPs) present on bacterial surfaces. However, Tb has developed

strategies to avoid the microbicidal macrophages by expressing a surface lipid phthiocerol

dimycoceroserate (PDIM) that masks the PAMPs. Once the PAMPS are hided the host’s

innate immune system does not recognize them (Figure 1.4 - B).

Simultaneously, a related surface lipid, phenolic glycolipid (PGL), is used to induce

the macrophage chemokine CCL2 to recruit and infect growth-permitting macrophages.





Figure 1.4: Mechanism of priminary infection of Mtb. (A) Lungs from animals

breathing different numbers of tubercle bacilli. (B) Mtb avoids the recruitment of mi-

crobicidal macrophages to the site of infection by masking its PAMPs with the PDIM

lipid.[8][9]

However, this strategy is ineffective in the upper airway, which is full of TLR-stimulating

commensal bacteria [8]. Thus tb infection must be initiated through uses small goutlets

that directly settle into the lower lung spaces since they contain few if any, commensals

[9] as the third strategy of infection (Figure 1.4 - A).

Once internalized, ESX-1 activate the secretion system to blocks the fusion between

the phagosome and lysosome. To start cytosolic surveillance, Mtb releases bacterial prod-

ucts into the macrophage cytosol, which induces type I interferon response, resulting in

bacteria’s survival and rapid growth [8]. After phagocytosis, infected cells migrate to

local draining lymph nodes. T cells recognize antigens on Mycobacterium tuberculosis

and differentiate into specific T cells. This differentiation results in the release of lym-

phokines and macrophages’ activation, which inhibit the growth of phagocytosed bacteria.

Macrophages initiate a signalling cascade leading to the recruitment of additional mono-

cytes and lymphocytes. This aggregate of immune cells surrounds the infection site and

forms an organized cellular structure known as a granuloma (Figure 1.5)[8].

Following infection, M. Tuberculosis often enters a prolonged state of latent, asymp-

tomatic infection. This phase can last for decades within granulomas, if not for the rest

of the host’s life. There is a subgroup of hosts in which the latent infection re-activates,

causing active disease. The immune response in the centre of the granuloma contains

pro-inflammatory molecules[44].

In contrast, the surrounding area has anti-inflammatory components. The balance of

Mtb and macrophage interactions can influence the granuloma outcome, which may ei-





ther constrain the infection or promote its systemic dissemination. If the bacterial load

is too high, granuloma may fail to contain the infection, and bacteria will spread to other

organs, including the brain. The bacterium can enter the bloodstream or respiratory tract

to be released, and this is said to be the first phase of active TB disease[8].

Figure 1.5: Structure and cellular constituents of the tuberculous granuloma.[10]

1.1.6 Mycobacterium tubrculosis diversity and lineagess

Evolutionary classification of MTB strains is mainly based on large sequence polymor-

phism (LSP) and single nucleotide polymorphism (SNP) due to the hight genome stability

and low incidence of horizontal gene transfer, reacquisation of deleted region sits. SNP

and LSP classification have categorized Mycobacterium tuberculosis strains into 7 phylo-

genetic major linages. Thus, recent studies has showen the emergence of a 2 new lineages

mainly in Africa named L8 and L9 (Figure 1.6).

a) Lineage 2 - East-Asian:

One of the most virulent and successful MTBC variants; This lineage is responsible for

more than 25% of the global tuberculosis epidemic [46], [47]. It is mostly known by the

so-called Beijing family more predominant in East and South East Asia, accounting for

over 50% - 85% of total cases [48], [42]. A significant increase of L2–Beijing prevalence

was also reported in Africa over time [49][50][51]. L2 was associated with the emergence

of MDR strains [52],[53][54][42]. Beijing strains may be more pathogenic or virulent

compared to the M.tuberculosis strains, experimental and clinical evidence suggests a

hyper-virulent phenotype of Beijing strains [55] [56]) and a higher mutation rate compared

with other strains [57]. Several hypotheses have been proposed to explain the widespread

dissemination of these strains:

• The extensive dissemination may be related to the global migrations of Asian in the

twentieth century [55]

• A positive selection of this genotype after the use of the bacille Calmette-Guérin

(BCG) by having less protective efficacy against this lineage [58], [59]





Figure 1.6: Distribution of M. tuberculosis lineage worldwid

[45]

b) Lineage 3 -East African-Indian

One of the most ancient Mtb lineages, Bayesian statistics study by Wirth et al. l esti-

mated that EAI arose and spread out of Mesopotamia 10000 years ago. Currently the

EAI is essentially localized Asian countries particularly Cambodia [60] (60%), Myanmar

(48.4%) [61], Northern Vietnam (38.5%)[62] the southern region of Taiwan (32.1%)[63],

Singapore (25.6%)[56], and Saudi Arabia (23.8%) [57]. The reasons for the significant

EAI prevalence in Asian countries may be related to different selection pressures caused

by the BCG vaccination, environmental factors such as community hygiene, tropical cli-

mates, population density, and biological factors host-bacterial interaction [64]. Chen et

al. recently supported findings demonstrating that EAI isolates in Taiwan induced very

high levels of proinflammatory cytokines in modern Beijing lineages and explain the fast

dissemination of this lineage in Taiwan [65] [66][67].

c) Lineage 4 - Euro-American

L4 is the most widespread, affecting humans in all countries. Population genomics and

phylogeographic analyses of MTB lineage 4 found that historical migrations out of Europe

were the leading cause of this lineage4 dispersal [68]. A recent study also reported that

the main driving force behind L4’s global dispersal in Africa and the Americas is the

European colonization efforts [69]. The same study also reported that the spread of L4

was also associated with MDR Strains’ emergence in these regions. L4 was also dominated

in the Middle East and Oceania [63].

L4 consists of 10 distinct families and other unclassified families, from which LAM, T,

X, H, and S families are widespread worldwide. The distribution of these specific families

varies according to the regions. Dodo et al. demonstrated that L4 have a higher repli-





cation rate and produce a significant amount of proinflammatory cytokines, therefore,

contribute to pathogenicity increase.

d) Lineage 5 - West Africa 1, Lineage 6 - West Africa 2

In 1968, Castets and colleagues first described africanum as a specific subspecies of the My-

cobacterium tuberculosis complex (MTBC) ([70]. It was further divided into two phyloge-

netically distinct lineages: M.africanum West African 1 (Gulf of Guinea) and M.africanum

West African 2 (western West Africa MAF) [70]. These lineages are restricted to West

Africa, where they cause up to half of the human pulmonary tuberculosis. However,

M.africanum is rarely reported in other continents. it was assumed that M.africanum

dissemination in these countries is mainly due to human migration from disease-endemic

West African regions.

Some comparative studies suggest the MAF lineages are different and occupy different

ecological niches. Thus, Three hypotheses attempt to explain the restriction of MAF to

West Africa:

• The MAF may have emigrated outside Africa but was subsequently outcompeted

by MTB, which in animal models is more virulent than MAF. This hypothesis was

supported by the low production of proinflammatory cytokines at the early stage of

the infection compared to modern MTBC, thus allowing slower transmission [71].

The virulence mechanism was also shown to affect MAF in many essential genes,

such as S DosR regulon [72], ESAT6 [73], and PhoP/R [74].

• Specific host-pathogen interactions and adaptation to West African human popula-

tions. The statistical association of L5 with the native West African ethnic group

known as “Ewe” was reported by two independent studies in Ghana [75][76].

• MAF might be zoonotic with an animal reservoir limited to West Africa. Possibility

relies on the phylogenetic placement of MAF in the middle of an animal-adapted

MTBC cluster [77].

e) Lineage 7,8 and 9

Lineage 7 is predominantly restricted to Ethiopia in the horn of Africa [78][79]. This

lineage is characterized by smaller colony diameter and weight compared to lineages 3 and

4 combined. In vitro, Lineage 7 grow slower than non-lineage 7 Mtb strains, explaining

the delay in seeking treatment observed in patients infected with this lineage [80]. On

the other hand, lineage 8 and 9 have been recently proposed and restricted to Ethiopia

and east of Africa, respectively. Litlle is known for there virulence and transmission

mechanism.mechanism [81][82].

1.1.7 Diagnostic Tests

The diagnosis of tuberculosis should be made in a favorable epidemic situation or the pres-

ence of a person presenting general signs suggestive of the disease. Nevertheless, whatever

the epidemiological context, the deterioration of a person’s general condition with weight





loss, asthenia, and moderate fever should orient the diagnosis towards tuberculosis, es-

pecially if all of these signs persist for more than three weeks. These general signs can

also be accompanied by respiratory manifestations such as a persistent and increasingly

frequent cough, hemoptysis or even dyspnea [83]. In latent tuberculosis, it is usually not

accompanied by symptoms, clinical signs or radiological signs.

1.1.7.1 Direct examination by microscopie

In cases of suspected pulmonary Mtb, the bacteriological examination of the patient’s

sputum is performed. To demonstrate the property of specific acid-alcohol resistance of

mycobacteria, a smear or spread of the biological sample on a thin slide is carried out,

then stained. There are two stains: Ziehl-Nelsen stain, or auramine stain. It can only

detect bacteria in a sample if there are at least 0.5 to 1.1 bacteria per micro-liter of the

sample [84].

1.1.7.2 Chest x-rays

Chest x-ray provides an initial assessment of chest lesions which may vary in morphology

and extent. There are three types of primary lesions: the nodule, the infiltrate and the

cavern. The appearance of the lesions is unrelated to the severity of the disease. In

its pulmonary form, tuberculosis is manifested by the presence of infiltrates and nodules

mainly located in the tops of the lungs and sometimes associated with caverns.

1.1.7.3 Tuberculin Test

Tuberculin intra-dermal reaction (IDR) is a delayed hypersensitivity skin reaction caused

by the influx of T cells and macrophages to the site of intra-dermal injection of tuberculin

(mycobacterial antigens). This reaction demonstrates the existence of cell-mediated im-

munity to mycobacteria in the patient, induced either by prior vaccination with BCG or

by prior contact with Mtb or certain atypical mycobacteria. The IDR involves injecting

0.10 ml of liquid tuberculin solution into the dermis of the anterior aspect of the forearm

and measuring the diameter of the induced induration after 72 hours. The test will be

positive if this diameter is greater than 5 mm and very positive if it is greater than 10

mm. In this second case, there will be a presumption of tuberculosis disease.

1.1.7.4 Interferon Gamma Release Assays

Immunological tests such as the QuantiFERON-TB-Gold® test and the TSPOT-TB®
test have recently been developed for the diagnosis of latent tuberculosis infection [85][86].

These tests have the advantage of not being disturbed by a previous vaccination with BCG

or by an infection caused by another mycobacteria [87] if the blood is positive for interferon

gamma is considered potentially TB positive.





1.1.7.5 Xpert MTB/RIF assay

These tests are based on gene amplification by real-time PCR on specific M. tuberculosis

sequences [88], allowing the detection of nucleic acid sequences specific to tuberculosis

bacilli. These techniques exhibit excellent sensitivity and specificity when used from

culture extracts. The sample is loaded into the GeneXpert device, where the gene of

interest is amplified via RT-PCR, after which five probes are used to detect different

segments of this gene. This test targets the 81-bp rifampicin-resistance determining region

(RDRR) of the rpoB gene (5 probes: A, B, C, D, E) while simultaneously testing for drug

resistance.

1.1.7.6 Direct examination

A smear, or spread of the biological sample on a thin slide, is carried out, then stained

to demonstrate the specific property of mycobacteria: their acid-alcohol resistance. Two

methods can be used, the Ziehl-Neelsen method or the auramine (fluorochrome) method.

Ziehl-Neelsen stain shows Acid-Alcohol-Resistant Bacilli (AFB) as small red sticks isolated

or in small clusters on a blue background, while they will appear as small shiny yellow-

green rods on a dark background with auramine staining.

1.1.7.7 Culture

Culture is the gold standard for diagnosing TB. Only a positive culture for M. tuberculosis

is conclusive proof of the diagnosis of TB. It is more sensitive than microscopy. Its

sensitivity varies from 80% to 85% while the sensitivity varies from 50% to 80% for

microscopy. It is carried out on enriched, solid culture medium (Löwenstein-Jensen’s

medium or Colestos medium) where results are obtained between 4 to 8 weeks; or on

liquid medium (Middlebrook 7H11, 7H10, 7H9, MGIT / Mycobacteria Growth Indicator

Tube or Dubos) where results are obtained more quickly (approximately 15 days).

1.2 SARS-CoV-2

1.2.1 COVID-19 Burden

1.2.1.1 COVID-19 burden worldwide

In December of 2019, a novel coronavirus (2019-nCoV) was identified in Wuhan in China’s

Hubei region. The outbreak quickly spread to neighboring countries. Due to quick com-

munication and rapid events, quarantines and screening for travelers were put in place

to prevent the disease’s spread. The initial infection affected China, but a second cluster

was found on a cruise ship called the Diamond Princess docked in Japan [89].

SARS-Cov-2 has been identified to have zoonotic origin (Pangolin) [90][91]. The abil-

ity to mutate rapidly, fast transmission, and adapt to a new host is a unique feature of

these viruses. In January 2020, China had seen an exponential increase in the number of

cases. The problem has become global today and declared on the on 11 March 2020 by

World Health Organization (WHO) as a pandemic, and a real threat with the greatest risk





effect on all levels. The latest WHO public health surveillance guidance asks countries to

report confirmed cases [92]. The pandemic swept through two waves over the ten months.

In May and June 2020, the number of new cases decreased drastically. Thus, revealed

the typical phases: first, the initial outbreak period of exponentially increasing infections;

second, the phase characterized by high social distance measures; and finally, the phase

involving disease spread reduction correlated with weakened containment measures [93].

Since October, a second severe wave of COVID-19 started. While no clear pattern

exists between countries. An increase of number of cases started from mid-October, to

decline afterward during November 28th. Governments have progressively re-enforced new

restrictive measures from 13 October on-wards. At the end of November the second wave

was in a very weak period, with the reproduction number decreasing to values below

the threshold of 1 nearly everywhere. Globally, as of 5:52 pm CET, 16 January 2021,

92,506,811 confirmed cases of COVID-19, including 2,001,773 deaths, were reported to

WHO (Figure 1.7).

Figure 1.7: Covid-19 evolution over time [11].

In the last few months, two new variants of SARS-CoV-2 have been reported to the

WHO as unusual public health events. Recent reports have again raised interest and con-

cern about the impact of viral changes on various variants of SARS-CoV-2 [94][95][96].

The first variant was referred to as Voc 202012/01 from the United Kingdom of Great

Britain and Northern Ireland, while the second from South Africa was designated as

501y. Preliminary epidemiologic, modeling, and clinical studies of the new variant strain

of SARS-CoV-2 (reported as SARS-CoV-2 VOC 202012/01) suggest an increase in trans-

missibility [97][98] and reinfection cases [97]. Simultaneously, no change in disease severity

(as measured by the length of hospitalization and 28-day case fatality).

So far, 40 countries outside of the United Kingdom, and six countries outside of South

Africa have reported cases of the new Variants.Further studies are currently conducted to

determine the transmissibility, severity, risk of reinfection and antibody response to the





new variants, as well as potential impact on therapies, Vaccines and diagnostics methods

[99].

1.2.1.2 COVID-19 burden in Morocco

The first confirmed case was detected on Monday 02 March 2020 and few days later,

other new cases was registered. Just after the first death notification, the Moroccan

government decided to close territorial borders in order to prevent the virus transmission

and quarantine has been imposed on Friday 20 March 2020. Morocco adopts the therapy

with chloroquine publishes by Gautret et al[100].

A total of 78 cases are being taken care of in the past 24 hours by intensive care and

resuscitation services, reporting a drop to around 3% in the number of cases in serious or

critical condition, while cases with little or no symptoms represent around 92%.3 In the

lead is Casablanca-Settat region with 1203 infected people. The Marrakech Safi region is

in second position, totaling 1059 cases, followed by that of Tangier Tetouan Al Hoceima,

which has had 657 cases. The region Meknes-Fez is in fourth position with 584 cases and

546 cases in the Daraa-Tafilalet in fifth place and the Rabat Sale Kenitra region comes

in sixth position with 329 cases and the Orientale region in seventh position with 175

cases. The regions with less than 100 infected people are Beni Mellal Khenifra (83), Souss

Massa (51), Laayoune Sakia Al Hamra (4), Dakhla Oued Deheb (2) and Guelmin-Oued-

Noun (36). according to Circular No.22 relating to the prescription and dispensation of

Chloroquine and hydroxychloroquine at the level of healthcare establishments. However,

no serious epidemiological study has been developed to assess and analyse the health

situation in Morocco as a whole, according to each principal measure of emergency.

1.2.2 SARS-Cov-2 propreties

1.2.2.1 Structure

Spherical, enveloped virus of 60-220 nm, comprises from the outside to the inside, the gly-

coprotein Spike (S) (gives the crowned appearance to the virus under electron microscopy),

the envelope, the membrane and the nucleocapsid it even, icosahedral with cubic symme-

try. The latter contains a viral genome molecule: single-stranded, unsegmented, positive

ribonucleic acid (RNA) (29,881 base pairs) (Figure 1.8) .

Figure 1.8: SARS-CoV-2 structre

[101]





1.2.2.2 Genome

The CoV genome has a varying number of open reading frames (ORFs). Two-thirds

of the viral RNA is located primarily in the first ORF (ORF1a / b), translates two

polyproteins, pp1a and pp1b, and encodes 16 non-structural proteins (NSPs), while the

remaining ORFs encode proteins from structure and accessory proteins. The rest of

the virus genome encodes four essential structural proteins, including glycoprotein (S),

envelope protein (E), matrix protein (M) and core protein (N), as well as several accessory

proteins , which interfere with the host’s immune response [102]. The study by Tang et

al. analyzed 103 genomes of patients infected with Covid-19 and identified two strains of

Sar-CoV-2: strain L and strain S. The strain L is more aggressive and contagious [103].

1.2.2.3 Pathogenesis

The Sars-CoV-2 multiplication cycle in the cell comprises attachment, penetration and

decapsidation, followed by the synthesis of macromolecules (nucleic acids and proteins)

in three phases: early-immediate, immediate and late. These syntheses will allow the

assembly of the nucleocapsids. Then envelopment and release of the infectious virions si-

multaneously as lysis of the infected cell—this lytic cycle exists in respiratory cells infected

with the virus. The virus attaches specifically to the susceptible cell receptor through a

high-affinity interaction between the viral S protein and ACE2 (Angiotensin-converting

enzyme), the host’s cellular receptor. The S protein is made up of two functional sub-

units: the S1 subunit allows the virus to bind to the host cell’s receptor and the S2

subunit ensures the fusion of the viral envelope and the cell membrane. Cleavage of the

S protein by proteases from the host cell activates fusion at two tandem sites, heptad

repeat 1 (HR1) [7] and HR2 [8]. Thus, the viral RNA is released into the cytoplasm.

The replication-transcription complex(RTC) ensures the replication of the genome, the

synthesis of proteins.

The pathogenesis of SARS-CoV-2 infection in humans can vary from mild symptoms to

severe respiratory failure. after binding to epithelial cells in the respiratory tract, SARS-

CoV-2 begins to replicate and migrate to the airways and enters alveolar epithelial cells

in the lungs. The rapid replication of SARS-CoV-2 replication triggers the immune re-

sponse. In general, the leading cause of death in patients with COVID-19 is the severe

Cytokine storm which may cause respiratory failure[104][105].

1.2.3 SARS-CoV-2 Diagnosis Tests

1.2.3.1 Nucleic acid amplification tests (NAATs)

WHO guidelines recommend the use of RdRp, E, N and S genes in different combinations

diagnosis is based on targeting the RdRp/Helicase (Hel), Nucleocapside (N) and Envelop

(E), genes spike (S) and E rdrp gene of the virus with a good specificity (differentiating

SARS-CoV-2 from SARS-Cov-1) and sensitivity. A comparison between all targeted genes

revealed that the best results were obtained with RdRp/Hel genes , RNA extraction

methods can generally be classified into (a) one step (with the RT step and the PCR





reaction in the same tube) and (b) two-step RT-PCR (initial creation of DNA copies with

RT reaction followed by their addiction to the PCR reaction).

1.2.3.2 Lamp Tests

Loop-mediated isothermal amplification (Lamp). It is a method of rapid, sensitive and

efficient visual amplification of nucleic acids. Lately, this method has been widely used for

the isolation of influenza virus, Middle East respiratory syndrome-CoV, West Nile virus,

Ebola virus, Zika virus, yellow fever virus and ’a variety of other pathogens.

1.2.3.3 Serological testing

Serology is a major challenge for evaluating the immune protection of populations against

the virus and for better understanding the epidemiology. Serological tests target the

following antigens in particular: the nuclear capsid protein which is highly expressed and

provides high sensitivity, and the spike protein which provides high specificity.

One of the downsides of serological assays is the limited sensitivity at an early stage,

when the host has not yet developed specific antibodies. In the specific case of SARS-CoV-

2, data from literature showed production of IgM and IgG starting after the first week

from infection and generally detectable from the second, leaving some space for delayed

antibody responses, previously associated (for MERS-CoV) with more severe disease.





1.3 Aims

The general aim of this thesis is to study the transmission, dynamics and evolution-

ary diversity of two pulmonary tract infection diseases using whole-genome sequencing.

Specifically to:

1. Understand the population structure of Mtb strains circulating in Morocco and

assess the evolutionary history of the dominant strains

2. Understand the diversity of the PE and PPE genes in Mtb

3. Characterize drug resistance-associated mutations

4. Identify new mutations and predict their effect on resistance using protein modelling.

5. Assess the utility of Oxford Nanopore Technologies in the sequencing of viral genomes.

6. Identify SARS-CoV-2 Moroccan lineages and variations.

7. Predict the transmission dynamic and origin of SARS-CoV-2 strains in Morocco.

8. Characterize the genomics variations of SARS-CoV-2 worldwide.

9. Identify the geographic location and origin of hostpot mutations in SARS-CoV-2.

10. Identity variants circulating in the world and estimate divergence and mutational

rate of SARS-CoV-2.

11. Predict potential therapeutic targets in SARS-CoV-2 genomes.

12. Evaluate the possibility of universal vaccine efficiency.





Chapter 2

Mycobacterium tuberculosis whole

genome sequencing and protein

structure modelling provides insights

into anti-tuberculous drug resistance

and population structure

2.1 Preface

As noted in the previous chapter, tuberculosis disease caused more than 645 death in

Morocco, 2019. Despite considerable efforts deployed and the free tuberculosis treatment,

the annual incidence remains high.

Several studies have been conducted on Mtb to evaluate its prevalence in which the

use of whole-genome sequencing was lacking. Therefore, we used WGS to analyze these

genomes, looking for patterns in the sequences that could provide clues in understanding

resistance, transmission and origin.

We released a sequencing of 2 Mtbs strains and identified two main sublineages (H1 and

LAM9). The overall Moroccan genome sequences analysis confirmed that the MDR strains

belonged to the LAM9 while susceptible strains were Harlem. Additionally, resistance

strains showed a higher mutational rate than those belonging to LAM9, with the majority

of mutations identified in PPE-PE genes. A flow up study was conducted using seven

additional Mtb genomes. The primary aim of this study was to evaluate the prevalence

of drug resistance-associated SNVs and their relationship to samples phenotypic pattern

(Figure 2.3).

These types of analyses led to a more detailed understanding of Mtb resistance and allowed

identifying new drug resistance-associated mutations. The effect of the newly identified

mutation was explored with protein modelling analysis and highlighted an increase of

affinity between GyrA/GyrB and levofloxacin.

The study conducted in this chapter could be of great help in highlights the significance

of employing WGS in diagnosis and monitoring MDR-Mtb strains.
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2.2.1 Abstract

Mycobacterium tuberculosis is known to cause pulmonary and extrapulmonary tuberculo-

sis. In Morocco, the spread of multidrug-resistant (MDR) tuberculosis (TB) has become a

major challenge. Here, we announce the draft genome sequences of two Mycobacterium tu-

berculosis strains, MTB1 and MTB2, isolated from patients with pulmonary tuberculosis

in Morocco, to describe variants associated with drug resistance.

2.2.2 Announcement

Tuberculosis is an urgent public health problem in Morocco caused by Mycobacterium

tuberculosis bacteria. Control of the bacteria has been recently complicated by the

emergence of multidrug-resistant (MDR) strains showing resistance to the second-line

treatment (rifampin, isoniazid) due to probable excessive antibiotic use (1–3). The iden-

tification of differences between MDR and sensitive Mycobacterium tuberculosis would

improve the identification of the drug resistance site. Whole-genome sequencing using

next-generation sequencing technologies is emerging as a rapid method for genetic char-

acterization (4-5). Thus, we provide the whole-genome sequencing data of two Mycobac-

terium tuberculosis strains, MTB1 and MTB2, with different resistance profiles.





Two Mycobacterium tuberculosis strains recovered from patients with pulmonary tu-

berculosis at the military hospital in Rabat, Morocco, and grown in Middlebrook 7H9

medium using the Bactec MGIT 320 system (Becton, Dickinson) were received for se-

quencing. DNA was purified using the Qiagen DNA extraction kit (QIAamp DNA minikit)

following the kit protocol, and DNA libraries were prepared using the Nextera XT library

preparation kit V3. Genomic DNA was sequenced using the Illumina MiSeq platform (San

Diego, CA, USA) in paired-end (2x300-bp) format. Yields of 1,616,965 and 620,966 reads

were preprocessed for quality checking using FastQC, further assembled using A5-miseq

with default parameters (6) (the default settings include running Trimmomatic for read

preprocessing) into 4,341,655-bp and 4,291,403-bp draft genome sequences, and divided

into 242 (N50, 43,730 bp) and 238 (N50, 35,128 bp) contigs for MTB1 and MTB2, re-

spectively. The assemblies shared a GC content of 60% and 3 arnT operons. The genome

annotation was performed using the NCBI annotation pipeline (7) and identified 4,265

and 4,422 coding DNA sequences (CDS) in MTB1 and MTB2, respectively.

Furthermore, reads were mapped to the h37rv reference genome using BWA (8). Vari-

ants were called using SAMtools (9) and annotated by SnpEff (10). The genome sequence

displayed hot spot mutations in genes associated with resistance. MTB1 harbored muta-

tions in katG (Ser315Thr) and rpoB (Ser450Leu) responsible for resistance to isoniazid

and rifampin, respectively (11). No resistance-associated mutations were identified in the

genes (gyrA, gyrB, and rrs) linked to second-line drugs (12). However, pyrazinamide

resistance was due to a mutation in pncA (Gly97Asp) (13), which classifies MTB1 as

pre-extensively drug resistant (pre-XDR), while MTB2 did not show any mutations as-

sociated with first- or second-line drug resistance in its genotype. This study represents

an initial analysis of a Mycobacterium tuberculosis collection to highlight the resistance

profile in Morocco.

2.2.3 Data availability.

The genome sequences of Mycobacterium tuberculosis MTB1 and MTB2 have been de-

posited in DDBJ/ENA/GenBank under the accession numbers NARM00000000.1 and

NARL00000000.1, respectively. The SRA accession numbers for MTB1 and MTB2 are

SRR12031346 and SRR12031345, respectively.
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2.3.1 Abstract

Many sequencing efforts from across the globe have revealed genetic diversity among clin-

ical isolates. Here we present, WGS results of 9 clinical isolates of M. tuberculosis from

Morocco.

We observed that the 9 M. tuberculosis clinical isolates have different levels of drug re-

sistance and harboured different numbers of SNPs. The numbers of SNP was higher in

the MDR strains compared to susceptible strains. All the analyzed strains belonged to

the lineage L4. However, MDR strains clustered with LAM9 sub-lineage while susbtible

strains are considered Harlem. A total of 39 mutations were identified in drug resistance-

associated loci, including 14 previously reported ones and 25 newly identified. 7 novel

mutations were identified in the proteins’ active site. The docking analysis confirmed the

phenotypic resistance effect of gyrA/gyrA mutations identified in MTB1.

This study highlights the significance of employing WGS in diagnosis and for monitoring

MDR-TB strains.

2.3.2 Introduction

Mycobacterium tuberculosis is one of the most harmful human pathogens, ranked seven

as the cause of global mortality and morbidity worldwide, responsible for nearly 1,4 M





deaths and10 million new cases in 2019 [1]. Considerable effort has been made to combat

the spread of the germ. Still, the emergency of MDR-TB strains has been recently com-

plicated, showing resistance to the second line drugs treatment [1]. In 2019, 558000 new

cases with resistance to rifampicin, the most effective second-line drug, were registered,

82% were MDR strains with 6,1;with at least one XDR case reported in 123 case [1].

Morocco is not among the 20 counties with a severe MDR-TB burden[1]). However, the

tab incidence still constant and slightly increased in the last three years, with one contam-

inated person in 800 people representing 31618 new cases per year [1] [2]. In 2017, WHO

estimates that 1% of new cases and 11% of previously treated patients are MDR-TB [2].

New drugs must be developed to control antibiotic resistance,but most importantly, the

existing drug must be prescribed wisely to prevent the extending of resistance associated

with genomic mutations [3]. The conventional method for drug resistance identification

is time-consuming and requires several weeks to detect bacterial growth. To overcomes

the limitation [4], the WHO has recommended the implementation and use of molecular

method for mutation detection. However, this technique doesn’t cover all genes associated

with drug resistance [5] [6].

Sequencing technologies provide a breakthrough in tuberculosis research [7] [8], open-

ing the way to understand not only the resistance profile [9] but also the virulence [10], the

transmission [11], and diversity of Mycobacterium tuberculosis. Only a few studies have in-

vestigated Mycobacterium tuberculosis diversity in Morocco, using 12-locus MIRU-VNTR

typing only [12][13][14].

The development of sequencing technology, decreasing cost and time leads to an increase

in the amount of pathogen genome sequences available in the public databases. Therefore,

we used WGS to determine the drug resistance profile and genetic diversity of Mycobac-

terium tuberculosis strains from different parts of Morocco with the ultimate goal of

improving the management and control of tuberculosis infection.

2.3.3 Methods

2.3.3.1 Sample culture

In this study, nine clinical strains were randomly isolated from patients with pulmonary

tuberculosis at the military hospital in Rabat, Morocco. The septum sample was decon-

taminated by the standard N-acetyl L-cysteine (NALC)-NaOH method [15]. The pellet

was reconstituted to 2,5 ml with phosphate buffer and inoculated on liquid and solid

Lowenstein-Jensen (LJ) media and incubated at 37°C. Cultures were considered negative

when no colonies were seen after eight weeks.

2.3.3.2 drug susceptibility testing

The clinical samples were cultivated in the Bactec system on Lowenstein-Jensen (L/J)

culturemedia and on Growth Indicator Tubes (MGIT) 960 culture tubes. The first-line

drug susceptibil-ity test was conducted using the 1% isoniazid (INH), rifampicin (RMP),

streptomycin (SM) and ethambutol (EMB) proportion method on the L/J medium [16]





and BACTEC MGIT 960 SIRE kit Becton Dickinson, CA, USA. Tow loopful of colonies

from the solid media were transferred into 2 ml Eppendorf tubes containing 250 l of

1xTE buffer (10mM Tris-HCl pH: 8.0, 1mM EDTA pH:8.0) and heat-killed at 80°C for

50°C, then centrifuge. DNA purification was done using DNAeasy blood and tissue DNA

extraction kit (Invitrogen per the manufacturer’s instructions).

2.3.3.3 Whole-genome sequencing, assembly and annotation

Genomic libraries were prepared from 1ng/ul DNA according to Nextera XT kit (Illumina

Inc,San Diego, CA, USA) and sequenced on a Miseq platform (at Medbiotech laboratory).

Theoverall quality of the sequence was checked using FastQC [17], Reads were as-

sembled using A5pipeline [18] and SPAdes [19]. The protein-coding genes were predicted

using Glimmer 3.02 [20].In contrast, tRNAs can-SE [21] and RNAmmer [22] were used to

identify tRNA and rRNA,respectively.

The genome sequence was also uploaded into Rapid Annotation using Subsystem Tech-

nology (RAST) [23] for sequence annotation. The functions of predicted protein-coding

genes were then annotated through COG databases [24] and KEGG [25].

2.3.3.4 Whole gneome alingment

The nine strains and 78 genomes downloaded from NCBI and ENA databases were

mapped to Mycobacterium tuberculosis H37rv reference genome using BWA MEM (24).

Picard V 2.18 was used for SAM-BAM conversion, sorting, and marking duplicated; lo-

cal realignment was per-formed using GATK (25). Variant (SNP, Indels) were called

using GATK (25) with customizing filtering options; only variants with QD≥ 2.0, FS ≥
600forSNPandFS ≥ 200forindels,MQ ≥ 400, Sor ≥ 40passedthefiltered.Theywere

annotated using SNpEff (26). An accurate list of genomic polymorphisms that confer

drug resistance to the eight drugs was made based mainly on Tb-Dream (27), CARD

database (28), and literature review.

2.3.3.5 Phylogenetic analysis and Spoligotyping

Spoligotyping analysis of the nine strains was determined using PhyTB [26] and Spo-

Typing tools [27]. The phylogenetic classification was verified using previously described

strains. The Spoligotype family determination was based on the international database

SITVIT.

2.3.3.6 Mutation effect prediction

Mutant models of embC (PDB id: 3pty), embR (PDB id: 2fez), gyrA (PDB id: 5bs8),

gyrB (PDBid: 5bs8), katG (PDB id: 1sj2), and rpoB (PDB id: 5uhb) were gener-

ated in the crystallographicobject-oriented toolkit software (COOT, version 0.8.9.2 EL

for Windows) using the ”mutate and autofit” function. Drugs and mutant structures

were prepared in Autodock tools (ADT,version 1.5.7rc for Windows) [28] and exported in

Autodock’s PDBQT format for further usein the docking simulations.





Table 2.1: Binding sites and boxes

Structure Binding site reference Box parameters

GyrA, GyrB Bound ligand (MFX) center(36,20,8) ; size(20,20,20)

RpoB Bound ligand(RFP) center(164,162,19) ; size(20,20,20)

EmbR Bibliography [106] center(12,39,28) ; size(25,20,20)

EmbC Bibliography [107] center(95,10,06) ; size(20,20,20)

KatG Bibliography [108] center(37,-10,27) ; size(20,20,20)

Ligand-receptor docking was performed in Autodock vina (version1.1.2 ) using default

options. Binding sites determination and box parameters areshown in table 3.1.

2.3.4 Results

The assemblies shared the same GC content of 60%, RNAt, CDS, and 3 RNAr operons.

Other genomic characteristics like genome assembly, contigs, N50, CDS, number of genes

are in Table 3.2. All genomes are matching the H37rv genome. The sequences were

annotated with COG database to identify orthologues. A slight difference in COG proteins

was observed in the nine strains compared to Mycobacterium tuberculosis H37rv, including

genes associated with defense, transport, virulence, and cell signaling.

Furthermore, the comparative genomic analysis identified 4044 non-repetitive SNP

among a shared pool of 396 mutations shared by all strains. All the information about SNP

distribution is summarized in Figure 3.1. Drug-resistant strains shared 350 mutations,

from which a total of 26 mutations were in drug resistance-associated loci. Including 15

already reported (Table S1 in Supplementary Material).

Table 2.2: Genomic Features of 4 sequenced Mycobacterium tuberculosis

strains

Strains MTB1 MTB2 MTB3 MTB8

Assembly A5 A5 A5 A5

Annotation NCBI NCBI NCBI NCBI

Size 4341655 4291403 4291580 4315169

Contigs 242 238 264 223

N50 43730 35128 33786 57279

CDS 4265 4422 4390 4383

Seven out of the twelve nonsynonymous mutations were previously reported in the

literature. The analysis of SNP clustering density showed a nonrandom distribution

of SNP’s. We further analyzed SNP according to the COG category that shows that

the majority of SNP are distributed in genes with unknown function, flowed by genes

belonging to Cell wall/membrane/envelope biogenesis (M), General function ®, Defense

mechanisms (V). In contrast, genes in secondary metabolism and transport show a very

low SNP density.more that half of insertion, deletion and mutation were presente in PPE

genes representing a major source of variability (Table S2 in Supplementary Material).
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2.3.4.1 Whole-genome SNV phylogenetic tree and spolygotype

The nine strains were incorporated into a phylogeny analysis that included the 67 lineage-

defined isolates. The resulting tree shows that the nine strains and lineage-defined isolates

clustered into lineages 2, 3, 4, and 5 (Figure 3.2 ). Lineages 1, 6,7, and 8 are not shown.

Figure 2.2: Phylogenetic relationships of M. tuberculosis isolates based on SNPs

from whole genome sequences Phylogenetic tree of Mycobacterium tuberculosis lin-

eages strains comprising the 9 isolates from Morocco and 65 from the public database. A

phylogenetic tree based on concatenated SNVs from all the strains (the 9 isolates from

Morocco and 65 from the public database) was constructed using RAxML. M. canettii

was used as an out-group. The sub lineages are labelled on the right, were named sequen-

tially according to their positions in the tree. Octal code (in red: defining octal rule).

No bootstrap support is shown for the MTBC phylogeny as all the case were higher than

95%.

All of the nine strains clustered with the lineage 4 isolates with a low lineage diversity.

Our analysis showed that lineage 4 is the most prevalent in Morocco since all the isolates

belonged to this lineage. The sublineage distribution of lineage 4 included: 4 LAM

strains (MA, M2, MTB1, M4) in green , 5 Haarlem (M13, MTB3, MTB8, MTB9, MTB2)

in red. According to the SIVITI database, all the LAM strains belonged to the LAM9

spoligotype while the Harlem one belongs to H1. Only two strains in H1 has the same





spoligotype profile, MTB2 and MTB3. MTB1 was most closely related to 5 strains isolated

in Switzerland and TB SSR4423152 from Bangladesh. Surprisingly, all the 4 MDR strains

belong to the Euro-American LAM9 sublineage. In contrast, all the susceptible strains to

all drug resistance belong to the Haarlem clone H1.

2.3.4.2 Dug resistance associated mutations

In this study, we classified the isolates according to their resistance profile. From the nine

strains, we identified five susceptible strains that didn’t show resistance to any drug in

the phenotypic tests (MTB2, MTB3, M13, MTB8 and M20), three MDR strains resistant

to Rifampicin and Iszodiazid (M1, M2, M4), and one pres-XDR strain resistant to Ri-

fampicin, Iszodiazid, and Streptomycin (MTB1). These mutations were already described

in the literature as resistance-conferring mutations. A total of 39 types of mutations were

identified in drug resistance-associated loci, including 14 previously reported and 25 newly

identified (Figure 3.3). The phenotypic results were further verified by genotypic test

Figure 2.3: Phylogenetic clustering of the 9 strains with a comparaison of drug

resitance using sequencing and hain genotyping and phenotypic tests. Phyloge-

netic tree was constructed using Maximum likehood method with MEGA 7.0. Bootstrap

values over 95%. the tabe at the right represent the resistance profile for each strain using

the different techniques, the blocks on pink and yellow represent the presence or absence

of Resistance respectively. The Haarlem and LAM show different resistance profile.

for the second-line drugs using the HAIN genotype; the tests showed mutations in the

hotspot genes tested. MTB1, M2 and M1 exhibited a high level of resistance to isoni-

azid, mainly due to mutations in katG (Ser315Thr), while M4 harboured the mutations

-15 at the inh promoter, which confers a moderated resistance ≥ 0; 25.Allisoniazid −
resistantisolateshadasinglegenemutationexceptforM4, whichharbouredTowmutations.

Some results of rifampicin resistance differed between phenotype and genotype tests.

In contrast, all the rifampicin resistance isolates harboured the high-level resistance mu-

tations rpoB Ser450Leu (≥ 16mg)detectedbyHain.

MTB 8 showed a moderated resistance level to Rifampicin phenotypically with no

known mutations detected in the associated genes. Predictions for resistance to pyrazi-





namide was associated with a mutation in pncA (Gly97Asp) found only in MTB1. Phe-

notypic resistance to streptomycin was associated with mutations in gid gene harboured

by M1, MTB1 and MTB8. All the analysed strains lack the common mutation associated

with resistance to fluoquinolone. However, M4 and MTB8 showed moderate resistance in

the phenotypic test. They are suggesting either the presence of other mutations in gyrA

and gyrB genes or another mechanism of resistance.

2.3.4.3 In silico docking analysis.

The impact of the selected mutations on the structure of RpoB, GyrA and GyrB, EmbC,

and EmbC the binding energy and affinity of ligands for the proteins variants were calcu-

lated and are shown in Table 3. All of the mutations were in or close to the active site of

the protein. overall, Val981Leu (EmbC), ”Phe376Leu Cys372Gly” (EmbR), Asp714Glu

(KatG) and Thr1018Ala (RpoB) mutations showed a limited effect on the proteins. The

WT had binding energy of -4,2 Kcal/mol (EmbC), -4,0 Kcal/mol (EmbR) -5,9 Kcal/-

mol(KatG) -10,1 Kcal/mol(RpoB) while the mutatants showed a similar or a slightly

higher biding affinity, which may increase the protein-ligand binding and make the strain

more suscptible (Table 3.3).

Table 2.3: Effect of the novel mutation on the binding affinity with the ligands

Protein Mutation Antibioteics W.T M.T DDG Effect

EmbC Val 981 Leu Ethambutol -4,2 -4.3 -0,1 Increase

EmbR
Phe 376 Leu

Cys 372 Gly
Ethambutol -4 -4.2 -0,2 Increase

GyrAB Pro 439 Ala Ciprofloxacin -17,5 -18 -0,5 Increase

GyrAB Pro 439 Ala Gatifloxacin -18,2 -17,8 0,6 Decrease

GyrAB Pro 439 Ala Levofloxacin -19,1 -15,6 3,5 Decrease

GyrAB Pro 439 Ala Moxifloxacin -18 -14,2 3,8 Decrease

KatG Asp 714 Glu Isoniazid -5,9 -5,7 0,2 Decrease

RpoB Thr 1018 Ala Rifampicin -10,1 -10,1 0

RpoB Asp 435 Val Rifampicin -10,1 -8,9 1,2 Decrease

Mutations Asp435Val in RpoB displayed a lower rifampicin affinity than the wt protein

-8.9 Kcal/mol and -10,1 Kcal/mol respectively. Similarly, mutation in Pro439Ala (GyrB)

shown to be effective in lowering the affinity of gyrA/B for levofloxacin and Moxifloxacin

with a44Gdifferenceof−3, 5Kcal/moland−3, 8Kcal/molforLevofloxacinandMoxifloxacinrespectivly.

Meanwhile, Pro439Ala (GyrB) mutations increased the binding affinity with ciprofloxacine

.

2.3.5 Dicussion

To study the genomic variability and defined its classification among the TB sublineages.

Genetic mutations have an important impact on MTC virulence and pathogenicity. In

this study, the genomic variation was not dependent on the resistance profile since all





strains shared more than 360 SNP’s. However, uniq SNP’s in MDR-TB and susceptible

strains were also identified. The difference in SNP number between MDR and susceptible

strains is indenaiable. MDR strains showed higher genomic diersity. The relatively high

difference of SNP number between both groups could be partially caused by their belong-

ing to different sub-lineages or natural variation, as we included patients diversely located.

The SNP distribution was not random since the majority of SNP’s were clustered

in regions with unknown functions (32), suggesting that those genes tend to accumulate

SNP’s as it was previously demonstrated (33). PE PPE multigene family harbord a

significantly higher number of SNP than the whole genome. These genes evolve by specific

duplication events usually encoded in bicistronic operons with conserved structure and

repeat playing a role in virulence and evasion to the host immune system (34).

Sixty tow SNP variation were found in all strains and belonged to the PE PPE gens

family. The majority of SNP represented silent mutation and clustered in CPGRS 4 , 3 ,

27 . Mutations in PPE-62was observed exclusively in the Haarlem group and were recently

described to play a role on bacterial binding during the invasion and may contribute to

the antigenic variation. mutations were also identified in PE-PGRS 28 (MTB1). This

gene has already been described to be implicated in the modulation of vacuole acidifica-

tion in Mycobacteirum bovis(35). More interestingly, MTB1 Pre-XDR harboured a high

proportion of polymorphism in this genes family, which could be considered as a fitness

mechanism.

Multiple deletions and insertions were found in the nine strains, most in genes playing

roles in transport, as sdhA a potassium transfering protein, mull9 gene which plays an

essential role in oxidative stress response (37). Deletion also accrued in ppsA and has

already been demonstrated to affect the susceptibility to antibiotics (38).

The indel distribution was independent of the resistance profile of the nine strains. Many

indels associated with virulence mechanism were found in both groups, suggesting that

drug resistance is not necessarily an indicator of increased virulence. Whole-genome SNV

analysis was conducted to construct the phylogenetic tree. Our results report the lineages

circulation in Morocco and confirm previous studies realized by Chaoui et al. (6).

In our collection of isolates, we identified sublineages circulating in Morocco. Our

finding reveals that all the isolates belonged to the L4, called Euro-American lineage.

The strains were grouped in a single cluster divided into two different clades, Harleem

and LAM9. This lineage has a significant presence in North Africa and was previously

described in Tunisia and Algeria (11). A possible explanation for its presence is the sig-

nificant immigration from Europe to Morocco in the last 30 years.

We have combined the power of whole-genome sequencing in association with geno-

typing and phenotyping to get insight into tb drug resistance in Morocco. A large number

of mutations related to drug resistance were already identified worldwide. In this study,

the whole genome sequencing identified well establish resistance-conferring loci. Isoniazid

resistance in MDR TB was mostly conferred by a mutation in katG gene that encodes for

catalase peroxidase. This mutation is considered the most frequent isoniazid resistance-





associated mutation worldwide (40), consistent with recent studies that highlight their

pivotal role in the emergence of INH resistance (41). However, in the absence of katG

mutation in M4, isoniazid resistance was conferred by a mi sense mutation in fabG-inhA

operon promoter, as already demonstrated (42). These two mutations could emerge be-

fore MDR-Tb, as it was the case in Lisbon strains and shown in our results of MTB13

and M1. A portion of samples exhibited discrepancy in drug resistance determination

between Phenotipic vs WGS results, most having “susceptible” results by WGS despite

having been determined “resistant” by MGIT. This discrepancy could be due to technical

or biological causes. For example, several pDST-determined samples do not carry SNPs

at the gid locus, so resistance may be due to secondary loci which have not been identified

as having a strongly significant effect of streptomycin drug resistance such as the case of

M13 and in intermediated resistance in MTB8.

Fluoroquinolones are a class of antibiotics, which inhibit DNA gyrase and thus prevent

bacterial DNA synthesis. They play an important role in MDR-TB treatment, and several

bacterial infections. In this analysis no XDR strains were identified. However, priliminary

resistance to Fluoroquinolones were observed in phenotypic test with no known mutations

in second line associated loci. the Increasing fluoroquinolone prescriptions for many infec-

tions has resulted in emergence of fluoroquinolone resistance. Global surveillance studies

demonstrate that fluoroquinolone resistance rates increased in the past years in almost

all bacterial species.

Our study identified several novel genetic variations that were not previously reported

in M. tuberculosis. Among these were several novel genetic variations in genes that are

known to confer drug resistance. Novel mutations were also identified in the five suscep-

tible strains on resistance-associated genes, suggesting that these mutations do not affect

the resistance pattern.

Furthermore, we found the mutation in Rpob at position 45 in association with mutation

in 450 showed a slight decrease of the binding affinity to Rifampicin, suggesting a poten-

tial resistance effect of this mutation on the bacteria.

Additional mutations in rpoB may trigger compensatory transcriptional changes in sec-

ondary metabolism genes analogous to those observed in related actinobacteria.

Similarly, new mutation in gyrA/gyrB increase the resistance to levofloxacin and ofloxacin

in phenotypic tests and was proven to increase the binding affinity. As novel SNVs may

have direct implications on drug resistance; country specific probes would be needed for

rapid and effective diagnosis and treatment of drug resistant TB.

2.3.6 Conclusion

We examined the phylogenetic and drug-resistance properties of M.tuberculosis isolates

collected from 9 Moroccan patients. Our analyses confirmed the phylogenetic separation

of pathogenic M. tuberculosis strains and support the prevalence of Lineage 4, showing

high MDR levels among LAM9. We identified known and novel genetic determinants

that could impact bacterial virulence, pathogenicity, and drug resistance. However, the





sensitivity of direct whole-genome sequencing remains low compared with culturing.
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2.4 Discussion

Direct whole-genome sequencing could be used to study transmission clusters of M.tuberculosis

and conduct culture-independent surveillance. Compared with conventional approaches,

direct whole-genome sequencing allows researchers to do real-time genomic epidemiology

and drug resistance surveillance in settings where culture and drug susceptibility testing

are not available.

This study highlights the significance of employing WGS in diagnosis and for monitor-

ing MDR-TB. We examined 9 M. tuberculosis isolates for published variants associated

with resistance to TB drugs population structure. Evidence presented here suggests the

importance of lineage identification towards drug resistance in Mtb, showing a higher

genomic diversity in MDR strain which all belonged to the LAM9.

A total of 39 mutations were identified in drug resistance-associated loci, including

14 previously reported ones and 25 newly identified ones. 7 novel mutations were iden-

tified in the proteins’ active site. Sixty tow SNP variation were found in all strains and

belonged to the PE PPE gens family. It has been suggested that the PE/PPE gene fam-

ily encodes virulence factors and are a possible source of antigenic variation influencing

immune evasion16.

Our analysis of WGS data identified known and novel genetic determinants that could

influence bacterial virulence, pathogenicity, and drug resistance. It will be interesting to

see how methodologies outlined here might apply to other pathogen species in an anti-

microbial resistance context or indeed in relation to other phenotypes of interest, such as

transmissibility.





Chapter 3

Characterization of the Genetic

diversity of SARS-CoV-2 strains in

Morocco

3.1 Preface

SARS-CoV-2 was first reported in China in 2019 and soon spread to the rest of the world.

Due to the increasing number of death during the first wave worldwide, the SARS-CoV-2

virus soon became the focus of numerous sequencing studies and public health initiatives.

Our lab’s work on SARS-CoV-2 surveillance and investigation in Morocco. We released

15 SARS-CoV-2 genomes sequences of severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) strains. Obtained from nasopharyngeal swabs from Moroccan patients

with COVID-19.

We performed an in-depth analysis of forty- eight Moroccan strains of SARS-CoV-2 col-

lected from mid-March to the end of May and identified three major haplotypes (H1, H2,

H3) circulating within the country. Likewise, the phylogenetic analysis revealed that these

Moroccan strains were closely related to those belonging to the five continents, indicating

no specific strain dominating in Morocco.

These findings have the potential to lead to new comprehensive investigations combining

genomics data, epidemiological information, and clinical characteristics of SARS-CoV-

2 patients in Morocco and could indicate that the developed vaccines are likely to be

effective against Moroccan strains.
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2.1 ABSTRACT

Here, we report the draft genome sequences of six severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2) strains. SARS-CoV-2 is responsible for the COVID-19 pan-

demic, which started at the end of 2019 in Wuhan, China. The isolates were obtained

from nasopharyngeal swabs from Moroccan patients with COVID-19. Mutation analysis

revealed the presence of the spike D614G mutation in all six genomes, which is widely

present in several genomes around the world.





2.2 ANNOUNCEMENT

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is classified within the

subgenus Sarbecovirus and genus Betacoronavirus and was first identified in Wuhan,

China (1), as the causative agent for COVID-19 disease. Since then, the number of

COVID-19 cases has risen dramatically (2).

In Morocco, the first SARS-CoV-2 case was confirmed on 2 March 2020. As of 29 June

2020, the number of cases had reached more than 12,248. To understand SARS-CoV-2

genetic diversity and molecular epidemiology in Morocco, we performed complete genome

sequencing using the Oxford Nanopore MinION technology. In this study, we announce

the genome sequences of six SARS-CoV-2 strains isolated from patients in Morocco. The

samples were obtained by taking nasopharyngeal swabs from six patients with COVID-19.

The viral RNA was extracted directly from the swab using the QIAamp viral RNA minikit

(Qiagen, Germany), and the Transcriptor first-strand cDNA synthesis kit (Roche) with

random hexamers was used to synthetize the viral cDNA. The ARTIC v3 primers were

used with the Q5 high-fidelity DNA polymerase (New England BioLabs [NEB], USA)

for virus DNA enrichment. Amplicons of 400 bp were purified using sample purification

beads (SPBs) (Illumina, USA) (3)and then quantified with a Qubit 3.0 fluorometer and

used for library preparation.

Sequencing was performed on a MinION MK1C instrument with a ligation sequencing

kit (catalog number SQK-LSK109) according to a standard protocol (Oxford Nanopore

Technologies [ONT], UK), and the six samples were multiplexed in one run. The R9 flow

cell was used and run for 2 h.

The sequence reads generated were between 70,565 and 185,364 (Table 1) of raw data

per sample, with average lengths of 454 bp, 455 bp, 455 bp, 452 bp, 455 bp, and 454

bp for strains RMPS-01, RMPS-02, RMPS-03, RMPS-04, RMPS-05, and RMPS-06, re-

spectively. Raw reads were mapped to a SARS-CoV-2 reference genome under GenBank

accession number NC 045512.2 using BWA-MEM v. 0.7.17 for single-end reads with de-

fault settings (4), and SAM/BAM files were manipulated by SAMtools v. 1.9.11 (5).

Variant calling was performed using BCFtools v. 1.9 with “mpileup” (5), and variants

were further annotated using SnpEff v. 4.3T (6). The consensus sequences were gener-

ated by mapping the variants to the reference genomes using BCFtools (5) and then were

submitted to the GISAID database and NCBI (accession numbers are listed in Table 1).

The phylogenetic analysis was realized using 250 genome sequences retrieved from

the GISAID database. The alignment was performed using MAFFT (7) for fast align-

ment, and maximum-likelihood trees were inferred with IQ-TREE v. 1.5.5 under the

generalized time-reversable (GTR) model (8), implemented via the pipeline provided by

Augur (github.com/nextstrain/augur). The generated tree was visualized using FigTree

1.4.3 (http://tree.bio.ed.ac.uk/software/figtree). Major clades were defined by amino acid

and/or nucleotide substitutions and were matched to the Nextstrain nomenclature (9)

(https://nextstrain.org/ncov).

The size of the consensus sequences was similar to that of the Wuhan-Hu-1 refer-





ence genome (GenBank accession number NC 045512.2) and was 29,903 bp with a mean

coverage ranging from 843.5× to 2,213×. The strain details are found in Table 1.

Table 3.1: Genome features of six strains of SARS-CoV-2

Strains
Number of

raw reads

Genomes

size bp

GC

%
Coverage

(*)Mapped

read %

RMPS-01 71570 29,903 37.96 870.2x 99.93%

RMPS-02 185364 29,903 37.96 2213.9x 98.92%

RMPS-03 88452 29,903 37.96 1022.5x 96.51%

RMPS-04 113813 29,903 37.96 1291x 94.9%

RMPS-05 70565 29,903 37.96 834.5x 98.2%

RMPS-06 128615 29,903 37.96 1291x 94.9%

We detected 16 different variants in the 6 analyzed genomes. All the genomes shared

four mutations, namely, two synonymous (F924F and L4715L), one nonsynonymous

(D614G), and one intergenic (241C¿T). Only one nonsynonymous mutation was detected

(D614G) in the spike protein, which is known as the most prevalent variant worldwide

(10), and it is also associated with the emergence of clade A2, which includes all Moroccan

strains sequenced in this study (Figure 2.1).

Figure 3.1: Phylogenetic tree of six SARS-CoV-2 genomes from Morocco. We

are currently sequencing more genomes from Morocco to further investigate the spread of

COVID-19 and to monitor the evolution of SARS-CoV-2 in Morocco.





This mutation was already associated with the observed transmission increase in the

United States (10-12).

Data availability.The reads of the six SARS-CoV-2 strains were deposited in DDB-

J/ENA/GenBank under the SRA accession numbers SRR12109250, SRR12109251,

SRR12109252, SRR12109253, SRR12109254, and SRR12109255. The consensus

sequences were also deposited in GenBank under the accession numbers MT731285,

MT731292, MT731673, MT731327, MT731468, and MT731764.
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3.1 Abstract

The SARS-CoV-2 identified as coronavirus species associated with severe acute respi-

ratory syndrome. At the time of writing, the genetic diversity of Moroccan strains of

SARS-CoV-2 is poorly documented.

The present study aims to analyze and identify the genetic variants of forty- eight Moroc-

can strains of SARS-CoV-2 collected from mid-March to the end of May and the prediction

of their possible sources. Our results revealed 108 mutations in Moroccan SARS-CoV-2,

50% were non-synonymous were present in seven genes (S, M, N, E, ORF1ab, ORF3a, and

ORF8) with variable frequencies. Remarkably, eight non-synonymous mutations were pre-

dicted to have a deleterious effect for (ORF1ab, ORF3a , and the N protein. The analysis

of the haplotype network of Moroccan strains suggests different sources of SARS-CoV-2

infection in Morocco. Likewise, the phylogenetic analysis revealed that these Moroccan

strains were closely related to those belonging to the five continents, indicating no specific

strain dominating in Morocco.

These findings have the potential to lead to new comprehensive investigations combining

genomic data, epidemiological information, and clinical characteristics of SARS-CoV-2

patients in Morocco and could indicate that the developed vaccines are likely to be effec-

tive against Moroccan strains.





Keywords: SARS-CoV-2, Morocco, Genetic diversity, Deleterious mutations,Network

of haplotypes, Phylogenetic analysis

3.2 Introduction

The novel coronavirus 2019, also known as severe acute respiratory syndrome Coronavirus

2 (SARS-CoV-2) [1], is the causative agent of coronavirus disease-2019 (COVID-19), a

new type of pneumonia that has caused an epidemic in Wuhan, China, in late December

2020. The virus’s fast transmission worldwide and a large number of confirmed cases

made the World Health Organization (WHO) declare COVID-19 as a global pandemic

on March 11, 2020 [2]. As of October 11, 2020, the virus has spread to 235 different

countries, infected more than 37 million people, and caused more than one million deaths

(https://covid19.who.int/). It should be noted that mortality from SARS-CoV-2 differs

considerably by geographic region. In Morocco, the first case of COVID-19 was identified

on March 02. Since then, the number of infections and the number of deaths has been in-

creasing continuously; by October 11, 2020, the Moroccan ministry of Health announced

149,841 confirmed cases, including 2,572 deaths.

SARS-CoV-2 is a positive-sense single-stranded RNA virus, encoding four structural

proteins (spike (S), envelope (E), membrane (M) and nucleocapsid (N), 16 non-structural

proteins (nsp1 to nsp16), and five accessory proteins (ORF3a, ORF6, ORF7a, ORF7b,

and ORF8) [3][4]. Among these, two genes are considered to be the most important

targets for candidate vaccines: the S protein, which is responsible for the binding to host

cells membrane receptors (ACE2) via its receptor-binding domain (RBD), and the RNA-

dependent RNA polymerase (RdRp, also called nsp12) which is a key part of the virus

replication/transcription machinery [5][6][7].

It is known that the mutation rate of the RNA virus contributes to viral adaptation,

creating a balance between the integrity of genetic information and the variability of

the genome, thus allowing viruses to evade the host’s immune system and develop drug

resistance [8][9]. Indeed, recent studies have reported specific genotypes at particular

geographic locations and that the evolution of SARS-CoV-2 over time shows a mechanism

of co-accumulation of mutations that could potentially affect the spread and the severity

of this virus .

At the time of writing, genetic variants, their impact, and distribution along the viral

genome of Moroccan strains are poorly documented. Few studies investigating the genetic

characteristics have been done so far. The analysis of 20 Moroccan SARS-CoV-2 genomes

suggested that the epidemic spread in Morocco did not show a predominant SARSCoV-2

route and took origin from multiple and unrelated sources [8].

In this study, we investigated the level of diversity of 48 strains of SARS-CoV-2 that

were collected in Morocco between mid-March and the end of May 2020, including nine

new strains. The potential source of these strains was also predicted by comparison to

other genomes from six continents.





3.3 Materials and Methods

3.3.1 Data collection and Genomes sequencing

Thirty-nine Moroccan genomes were collected from the GISAID database (http://gisaid.org)

[10]. Also, nine genomes were sequenced in-house recently to build a dataset counting 48

Moroccan genomes. The nine genomes’ sequencing was achieved by the routine workflow

on the MinION Mk1B Nanopore platform using the R9.4.1 flowcell. The viral RNA was

extracted from nine clinical samples, and the cDNA was synthesized using a kit (Roche)

with random hexamers.

Genome enrichment was done by Q5 Hot Start High-Fidelity DNA Polymerase (NEB),

following the manufacturer’s specifications, using a set of primers designed by the ARTIC

network (https://artic.network/ncov-2019) that target overlapping regions of the SARS-

CoV-2 genome. The PCR products were purified by adding an equal volume of AMPure

XP beads (Beckman Coulter).

The sequencing was performed according to the eight-hour routine workflow, and am-

plicons were repaired with NEBNext FFPE Repair Mix (NEB), followed by the DNA ends

preparation using NEBNext End repair/ dA-tailing Module (NEB) before adding native

barcodes and sequencing adapters supplied in the EXP-NBD104/114 kit (Nanopore) to

the DNA ends. After priming the flow cell, 60 ng DNA per sample was pooled with a

final volume of 65 uL. Following the ligation sequencing kit (SQK-LSK109) protocol, the

sequencing was performed using the MinION Mk1B device.

3.3.2 The assembly

The gupplyplex and minion scripts of the ARTIC Network bioinformatics protocol (https://

artic.network/ncov-2019/ncov2019-bioinformatics-sop.html) were used for reads Prepro-

cessing and Consensus Building for nanopore sequencing. Gupplyplex (default param-

eters) was used for quality control and filtering of reads (–min-length 400 –max-length

700) followed by MinION pipeline (default parameters) to perform the sequences mapping,

primers trimming, variations calling, and consensus assembly building.

3.3.3 Variant calling analysis

A set of 39 SARS-CoV-2 genomes were downloaded from the GISAID database (http://ww

w.gisaid.org/) and added to the nine newly sequenced genomes [10](Table 1). The reads

generated by MinION Nanopore-Oxford of the nine isolates were mapped to the reference

sequence genome Wuhan-Hu-1/2019 using BWA-MEM v0.7.17-r1188 [11] with default

parameters, while the data downloaded from the GISAID database were mapped using

Minimap v2.12-r847 [12] The BAM files were sorted using SAMtools [13] and were sub-

sequently used to call the genetic variants in variant call format (VCF) by BCFtools

[13].

The final call set of the 48 genomes was annotated, and their impact was predicted

using SnpEff v 4.3t [14] First, the SnpEff databases were built locally using annota-

tions of the reference genome NC 045512.2 obtained in the GFF format from the NCBI

database. Then, the SnpEff database was used to annotate SNPs and with putative





functional effects according to the categories defined in the SnpEff manual (http://snp

eff.sourceforge.net/SnpEff manual.html). The variants were also evaluated for functional

consequences using the SIFT algorithm. The SIFT prediction is given as a Tolerance In-

dex score ranging from 0.0 to 1.0, which is the normalized probability that the amino acid

change is tolerated. SIFT scores less than or equal to 0.05 are predicted by the algorithm

to be intolerant or deleterious amino acid substitutions, while scores greater than 0.05 are

considered tolerant.

3.3.4 Phylogenetic and haplotype network analysis

In order to determine the source(s) of strains circulating in morocco, we performed a

multiple sequence alignment using Muscle v 3.8 [15] for the 48 Moroccan strains with 225

genomes of SARS-CoV-2 from Africa, Asia, Europe, North, South America, and Oceania

(Supplementary Material ;Table S2).

Maximum-likelihood trees were inferred with IQ-TREE v1.5.5 under the GTR model

[16]. Generated trees were visualized using FigTree 1.4.3 To generate haplotypes for

the 48 Moroccan genomes, we aligned the viruses’ complete genomes using Muscle v 3.8

[15]. The generated (.fasta) file was converted to a (.meg) file using a home-made script.

Using the dnasp5 tool [17], we generated the file (.rdf), compatible with the NETWORK

Package, which allowed the network’s tracing linking the 48 genomes’ haplotypes, using

the MJ (Median Joining). In order to estimate genealogical relationships of haplotype

groups, the phylogenetic networks were inferred by PopART package v1.7.2 [18] using the

TCS method and MSN, respectively.

3.4 Results

3.4.1 Genetic diversity of Moroccan strains of SARS-CoV-2

To identify and study the genetic variants of the SARS-COV-2 genomes from Morocco,

48 genomes were collected from mid-March to the end of May; including nine strains

sequenced in the present study (Supplementary Material , Table S1).

Figure 3.2: SARS-CoV-2 genomes landscape illustration representing mutations

identified in 48 Moroccan genomes. Colored circles represent gene distribution across

the genomes.

94.9% to 99.93% of the reads produced for the nine genomes were correctly mapped





to the Wuhan-Hu-1/2019 reference sequence. Analysis of genetic variants revealed a to-

tal of 108 variant sites in the 48 genomes analyzed (Figure 3.2); including 54 (50%)

non-synonymous, 42 (38.89%) synonymous, and 3 frame-shifts (2.78%). The remain-

ing (8.33%) were distributed along the intergenic regions. Interestingly, 36.11% of the

total mutations were shared between at least two genomes, while the rest were single-

ton mutations (unique to one genome). Mutational distribution along the viral genome

revealed seven affected genes (ORF1ab, S, N, M, E, ORF8, and ORF3a) with vary-

ing mutational frequencies. Among the non-synonymous mutations, 28 were located

in the ORF1ab gene and were present in eight non-structural proteins; 9 mutations in

the nsp12-RNA-dependent RNA polymerase (RdRp) (C4588F, S4611L, C4772F, T5020I,

A5039S, V5104L, T5220I, R5314M, and T5448I), eight mutations in the nsp3-Multi-

domain (D1036E, L1249H, S1520F, F202526 P21V47, V204710, V2047, and T2648I),

three mutations in nsp5-main proteinase (V3388I, N3405S, V3420L), three mutations in

nsp14-Exonuclease (P6000S, T6249P, M6345V), 2 in nsp15-one (EndoRNAse) (K6486R

and R6648G), 1 in nsp2 (T265I), one in nsp10-CysHis (R4387S), and 1 in nsp16 Methyl-

transferase (T7083I) (Table S2).

We systematically performed the analysis predicting the deleterious effect of missense

mutations in two genomes or more. Functional evaluation based on the SIFT (Sorting

Intolerant From Tolerant) algorithm broke the tolerance index score of 15 missense mu-

tations (found in two genomes or more), revealing its deleterious effect (Table 3.2).

Table 3.2: List of 15 non-synonymous amino acid substitutions with their tol-

erant effects

position (n=48) (%) protein index (SIFT)

nsp2 T265I 12 11.11 Benign/Tolerated 0.62

nsp3 D1036E 4 3.7 Benign/Tolerated 1

nsp3 V2047F 5 4.63 Deleterious 0.04

nsp3 A2637V 2 1.85 Benign/Tolerated 0.31

nsp3 T2648I 5 4.63 Deleterious 0

nsp12 C4588F 2 1.85 Deleterious 0.02

nsp12 T5020I 9 8.33 Deleterious 0

nsp12 A5039S 2 1.85 Benign/Tolerated 1

nsp12 V5104L 4 3.7 Deleterious 0

S V6F 5 4.63 Benign/Tolerated 0.15

S D614G 48 44.44 Benign/Tolerated 0.62

ORF3a Q57H 16 14.81 Deleterious 0

ORF3a L147F 2 1.85 Deleterious 0.03

N R203K 13 12.04 Benign/Tolerated 0.11

N G204R 13 12.04 Deleterious 0.02

Eight missense mutations were found with deleterious effects, while the rest predicted

to be benign/tolerated. Of the eight deleterious mutations, six were observed in the

non-structural protein of the ORF1ab region; three (C4588F, T5020I, V5104L) could





be deleterious for the nsp12-RdRp activity and two (V2047F, T2648I) in nsp3-Multi-

domain. Likewise, two deleterious mutations (Q57H, L147) were found in the accessory

protein ORF3a and one in the N protein (G204R).

3.4.2 Haplotype network analysis

To estimate the number of introductions of the SARS-CoV-2 virus in Morocco, an analysis

of the haplotype network was carried out using the 48 strains. Our results showed that

these strains were grouped into five distinct clades, harboring 28 haplotypes from which

three were dominant (Figure 3.3).

Figure 3.3: Haplotype network using genome-wide single-nucleotide variations

(HN-GSNVs) of SARS-CoV-2 isolates from Morocco.

Current samples have shown three major haplotypes harboring the majority of strains,

H2 (11 strains), H4 (5 strains), H5 (4 strains), followed by H17, H21, and H1, indicating

the predominance of H2 among Moroccan strains. In Figure 3.4, the haplotypes are dis-

tributed in potential haplotype groups. Specifically, 43, 16, 47, and 88 haplotypes may be

sub-haplotypes of primary ancestral haplotypes H1, H89, H25, and H59. Three of the 194

haplotypes that were found in Moroccan isolates were Moroccan-specific. The majority of

Moroccan sequences were associated with haplotype group H25. The haplotype groups’

distribution patterns differed in various geographic regions, with a few countries/territory

specific. The 25 haplotypes harbored mainly strains from Asia, North American, and

Africa, respectively, and are considered the ancestral strains.

The number of haplotypes increased over time as new variants were continuously

acquired in haplotype group 2, harboring the second biggest haplotype, including strains

from Europe, Morocco, Asia, Africa, and South America, which originated 17 Moroccan

haplotypes. H89 contained mainly strain from Asia, Africa, and Europe and give birth

to five haplotypes from North America and Morocco. Lastly, group 4, which contains

mostly strains from Asia, harbored fewer strains from Morocco. Phylogenetic analysis of

Moroccan SARS-CoV-2 genomes with genomes belonging to six geographic areas.





Figure 3.4: Haplotype network using genome-wide single-nucleotide variations

(HN-GSNVs) of SARS-CoV-2 isolates in the world.

The phylogenetic analysis was carried out using 272 genomes from different countries

belonging to the six continents (Supplementary Material ; Table S3) to study the pos-

sible origin of SARSCoV-2 strains circulating in Morocco. According to the GISAID

nomenclature (Figure 3.5), our results revealed seven main clades: the ”L” clade mainly

contained genomes from Asia, while the other clades contained genomes belonging to

different geographical areas.

We observed that all Moroccan SARS-CoV-2 strains belonged to three close clades ”G,

GH, and GR,” harboring all the D614G mutation. These clades are also subdivided into

several subclades. The G clade housed about half of the Moroccan strains and is mainly

closely related to European origin strains, except three strains (Morocco / S6S, Morocco

/ ref1, Morocco / HMMV4) are closer to strains from Kenya and the USA. Meanwhile,

among the Moroccan strains of the GH clade, five (Maroc / RMPS-01, Maroc / RMPS-14,

Maroc / RMPS-04, Maroc / RMPS-10, Maroc / RMPS-13, Maroc / 6901) grouped close

to the strains of Tunisia; In contrast, the other Moroccan strains of this same clade appear

to share close sequence similarity with strains from different geographic areas, including

Asia (Israel, Taiwan, Saudi Arabia), North America (USA), Europe (France, England),

and South America (Colombia).

On the other hand, the GR clade contained four Moroccan strains (Maroc / 6906,





Maroc / 6899, Maroc / 6904, Maroc / 6900, Maroc / 6887) grouped with strains from

the Gambia, Senegal (West Africa), and Bangladesh (Asia). Moreover, nine strains were

grouped with European strains, mainly from Russia, the Czech Republic, Spain, and

Cyprus. Overall, Moroccan strains were closely related to those from different continents,

indicating different infection sources.

Figure 3.5: Phylogenetic tree based on 271 complete SARS-COV2 genomes

from different geographic areas. The scale bar shows the branch’s length, which

represents the change of nucleotides in the genome. The six Moroccan isolates newly

sequenced in this study are represented by turquoise, and the other genomes from the

same country (retrieved from the GISAID database), represented by red

3.5 Discussion

The monitoring of genetic variants plays a significant role in orienting the therapeuticap-

proach for the development of candidate vaccines to limit the SARS-CoV-2 pandemic[19],

as there is currently no proven effective treatment for SARS-CoV-2. To date,the genetic

diversity of strains of SARS-CoV-2 from Morocco is poorly documented.In this study, we

performed a detailed analysis of genetic variants of forty-eight Mo-roccan strains, including





nine newly sequenced, to provide new information on geneticdiversity and transmission

of SARS-CoV-2 in Morocco. Genetic diversity could poten-tially increase the physical

shape of the viral population and make it difficult to fight,or the opposite, make the virus

weaker, which could be translated with a loss of its virulence and a decrease in the number

of critical cases [20].

Compared to the Wuhan-Hu-1/2019 reference sequence, Moroccan strains harbored 4 to

15 genetic variants perstrain, of which 1 to 11 involve a change of amino acids. These

results are consistentwith the mutation rate previously reported in SASR-CoV-2 from dif-

ferent geographicareas [21][22][23][24], reporting a low frequency of recurrent mutations

in thousands ofSARS-CoV-2 genomes[21] . In total, 108 variant sites have been identi-

fied, of whichonly 36% are present in two or more genomes. This result correlates with

previousstudies that SARS-CoV-2 evolved and diversified mainly by a random genetic

drift,which plays a dominant role in propagating single mutations [25][26][27]. The mu-

tationswere distributed along the virus genome. The ORF1ab polyprotein region, known

tobe express 16 non-structural proteins (nsp1-nsp16), had several mutations that couldaf-

fect their activity [3].

Three non-synonymous deleterious mutations were found in theRdRp region (also

called nsp12), a key part of the replication/transcription machinery,and which is pro-

posed as a potential therapeutic target to inhibit viral infection (28,29). Likewise, a

deleterious mutation has been predicted in the NSP3 protein, In addition, two deleterious

mutations have been observed in ORF3a, an accessory protein that makes it possible to

regulate the interferon signaling pathway and the production of cytokines [28], and the

structural N protein that plays a crucial function in the virus genome by regulating RNA

transcription and modulating biological processes in infected cells. RNA viruses acquire

mutations readily, most of which are deleterious, and viruses carrying such mutations are

eliminated. If a mutation reaches a high frequency, the mutation is expected to provide

a selective advantage to the virus, usually manifested by a higher transmission efficiency.

Three of these deleterious mutations (T5020I-nsp3,G204R-N, Q57H-ORF3a) have been

previously reported (N-P) as hotspot mutations a large population belonging to different

geographical areas. Five non-synonymous mutations were common within at least two

genomes, among them, D614G (in S protein)and Q57H (in OR3a). The D614G mutation

is proximal to the S1 cleavage domain of advanced glycoprotein [29] and was of great in-

terest due to their predominance in the six continents [30][31] Alouane et al. [21] showed

that this mutation appeared for thefirst time on January 24, 2020, in the Asian region

(China); after a week, it was also observed in Europe (Germany).

The Q57H mutation was taken away end of February in Africa (Senegal), Europe (France

and Belgium), and North America (the USA and Canada). Likewise, our previous study

[21] showed that D614G had no impact on the two-dimensional and three-dimensional ad-

vanced glycoprotein structures. Furthermore,four of these five mutations (D614G, Q57H,

T265I, and T5020I) have been consideredhotspot mutations in a large population [21][22].

With this in mind, we believe that this will not present a serious issue for vaccine devel-

opment and that a universal candidate vaccine for all circulating strains of SARS-CoV-2

may be possible. It should be noted that our predicted deleterious variants in protein

structure lack experimental validation.





Further exploration would be needed to confirm their potential effects further. Our

results of the haplotype network of Moroccan strains revealed five diverse clades with

28 haplotypes, indicating different infection sources. Besides the haplotype network, the

phylogenetic analysis using a set of 273 strains representing the six continents revealed

seven main clades. The most important clade contained approximately three-quarters of

all the strains. All SARS-CoV-2 strains from North Africa harboring the D614G mutation

belonged to this clade, except for three Tunisian strains. Interestingly, the Moroccan

and Tunisian strains were closely related to those from Asia, Europe, South,and North

America, which could indicate different sources of SARS-CoV-2 infection in these two

countries.

3.6 Conclusion

The results of this study provide valuable information on the diversity and impact of

genetic variants of Moroccan strains of SARS-CoV-2 and their possible origins. This

discovery could contribute to further in-depth investigations combining genomic data and

clinical epidemiology of SARS-CoV -2 patients in Morocco, and suggest that, to date,

the limited diversity seen in Moroccan SARS-CoV-2 should not preclude a single vaccine

from providing global protection.
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4 Discussion

Nanopore sequencing can be successfully and cost-effective for whole-genome sequencing

of viral genomes. This platform is comparable in accuracy to short read (Illumina) se-

quencing to generate a viral consensus sequence for each subject, provided the minimum

coverage exceeds 300 reads per nucleotide position.

There is an urgent need for rapid identification and traceability of pathogens for dis-

ease control and prevention. A deep understanding of the novel virus is first obtained

through the analysis of the genome sequence. This study demonstrated the utility of

nanopore sequencing for SARS-CoV-2 genomes from clinical specimens based on a mod-

ified ARTIC protocol. The genomic characteristics and the origin of the virus could be

quickly determined with the use of ONT devices for viral surveillance, as demonstrated

during Ebola, Zika and other diseases outbreaks.

The adopted approach allowed the confirmation of SARS-CoV-2 infections at the

genomic level within a few minutes by sequencing and simultaneously mapping the reads

to the reference genome and analyzing the output data in real-time. To characterize the

genomic variations, we found that 50% of mutation are non-synonymous distributed in

seven coding regions (S, M, N, E, ORF1ab, ORF3a, and ORF8)among 48 SARS-CoV-2

genomes, without any recombination events. Genomic evidence supported the linkage

of most the diverts os sars-cov-2 in Morocco. All genomes from the imported infections

that occurred in Morocco exhibited the specific D614G variation in the spike protein that

belongs to clade G.

Thus, The rapid 5-h workflow, with 15-min fast library preparation, could be a robust

tool for backward tracing and outbreak control despite the elevated error rates. Other

studies have also ensured the suitability of ONT sequencing for SARS-CoV-2 genome

analysis. However, ONT sequencing failed to detect short indels and variants at low

read-count frequencies accurately.





Chapter 4

Comparative genomic analysis of

SARS-CoV-2 world-wide

1 Preface

Some viruses, such as influenza and HIV, have a high rate of genetic mutations, making

them prone to antigenic leakage. Therefore, it is essential to assess the genetic evolution of

the virus and, more specifically, the regions responsible for its interaction and replication

within the host cell.

This final chapter covers an ongoing exploration of the recent pandemic. Understand-

ing and monitoring the genetic evolution of the virus, its geographical characteristics,

and its stability are particularly important for controlling the spread of the disease and

especially for the development of a universal vaccine covering all circulating strains. From

this perspective, we performed a large scale genomic analysis of SARS-CoV-2 genomes

from 79 countries located on six continents and collected from 24 December 2019 to 13

May 2020.

This analysis was conducted in two steps, primary analysis of 3067 SARS-CoV-2

genomes starting from December to April. During this study, we characterized the genetic

variants to have a detailed understanding of their genetic diversity and monitor the accu-

mulation of mutations over time with a particular focus on the geographic distribution of

recurrent mutations. After the high-frequency nonsynonymous variants, we explored the

implications of this result on our purification selection hypothesis. A preliminary dN/dS

analysis highlighted the number of negatively selected residues within the spike protein,

specifically within the rpdb region, that could be considered therapeutic targets.

A following up analysis included 30,983 genomes, help understand the intragenomic

diversity of the virus and mutations distribution, emphasising how these mutations would

affect the development of a universal vaccine.
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2.1 Abstract

In late December 2019, an emerging viral infection COVID-19 was identified in Wuhan,

China, and became a global pandemic.

Characterization of the genetic variants of SARS-CoV-2 is crucial in following and

evaluating it spread across countries. In this study, we collected and analyzed 3,067

SARS-CoV-2 genomes isolated from 55 countries during the first three months after the

onset of this virus. Using comparative genomics analysis, we traced the profiles of the

whole-genome mutations and compared the frequency of each mutation in the studied

population. The accumulation of mutations during the epidemic period with their geo-

graphic locations was also monitored. The results showed 782 variants sites, of which 512

(65.47%) had a non-synonymous effect.

Frequencies of mutated alleles revealed the presence of 68 recurrent mutations, in-

cluding ten hotspot non-synonymous mutations with a prevalence higher than 0.10 in

this population and distributed in six SARS-CoV-2 genes. The distribution of these

recurrent mutations on the world map revealed that certain genotypes are specific to ge-

ographic locations. We also identified co-occurring mutations resulting in the presence of

several haplotypes. Moreover, evolution over time has shown a mechanism of mutation

co-accumulation which might affect the severity and spread of the SARS-CoV-2. The phy-

logentic analysis identified two major Clades C1 and C2 harboring mutations L3606F and





G614D, respectively and both emerging for the first time in China. On the other hand,

analysis of the selective pressure revealed the presence of negatively selected residues that

could be taken into considerations as therapeutic targets. We have also created an inclu-

sive unified database (http://covid-19.medbiotech.ma) that lists all of the genetic variants

of the SARS-CoV-2 genomes found in this study with phylogeographic analysis around

the world.

2.2 Introduction

The recent emergence of the novel, human pathogen Severe Acute Respiratory Syn-

dromeCoronavirus 2 (SARS-CoV-2) in China with its rapid international spread poses

a globalhealth emergency. On March 11, 2020, the World Health Organization (WHO)

publiclyannounced the SARS-CoV-2 epidemic as a global pandemic. As of Mai 01,

2020, theCOVID-19 pandemic had affected more than 200 countries and territories, with

morethan 3,175,207 confirmed cases and 224,172 deaths [1]. The new SARS-CoV-2 coro-

navirus is an enveloped positive-sense single-stranded RNA virus belonging to a large-

family named coronavirus which have been classified under three groups two of themare

responsible for infections in mammals [2], such us: bat SARS-CoV- like; MiddleEast res-

piratory syndrome coronavirus (MERS-CoV).

Many recent studies have sug-gested that SARS-CoV-2 was diverged from bat SARS-

CoV-like [3][4]. The size of the SARS-CoV2 genome is approximately 30 kb and its

genomicstructure has followed the characteristics of known genes of Coronavirus; the

polypro-tein orf1ab also known as the polyprotein replicase covers more than 2 thirds

of thetotal genome size while the rest contains structural proteins, including spike pro-

tein,membrane protein, envelope protein and nucleocapsid protein. In addition to six

ORFs(ORF3a, ORF6, ORF7a, ORF7b, ORF8 and ORF10) predicted as hypothetical

proteinswith no associated function [5].

Characterization of viral mutations can provide valu-able information for assessing the

mechanisms linked to pathogenesis, immune evasionand viral drug resistance. A previous

study [6] based on an analysis of 103 genomes ofSARS-CoV-2 indicates that this virus

has evolved into two main types, type L beingmore widespread than type S, and type S

represent- ing the ancestral version. Anotherstudy [7] conducted on 32 genomes of strains

sampled from China, Thailand and theUnited States between December 24, 2019 and

January 23, 2020 sug- gested increasingtree-like signals from 0 to 8.2%, 18.2% and 25,

4% over time, which may indi- cate anincrease in the genetic diversity of SARS-CoV-2

in human hosts. Therefore, the analysis of mutations and monitoring of the evolutionary

capacity of SARS– CoV-2 over time-based on a large population is necessary.

In this study, we characterized the geneticvariants in 3067 SARS-CoV-2 genomes for

a detailed understanding of their genetic di-versity and to monitor the accumulation of

mutations over time with particular focus onthe geographic distribution of recurrent mu-

tations. On the other hand, we establishedselective pressure analysis to predict negatively

selected residues which could be usefulfor the design of therapeutic targets. We have also





created a database to share, exploitand research knowledge of genetic variants to facilitate

SARS-CoV-2 comparison forthescientific community.

2.3 Methods

2.3.1 Data collection and variant calling analysis

3067 sequences of SARS-CoV-2 were collected from the GISAID EpiCovTM (update:02-

04- 2020) and NCBI (update: 20-03-2020) databases. Only complete genomes wereused

in this study (S1 Table). Genomes were mapped to the reference sequence Wuhan-Hu-

1/2019 (NC045512) using Minimap v2.12-r847-dirty [8]. The BAM files were sortedby

SAMtoolssort [9], then used to call the genetic variants in variant call format (VCF) by

SAM-tools mpi- leup [9] and bcftools v1.8 [9].

The final call set of the 3067 genomes, wasannotated and their impact was predicted using

SnpEff v 4.3t [10]. First, the SnpEffdatabases were built locally using annotations of the

reference genome NC045512.2 ob-tained in GFF format from the NCBI database. Then,

the SnpEff database was usedto annotate single nucleotide polymor- phisms (SNPs) and

insertions/deletions (InDels)with putative functional effects according to the categories

defined in the SnpEff manual(http://snpeff.sourceforge.net/SnpEffmanual.html).

2.3.2 Phylogentic analysis and geodistribution

The downloaded full-length genome sequences of coronaviruses isolated from differ-ent

hosts from public databases were subjected to multiple sequence alignments usingMAFFT

v7.4 [11]. Maximum-likelihood trees were inferred with IQ-TREE v1.5.5 [12]under the

GTR model using NextStrain tools. Heatmap for correlation analysis was per-formed

on countries and hotspots mutations using CustVis with default settings rows scaling =

variance scaling, PCA method = SVD with imputation, clustering distance for rows =

correlation clustering, the method for rows = average, tree ordering for rows= tightest

cluster first.

2.3.3 Selective pressure and modelling

We used Hyphy v2.5.8 [13] to estimate synonymous and non-synonymous ratio dN / dS().

Two datasets of 191 and 433 for orf1ab and genes respectively were retrieved fromGen-

bank (http://www.ncbi.nlm.nih.gov/genbank/). After deletion of duplicated andcleaning

the sequences, only 91 and 39 for orf1ab and spike proteins, respectively, were used for

the analysis (Appendix Table 6.1).

The selected nucleotide sequences of each dataset were aligned using Clustalw codon-

by-codon and the phylogenetic tree was obtained using ML(maximum likelihood) avail-

able in MEGA X [14]. For this analysis, four Hyphy’s meth-ods were used to study

site-specific selection: SLAC (Single-Likelihood Ancestor Count-ing) , FEL (Fixed Ef-

fects Likeli- hood), FUBAR (Fast, Unconstrained Bayesian AppRox-imation) [15] and

MEME (Mixed Effects Model of Evolution) [16]. For all the methods,values supplied by





default were used for statistical confirmation and the overall value was calculated accord-

ing to ML trees under General time reversible model (GTR model).

The CI- TASSER generated models (https:// zhanglab.ccmb.med.umich.edu/COVID-

19/) of nonstructural proteins (nsp3, nsp4, nsp6, nsp12, nsp13, nsp14 and nsp16 oforf1ab

were used to highlight the sites under selective pres- sure on the protein. On the other

hand, the cryo-EM structure with PDB id 6VSB was used as a model for the spike protein

in its prefusion conformation. Structure visualization and image rendering were performed

in PyMOL 2.3 (Schrodinger LLC)

2.3.4 Pangenome construction

115 proteomes of the genus Betacorononavirus were obtained from the NCBI database(update:

20-03-2020), of which 83 genomes belonged to the SARS-CoV-2 species and the rest dis-

tributed to other species of the same genus publicly available (S3 Table).These proteomes

were used for the construction of pangenome at the inter-specific scale of Betacoronavirus

and intra-genomic of SARS-CoV-2. The strategy of best reciprocal BLAST results [17]

was imple- mented to identify all of the orthologous genes using Proteinortho v6.0b [18].

Proteins with an identity above 60% and sequence coverageabove 75% with an e-value

threshold below 1e-5 were used to be considered as significant hits.

2.4 Results

2.4.1 SARS-CoV-2 genomes used in this study

In this study, we used 3,067 SARS-CoV2 complete genomes collected from GISAID Epi-

CovTM (update: 02-04-2020) and NCBI (update: 20-03-2020) databases. These strains

were isolated from 55 countries (Figure 4.1 - A). The most represented origin was Amer-

Figure 4.1: Distribution of the 3,067 genomes used in this study by country and

date of isolation.(A) The pie chart represents the percentage of genomes used in this

study according to their geographic origins. The colors indicate different countries. (B)

Number of genomes of complete pathogens, distributed over a period of 3 months from

the end of December to the end of March.

ican strains with783 (25.53%), followed by strains from England, Iceland, and China with





407 (13.27%),343 (11.18%), 329 (10.73%), respectively. The date of isolation was during

the first three months after the appearance of the SARS-CoV-2 virus, from December

24, 2019,to March 25, 2020(Figure 4.1 - B). Likewise, about two-thirds of these strains

collected inthis work were isolated during March

2.4.2 Mutational frequency analysis revealed a diversity of genetic variants

in six SARS-Cov-2 genes

A total of 782 variant sites were detected compared to the Wuhan-Hu-1/2019 reference

sequence, of which 65.98% having a non-synonymous effect, 28.39% synonymous muta-

tions, and 5.63% are distributed in the regions intergenic. Mutational frequency analysis

revealed the presence of 68 mutations with a frequency greater than 0.06%of the total

genomes, which cor- responds to at least 20/3067 genomes. Focusing on non-synonymous

mutations (freq≥ 0.06%ofthetotalgenomes), 38wereidentifiedanddistributedinsixSARS−
CoV − 2genesatvariablefrequencies(Figure 4.2).

Figure 4.2: Distribution of the 3,067 genomes used in this study by country and

date of isolation.(A) The pie chart represents the percentage of genomes used in this

study according to their geographic origins. The colors indicate different countries. (B)

Number of genomes of complete pathogens, distributed over a period of 3 months from

the end of December to the end of March.

Among them, the ORF1ab polyprotein harbored 22 non-synonymous mutations: seven

in nsp2 (T265I, V378I, G392D, H417R, I739V, P765S, and D448Del) three in nsp12-RdRp

(M4555T, T4847I and T5020I), three in nsp13-nsp13 (V5661A, P5703L, and M5865V),

two in nsp3-multi-domains (A876T and T1246I), two in nsp5-main proteinase (G3278S

and K3353R), two in nsp15-EndoRNAse (I6525T, Ter6668W), and one in each of three

proteins; nsp6-transmembrane domain (L3606F), nsp4-transmembrane domain-2 (F3071Y),

and nsp14-exonuclease (S5932F). Likewise, the spike protein harbored three non-synonymous





mutations, including V483A in the receptor-binding domain (RBD). The remainder was

found in the core phosphoprotein (S193I, S194L, S197L, S202N, R203K, and G204R),

membrane glycoprotein (D3G, T175M), ORF3a (Q57H, H93Y, G196V, and G251S V62)

and ORF62884).

2.4.3 Identification of ten hyper-variable genomic hotspot in SARS-CoV-2

genomes

Interestingly, among all recurrent mutations, ten were found as hotspot mutations with

a fre- quency greater than 0.10 in this study population (Fig 2). The most represented

was D614G mutation at spike protein with 43.46% (n = 1.333) of the genomes, the

second was L84S (at ORF8) found in 23.21% (n = 712). Thus, the gene coding for

orf1ab had four mutations hot- spots, including S5932F of nsp14-exonuclease, M5865V

of nsp13 helicase L3606F of nsp6 transmembrane domain and T265I of nsp2 found with

17.02%, 16.56%, 14.38% and 10.66% of the total genomes, respectively. For the four

other hotspot mutations were distributed in ORF3a (Q57H and G251V) and nucleocapsid

phosphoprotein (R203K and G204R).

2.4.4 Geographical distribution and origin of mutations worldwide

3067 genomes were dispersed in different countries with different genotype profiles. We

performed a geo-referencing mutation analysis to identify region-specific loci. China and

the USA were the countries with the highest number of mutations 301 and 296 corre-

spondings, respectively to 38,19% and 37,56% of the total number of mutations.

These mutations include 140 (17,76%) and 229 (29%) singleton mutations specific to

China and USA genomes, respectively, which is mainly due to the high number of genomes

available in these countries. How- ever, England contains more than 300 genomes and har-

bored only 116 mutations only 23 of theme were singleton mutations. Data normalization

shows that the high mutational rate was observed in New Zealand followed by Malaysia

and Vietnam, respectively, While the number of singleton mutations per genome was

higher in Malaysia (20,16%), China (5,2%), and the USA (2%), respectively. It is in-

teresting to note that among the 55 countries, 21 harbored singleton mutations. S4 and

S5 Tables (Supplementary material) illustrates the detailed singleton mutations found in

these countries (Table 6.2).

The majority of the genomes analyzed carried more than one mutation. How-ever,

among the recurrent non-synonymous, synonymous, deletion and intergenic mutations,

we found G251V (in ORF3a), and S5932F (in ORF1ab) present on all continents except

Africa(Figure 4.3). While F924F, L4715L (in orf1ab), D614G (in spike) appeared in all

strains except those from Asia. In Algeria, the genomes harbored mutations very similar

to those in Eu-rope, including two recurrent mutations T265I and Q57H of the ORF3a.

Likewise,the European and Dutch genomes also shared ten recurrent mutations. On the

other hand, continent-specific mutations have also been observed, for example in Amer-

ica,we found seven mutations shared in almost all genomes.

Besides, two mutations at positions 28117 and 28144 were shared by the Asian genomes,





Figure 4.3: Map showing geographical distribution of recurrent mutation in

the studied population worldwide. The pie charts show the relative frequencies of

haplotype for each population. The haplotypes are color coded as shown in the key.

The double-digit represent countries’ two letters code. The circle’s size was randomly

generated with no association with the number of genomes in each country. Abbreviations:

S, spike; E, enveloppe; M, membrane protein; N, nucleocapsid protein.

while four different positions1059, 14408, 23403, 25563 and 1397, 11083, 28674, 29742

were shared by African and Australian genomes (S1 Table). The majority of these mu-

tations are considered to be transition mutations with a high ratio of A substituted by

G. The genome variability was more visible in China and USA than in the rest of the

world. SARS-CoV-2 genomes also harbored three co-occurrent mutations R203K, R203R

and G204R in the N protein and were present in all continents except Africa and Asia

(besides Taiwan).

2.4.5 Evolution of mutations over time

We selected the genomes of the SARS-CoV-2 virus during the first three months after the

emergence of this virus (December 24 to March 25). We have noticed that the mutations

have accumulated at a relatively constant rate (Figure 4.4 - A). The strains selected

at the end of March showed a slight increase in the accumulation of mutations with an

average of 11.34 mutations per genome, compared to the gnomes of February, December

and January with an average number of mutations of 9.26, 10.59 and 10.34 respectively.

The linear curve in Figure 4.4 suggests a continuous accumulation of single SNPs in

the SARS-CoV-2 genomes in the coming months. This pointed out that many countries

had multiple entries for this virus that could be claimed. Thus in the deduced network

demonstrated transmission routes in different countries. The study of mutations accumu-

lation over time showed a higher number of mutations in the middle of the outbreak(end

of January). At the same time, an increase in the number of mutations in early April was





Figure 4.4: The graph represents substitutions accumulation in a three months

period.(A) The accumulation of mutations increases linearly with time. The dots rep-

resent the number of mutations in each genome. All substitutions have been included:

non-synonymous, synonymous and intergenic mutations. (B) The distribution and accu-

mulation of Hot spot mutations over time.

also observed. The first mutations to appear were mainly located in the inter-genic region

linked to the nucleocapsid phospho protein and the orf8 protein. The T265I,D614G and

L84S hotspot mutations located in orf1ab and Spike proteins respectively were introduced

into the virus for the first time in late February (Figure 4.4 - B).

2.4.6 Phylogeographical analysis of SARS-CoV-2 genomes

The phylogenetic tree based on the whole genome alignment demonstrates that SARS-

CoV-2 is wildly disseminated across distinct geographical location. The results showed

that several strains are closely related even though they belong to different countries.Which

indicate likely transfer events and identify routes for geographical dissemination.

Phylogenetic trees based on full-genome sequences deposited and available at GISAID and

NCBI revealed the diversification, and the clustering of genomes into groups, based on

the genetic variants. The phylogenetic analysis revealed two main clades C1 and C2;the

original clade C1 harboring the mutation F3606L and starting since the beginning of the

pandemic contains mainly Chinese strains from Dec to mid-Feb. After this period,the

clade has emerged in other countries all over the globe. C1 is also composed of two

subclades, SCB 1 sharing the mutation G251V (ORF3a) first identified in strains from

china and further emerged in European strains, such as England and Iceland. The second

subclade SCB2 also stared in China at the beginning of Jan and harbored the mutation

L84S (ORF8).

Following the first appearance it started emerging in other European countries mainly

in Spain, this clade has also emerged in the USA in mid-Jan and gives birth to a new

cluster containing 444 strains all sharing a C17747T mutation (Leu5828Leu, ORF1ab)

starting from mid-Feb. Strains from the second cladC2 shared the spike mutation D614G

(S) and harbored three subclades, this clade started in shanghai end of Jan. However, it

contains mainly strain from Europe and North America.





Figure 4.5: Phylogenetic analysis of 3067 SARS-CoV 2 genomes grouped ac-

cording to the country of origin The length of the branches represents the distance

in time.

The first subcluster SCB3 harbored strain sharing two mutation R203K (N)and G204R

(N) harboring largely strains from Europe and some strains from North Africa (France and

USA). The second subcluster SCB4 harbored strain from Europe with the Q57H (ORF3a)

mutation, these clusters started in France and Netherland during mid-Feb. genomes of

Countries originated from Australia, South America, and Africa are scattered through

the entire tree (Figure 4.5).

For phylogenetic tree (http://covid-19.medbiotech.ma) showed multiple introduction dates

of the virus inside the USA with the first haplotype introduced related to the second epi-

demic wave in China. Using correlation analysis between most recurrent mutations and

countries distribution (Figure 4.6). We observed that most recurrent mutations clusters

could be divided into four groups;the bigger cluster compromised nine mutations from the

ten hotspots, while the first cluster harbored only the orf1ab mutation L3606F. Mean-

while, geo clustering by geo-graphic location showed two distinct clusters (Figure 4.6),

cluster A grouping countries from Europe with those from America and Africa.

However, Asia was only represented by Saudi Arabia. Cluster B in the other hand con-

tained the majority of countries from the Asian and Australian continents. It is also

harboring a sub-cluster containing the UK, USA, and Ireland which was previously demon-

strated to contain a high number of mutations. On the other hand, mutations as V378I

and L3606F (in orfab1), 29742CT (intergenic), L139L in (in nucleocapside) were mainly

correlated with Pakistan,Norway, Georgia, Taiwan, Kuwait, Australia, and Turkey while

(S2839S, F3071Y andT4847I), D128D and G196V mutations in orf1ab, nucleocapsid,

ORF3a, respectively,were mainly present in Spain, Chile, and Greece. However, cluster

harboring D614G(in spike), F924F (in orf1ab), and L4715L (in orf1ab) mutations, showed

no correlation and were scatted through all countries especially those from Europe.





Figure 4.6: Heatmap showing the correlation between mutations and the geo-

graphic distribution of the genomes analyzed. The correlation was applied to a data

set of 68 most recurrent mutations with different distribution in all 55 countries divided

into two distinct cluster A and B. The color scale indicates the significance of correlation

with blue and orange colors indicating the highest and lowest correlation. The red, yellow

and orange colors in the horizontal bar represent the continent of origin. Abbreviations:

S, spike; M, membrane protein; N, nucleocapsid protein.

A high correlation with a specific mutation was observed within Portugal, Saudi Ara-

bia, Slovakia, Iceland,UK, USA, Colombia, Ecuador, Vietnam, Japan genomes.

2.4.7 Selective pressure analysis

Selective pressure on orf1ab, gene harbored a high rate of mutations and on the Spike

gene, indicated a single alignment-wide ratio of 0.571391 and 0.75951 for spike and or1ab,

respectively. Most sites for both genes had ¡1 values, indicating purifying selection. In

orf1ab, we estimated eight sites under negative selection pressure (696,1171, 2923, 3003,

3715, 5221, 5704 and 6267) and three sites under positive selection pressure (1473, 2244

and 3090). For spike, we found seven sites under negative selection pressure (215, 474,

541, 809, 820, 921 and 1044), and only one site under negative selection pressure (Table

4.1).





Table 4.1: Selective pressure analysis on the spike and orf1ab genes of SARS-

CoV-2

Genes O FEL MEME SLAC FUBAR

Spike 0.571391 PS NS PS PS NS PS NS

-

215,

474, 809,

820, 921,

1044

- - - 5 Codons 215,

474, 541,

809, 820,

921, 1044

orf1ab 0.75951 PS NS PS PS NS PS NS

2244 Codons Codon 2244 - - 1473, -

-
1171, 2923,

3003, 3715,

2244,

3090

5221, 5704,

6267, 6961

None of the hotspot mutations was identified under negative selecion, this is moslty

due sampling size and early date of sam- ple collection. The modelling results of orf1ab

showed that the sites with positive selections were distributed in nsp3 and nsp4, while

the negatively selected codons were located in nsp3, nsp4,nsp6, nsp12, nsp13, nsp14 and

nsp16 (Figure 4.7).In spike, the only negatively selected residue was observed in the

RBD region (Figure 4.8).

2.4.8 Inter and intra-specific pan-genome analysis

In order to highlight the proteins shared between SARS-CoV-2 and other species of the

genus Betacoronavirus, Likewise, the proteins shared on the intra-genomic scale of SARS-

CoV-2, we have constructed a pan-genome by clustering the sets of proteins encoded in

115 genomes distributed in 17 species, including 83 genomes belongingto SARS-Cov-2

(S3 Table). A total of 1,148 proteins were grouped into a pangenome of 94 orthologous

protein clusters. Among them, ten protein clusters were shared be-tween SARS-CoV-2

and only three species of the genus Betacoronavirus, including; Bat-CoV RaTG13, SARS-

CoV and Bat Hp-betacoronavirus / Zhejiang2013. The BatCoVRaTG13 genome had more

orthologous proteins shared with SARS-CoV-2, followed by SARS-CoV with ten and nine

orthologous proteins, respectively (Figure 9 - A). It is interesting to note that among

all the strains used of Betacoronavirus, the protein ORF8 was found in orthology only

between SARS-RATG13 and SARS-CoV-2. In addition, the ORF10 protein was found as

a singleton for SARS-CoV-2 genomes. On the other hand, the analysis of the pangenome

at the intra-genomic scale of 83 isolates of SARS-CoV-2 (Figure 9 - B), showed that

ORF7b and ORF10 were two accessory genome(proteins variable between genomes) in

SARS-CoV- 2 genomes, while the other proteins belonged to the core genome (present in





all strains) of SARS-CoV-2.

Figure 4.7: Structural view of selective pressure in orf1ab gene.





Figure 4.8: Structural view of selective pressure in spike gene. The negatively se-

lected site in spike protein is highlighted in red. The only amino acid residue selected neg-

atively on the receptor-binding domain corresponds to GLN-474. The cryo-EM structure

with PDB id 6VSB was used as a model for the spike gene in its prefusion conformation.

Figure 4.9: Pangenome construction of different strains belonging to the genus

Betacoronavirus (A) The Venn diagram represents the shared and unique proteins of

SARS-CoV-2 compared to the 16 species of the genus Betacoronavirus. (B) The pie

diagram showing the core (present in all strains) and accessory proteins (not present in

all strains) at the intragenomic scale of SARS-CoV-2.





2.5 Discussion

The rate of mutations results in viral evolution and variability in the genome, thus allow-

ing viruses to escape host immunity, as well as drugs [19]. Initial published data suggests

that SARS-CoV-2 is genetically stable [20] which may increase the effectiveness of vac-

cines under development. The study on the genomic variation of SARS-CoV-2 is very

important for the investigation of pathogenesis, disease course, prevention, and treatment

of SARS-CoV-2 infection. In this study, we characterized the genetic varia-tions in a

large population of SARS-CoV- 2 genomes. Our results showed a diversity of mutations

detected with different frequencies. Overall, more than 500 non-synonymous mutations

in SARS-CoV-2 genomes have been identified. The orf1ab gene having more than half

the size of the SARS-CoV-2 genome and is divided into 16 nsp (nsp1-nsp16)[21]. We

found more than half of recurrent mutations in orf1ab, and a high mutation rate in nsp3,

nsp12 and nsp2, with 124, 57 and 46, respectively. Nsp2 and nsp3 were both essential for

correcting viral replication errors [22]. Thus, recent studies have suggested that mutations

falling in the endosome—associated—protein—like domain of then sp2, could explain why

this virus is more contagious than SARS [23].

The replication enzymes nsp12 to nsp16 have been reported as antiviral targets for SARS–

CoV [24].In the SARS-CoV-2 genomes, we found that nsp12 to nsp15 harbored nine recur-

rent non-synonymous mutations. Among them, eight identified as new mutations, includ-

ing three in nsp12-RNA-dependent RNA polymerase (M4555T, T4847I and T5020I),three

in nsp13-Helicase (V5661A, P5703L and M5865V) and two in nsp15-EndoRNAse(I6525T

and Ter6668W). However, these new mutations must be taken into account when devel-

oping a vaccine using the orf1ab protein sequences as a therapeutic target.

A high number of mutations were identified in the spike protein, an important de-

terminant in pathogenicity that allows the virion attachment to the cell membrane by

interacting with the host ACE2 (Angiotensin-converting enzyme 2) receptor [25]. Among

all the frequent mutations in this protein, the V483A mutation has been identified in

this receptor and found mainly in SARS-CoV-2 genomes isolated from USA. This result

is consistent with the study of Junxian et al. [26]. Eight stains from china, USA and

France harboredV367F mutation previously described to enhance the affinity with ACE2

receptor [26].

Interestingly, ten hyper variable genomic hotspots with high frequencies of mutated al-

lel detected. Among them, position 11083 (L3606F) detected in nsp6, this protein works

with nsp3 and nsp4 by forming double-membrane vesicles and convoluted membranes

involved in viral replication [27]. Besides, three positions were previously re-ported by

Pachetti et al. (2020) [19], of which the two positions 17858 (M5865V) and18060 (S5932F)

in orf1ab, and 28881 (R203K) in nucleocapside. Moreover, intraspecies pangenome analy-

sis of SARS- CoV-2 showed that the six of the genes harboring hotspot mutations belong

to the core genome. Thus, under normal circumstances genomic variation increase the

viruses spread and pathogenicity. This happens when the virus accumulated mutation

enabling its virulence potential [28]. Genomic comparison of the studied population al-

lowed us to gain insights into virus mutations occurrence over time and within different





geographic areas. In the SARS-CoV virus, the SNPs distribution is not random, and it

is more dominant in critical genes for the virus [19][29]. Our results confirmed what was

previously described and elucidate the presence of numerous hotspot mutations. Besides,

co-occurrence mutations were also common in different countries all along with singleton

mutations. In the case of the China, the singleton mutations are driven by the single

group that diverged differently due to the environment, the host, and the number of

generations. These mutations are due to the low fidelity of reverse transcriptase [28][30].

China, US, France and Malaysia contain a high number of specific mutations which

may be the cause of a rapid transmission, especially in the US. These specific mutations

may also be correlated with the critical condition in US and France.

The clustering of these genomes revealed the spread of clades to diverse geographical

regions. We observed an increase of mutations over time following the first dissemination

event from China. Specific haplotypes were also predominant to a geographical location,

especially in the China. This study opens up new perspectives to determine whether one

of these frequent mutations will lead to biological differences and their correlation with

different mortality rates.

Among the seven nsp of or1ab hosting sites under selective pressure, only nsp3 and

nsp4 contains both residues underpositive and negative selection. The modelling of nsp3

domains shows that only the negative selection site 1171 (Thr- 353), was located at the

conserved macro domain Mac1(previously X or ADP-ribose 1” phosphatase) [31]. This

domain has been previ- ously shown to be dispensable for RNA replication in the con-

text of a SARS-CoV replicon [32].However, it could counteract the host’s innate immune

response [33]. It was proposed that the 3Ecto luminal domain of nsp3 interacts with the

large luminal domain of nsp4 (residues 112–164) to ”zipper” the endoplasmic reticulum

(ER) membrane and induce discrete membrane formations as an important step in the

generation of ER-origin viral replication organelles [34][35].

As we have shown previously by the FEL, MEME and FUBAR methods, the orf1ab

2244 site coding for ILE-1426 is under positive selection pressure and since it is located

on the luminal 3ecto domain of the nsp3 protein, this can be explained by a possible host

influence on the virus in this domain.

The results of selective pressure analysis revealed the presence of several negatively

selected residues,one of which is located at the receptor- binding domain (GLN-474) and

which is known by its interaction with the GLN24 residue of the human ACE2 receptor

[36]. While thisstudy allowed the identification of several site under selective pressure we

would like to point that the size of the dataset could be a potential limitation for this

type of study,therefore didn’t allow the identification of other site under selective pressure.

Hence the need for a larger dataset. In general, it is well-known that negatively selected

sites could indicate a functional constraint and could be useful for drug or vac- cine target

design,given their conserved nature and therefore less likely to change [37].





2.6 Conclusion

The SARS-CoV-2 pandemic has caused a very large impact on health and economy world-

wide. Therefore, understanding genetic diversity and virus evolution become a priority in

the fight against the disease.

Our results show several molecular facets of the relevance of this virus. We have shown

that recurrent mutations are distributed mainly in six SARS-CoV-2 genes with variable

mutated allele frequencies. We were able to highlight an increase in mutations accumu-

lation overtime and revealed the existence of three major clades in various geographic

regions. Finally, the study allowed us to identify specific haplotypes by geographic loca-

tion and provides a list of sites under selective pressure that could serve as an interesting

avenue for future studies.
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3.1 Abstract

The COVID-19 pandemic has been ongoing since its onset in late November 2019 in

Wuhan, China. Understanding and monitoring the genetic evolution of the virus, its ge-

ographical characteristics, and its stability are particularly important for controlling the

spread of the disease and especially for the development of a universal vaccine covering

all circulating strains. From this perspective, we analyzed 30,983 complete SARS-CoV-2

genomes from 79 countries located in the six continents and collected from 24 December

2019, to 13 May 2020, according to the GISAID database.

Our analysis revealed the presence of 3206 variant sites, with a uniform distribution of

mutation types in different geographic areas. Remarkably, a low frequency of recurrent

mutations has been observed; only 169 mutations (5.27%) had a prevalence greater than

1% of genomes. Nevertheless, fourteen non-synonymous hotspot mutations (¿10%) have

been identified at different locations along the viral genome; eight in ORF1ab polyprotein





(in nsp2, nsp3, transmembrane domain, RdRp, helicase, exonuclease, and endoribonucle-

ase), three in nucleocapsid protein, and one in each of three proteins: Spike, ORF3a, and

ORF8. Moreover, 36 non-synonymous mutations were identified in the receptor-binding

domain (RBD) of the spike protein with a low prevalence (¡1%) across all genomes, of

which only four could potentially enhance the binding of the SARS-CoV-2 spike protein to

the human ACE2 receptor. These results along with intra-genomic divergence of SARS-

CoV-2 could indicate that unlike the influenza virus or HIV viruses, SARS-CoV-2 has a

low mutation rate which makes the development of an effective global vaccine very likely.

3.2 Introduction

The year 2019 ended with the appearance of groups of patients with pneumonia of un-

known cause. Initial evidence suggested that the outbreak was associated with a sea food

market in Wuhan, China, as reported by local health authorities [1]. The results of the

investigations led to the identification of a new coronavirus in affected patients[2] Follow-

ing its identification on the 7 January 2020 by the Chinese Center for Disease Control and

Prevention (CCDC), the new virus and the disease were officially named SARS-CoV-2

(for severe acute respiratory syndrome coronavirus-2) and COVID-19 (for coronavirus dis-

ease 19), respectively, by the World Health Organization (WHO) [3]. On 11 March 2020,

WHO publicly announced the SARS-CoV-2 epidemic as a global pandemic. This virus

is likely to remain and continue to spread unless an effective vaccine is developed, or a

high percentage of the population is infected in order to achieve collective immunity. The

development of a vaccine is a long process and is not guaranteed for all infectious diseases.

Indeed, some viruses such as influenza and HIV have a high rate of genetic mutations,

which makes them prone to antigenic leakage[4][5]. It is therefore important to assess the

genetic evolution of the virus and morespecifically the regions responsible for its inter-

action and replication within the host cell. Thus, identifying the conserved and variable

regions of the virus could help guide the design and development of anti-SARS-CoV-2

vaccines.

SARS-CoV-2 is a single-stranded positive-sense RNA virus belonging to the genus

Betacoronavirus. The genome size of SARS-CoV-2 is approximately 30 kb and its genomic

structure has followed the characteristics of known genes of the coronavirus [6]. The

ORF1ab polyprotein is covering two-thirds of the viral genome and cleaved into many

nonstructural proteins(nsp1 to nsp16). The third part of the SARS-CoV-2 genome codes

for the main structural proteins; spike (S), envelope (E), nucleocapsid (N), and membrane

(M). In addition, sixORFs, namely ORF3a, ORF6, ORF7a, ORF7b, ORF8, and ORF10,

are predicted ashypothetical proteins with no known function [7].

Protein S is the basis of most candidate vaccines; it binds to membrane receptors in

host cells via its RBD and ensures a viral fusion with the host cells [8]. Its main receptor

is the angiotens in-converting enzyme 2(ACE2), although another route via CD147 has

also been described [9][10]. The glycans attached to S protein assist the initial attachment

of the virus to the host cells and act asa coat that helps the virus to evade the host’s

immune system. In fact, a previous study has shown that glycans cover about 40% of the

surface of the spike protein. However, theACE2-RBD was found to be the largest and





most accessible epitope [11]. Thus, it maybe possible to develop a vaccine that targets

the spike receptor-binding domain (RBD),provided it remains accessible and stable over

time; hence, the importance of monitoring the introduction of any mutation that could

compromise the potential effectiveness of a candidate vaccine.

This study aims to deepen our understanding of the intra-genomic diversity of SARS-CoV-

2, by analyzing the mutational frequency and divergence rate in 30,983 genomes from six

geographic areas (Africa, Asia, Europe, North and South America, and Oceania), collected

during the first five months after the onset of the virus. These analyses generate new

datasets providing a repository of genetic variants from different geographic areas, with

particular emphasis on recurrent mutations and their distribution along the viral genome

as well as estimating the rate of intraspecific divergence while evaluating the adaptation

of SARS-CoV-2 to its host and the possibility of developing a universal vaccine.

3.3 Materials and methods

3.3.1 Data Collection

Full-length viral nucleotide sequences of 30,983 SARS-CoV-2 genomes were collected from

the GISAID EpiCovTM (update: 26 May 2020) [10], belonging to the six geographic areas

(according to GISAID database) and distributed in 79 countries as follows: 214from

Africa, 368 from South America, 1590 from Oceania, 2111 from Asia, 6825 from North

America, and 19,875 from Europe. The genomes were obtained from samples collected

from 24 December 2019 to 13 May 2020.

For each geographical area the collection date of the samples is from 27 February to 1

May for Africa, 24 December to13 May for Asia, 23 January to 10 May for Europe, 19

January to 12 May for North America, 25 February to 19 April for South America, and

24 January to 21 April for Oceania (Supplementary Table S1).

3.3.2 Variant Calling Analysis

Genome sequences were mapped to the reference sequence Wuhan-Hu-1/2019 (Gen-bank

ID: NC045512.2) using Minimap v2.12-r847 [11]. The BAM files were sortedby SAM-

tools sort [12]. The final sorted BAM files were used to call the genetic variants in

variant call format (VCF) by SAMtools mpileup and BCFtools [12]. The final call set

of the 30,983 genomes was annotated and their impact was predicted usingSnpEff v

4.3t [13]. For that, the SnpEff databases were first built locally using an-notations of

the reference sequence Wuhan-Hu-1/2019 obtained in the GFF format from the NCBI

database. Then, the SnpEff database was used to annotate SNPs and InDels with

putative functional effects according to the categories defined in the SnpEff manual

(http://snpeff.sourceforge.net/SnpEffmanual .html). The frequency of each identified mu-

tation was estimated by normalizing the number of genomes harboring a given mutation,

per the total number of genomes recovered from each of the six geographic areas. Non-

synonymous mutations with a frequency of 10% or greater were used as a cutoff to define

the most frequent mutations [14][15]. Indeed, given that hotspot mutations are known to

be strong evidence of positive selection [16] and that sites harboring these mutations have





been previously reported under positive selection(http://covid19.datamonkey.org/), we

systematically considered the non-synonymous mutation with a frequency≥ 10%inthegenomesofsixgeographicalareasashotspotmutations.

3.3.3 D614G Mutagenesis Analysis

To investigate the possible impact of the most frequent D614G mutation, we conducted

an in silico mutagenesis analysis based on the CryoEM structure of the spike protein inits

pre-fusion conformation (PDB id 6VSB). Modeling of the D614G mutation was done using

UCSF Chimera [17]. Then, the mutant structure was relaxed by 1000 steps of steepest

descent (SD) and 1000 steps of conjugate gradient (CG) energy minimization skeeping

all atoms with more than 5A from G614 fixed. Comparative analysis of D614(wild type)

and G614 (mutant) interactions with their surrounding residues was done in PyMOL

(Schrodinger L.L.C).

3.3.4 RBD Mutations and Spike/ACE2 Binding Affinity

Modeling of RBD mutations was performed by UCSF chimera [58] using the 6M0J

structure of the SARS-CoV-2 wild-type spike in complex with human ACE2 as a tem-

plate.Mutant models were relaxed by 1000 steps of SD followed by 1000 steps of CG

minimization keeping all atoms far by more than 5A from the mutated residues fixed.

Changes in the binding affinity of the spike/ACE2 complex for each spike mutant were

estimated by the MM-GBSA method using the HawkDock server [18].

3.3.5 Clustering and Divergence Analysis

In this work, we use the Jaccard distance to compare the similarity of mutational profile

of SARS-CoV-2 genomes between 79 countries. It is a metric particularly suited for

clustering and useful when the sets to be compared are of different sizes, because its

normalization is designed to take the union of the two sets. We first calculated the

mutational frequency in each country individually.

The Jaccard similarity coefficient,also known as the Jaccard index, is defined as the ratio

of the size of the intersection(shared mutational profile) divided by the union (union of

mutational profiles) of two sets A, B (Equation (1)) [19]:

J(A, B) = (A ∩B)/(A ∪B)

Then, the Jaccard index was converted into the Jaccard distance which is noted as

the difference between one and the Jaccard similarity coefficient (Equation (2)), and is

re-lated to the q-gram distance but without the number of occurrences [20].

d J(A, B) = 1 J (A, B)

The similarity of the set is based on the Jaccard distance. A distance of zero is equivalent

to a 100% overlap between countries.

On the other hand, to calculate the intra-genomic divergence of SARS-CoV-2, we used

the Wuhan-Hu-1/2019 genome as a reference sequence, and the other 30,983 genomes





were also sorted by country of origin. The divergence was first calculated by estimating

the similarities of the genomes with the reference sequence by grouping genomes from

the same country using CD-Hit [21]. All SARS-CoV-2 genomes used in this study were

included except those from Ghana which were excluded from this analysis due to the

high number of Ns. The percentage of similarity was then recovered to 100%. Then

the percentage of divergence for each country was calculated using the following formula

(Equation (3)):

(
100−

∑
(A×B)

C

)
A = Similarity percentage;

B = Number of genomes with similarity value equal A;

C = Total genomes by country continent;

D = Percentage of divergence.

3.3.6 Phylogenetic and Spatio-Dynamic Analysis

We generated a phylogenetic and divergence tree, as well as a genomic epidemiology map

based on the 30,983 genomes of SARS-CoV-2 using NextStrain tools (https://nextstrain.o

rg)[22]. The tree was constructed in IQ-TREE v1.5.5 [23] using the maximum likelihood

method under the GTR model. The rate of evolution and the time to the most recent

common ancestor (TMRCA) were estimated using ML dating in the tree time package[24]

3.4 Results

3.4.1 Diversity of Genetic Variants of SARS-CoV-2 in Different Geo-graphic

Areas

A total of 30,983 SARS-CoV2 genomes from 79 countries in six geographic areas (Africa,Asia,

Europe, North and South America, and Oceania) were included in this analysis.According

to the GISAID database, the date of collection of the strains was within the first five

months following the onset of SARS-CoV-2 (Supplementary Table S1). A total of 3206

variant sites were detected compared to the reference genome Wuhan-Hu-1/2019 (Sup-

plementary Table S2). Then, we analyzed the type of each mutation,highlighting the

prevalence of these mutations both in all genomes (worldwide) and in each of the geo-

graphic areas studied (Figure 4.10).

Worldwide, 67.96% of mutations had a non-synonymous effect (64.16% have missense

effects, 3.77% produce a gain or loss of stop codon, and 0.33% produce a loss of start

codon), 28.60% were synonymous, while 3.43% of the mutations were localized in the

intergenic regions, mainly in the untranslated regions (UTR). Likewise, the comparison

between the six geographic areas shows a similar trend with a uniform distribution of the

prevalence of each type of mutation. The frequency of mutations in the six geographic

areas was estimated by normalizing the number of genomes carrying given mutation per

the total number of genomes recovered by geographic area. Only169 (5.27%) variant





Figure 4.10: Prevalence and distribution of types of mutations in different ge-

ographic regions. Pie charts showing the global and continent-stratified distribution

of the mutation types identified in the 30,983 SARS-CoV-2 genomes. The prevalence of

each type of mutation is uniform across the six geographic areas and missense mutations

were the most frequent type. Color codes represent the type of mutations.

sites were found with a frequency greater than 0.01 (Figure 4.11 - A,Supplementary

Table S3), and were distributed in six geographic areas as follows: 69 in Oceania, 65 in

Africa, 54 in Asia, 31 in Europe, 43 in North America, and 43 in South America. Fo-

cusing on non-synonymous mutations (with a frequency (0.01), 3.34% (n =107) of the

total mutations were identified (Figure 4.11 - B). The polyprotein ORF1ab contained

approximately two thirds of these mutations (63.55%;n = 68) and distributed in thir-

teen non-structural proteins; nsp3-Multi-domain: 15.89%, nsp2: 11.21%, nsp12-RNA-

dependent RNA polymerase (RdRp): 8.41%, nsp4-trans membrane domain-2 (TM-2):

4.67%, nsp13-helicase: 4.67%, nsp15-endoribonuclease (NendoU):4.67%, nsp5-main pro-

teinase (Mpro):3.74%, nsp14-exonuclease (ExoN): 3.74%, nsp6-TM: 2.80%, nsp1: 0.93%,

nsp7: 0.93%,nsp8: 0.93%, and nsp16-2’-O-ribose methyltransferase (OMT): 0.93%. The

rest (36.45%)were distributed in eight proteins, including N (11.21%), S (8.41%), ORF3a

(5.61%),ORF8 (4.67%), M (1.87%), ORF6 (1.87%), ORF7a (1.87%), and ORF7b (0.93%).

Comparative analysis of these non-synonymous mutations shows only nine that have

been shared in the six geographic areas: T265I (nsp2), L3606F (in nsp6-TM) T4847I

(innsp12-RdRp), D614G (in S), R203K-G204R (in N), Q57H-G251V (in ORF3a), andL84S

(in ORF8). It is also interesting to note that none of the nine non-synonymous mutations

(¿0.01) of S protein was localized in RBD. The 36 non-synonymous mutations (35 with a

missense effect and 1 with a stop gain effect) found in this area had a low frequency (¡0.01)

across all genomes (Appendix Tbale 6.3). Among them, only two mutations were shared





between genomes of different geographic areas; the V367F mutation was identified in Eu-

rope, Asia, and North America, the V367F mutation has been identified in Europe,Asia,

and North America, while P491L in Asia and Oceania.

Figure 4.11: Distribution of recurrent mutations across the SARS-CoV-2

genome. (A) Lollipop plot illustrating the location of mutations with a frequency greater

than 0.01 of the total genomes of each geographic area. All types of mutations are included

(non-synonymous, synonymous, and intergenic). The mutation frequency was estimated

for each of them, by normalizing the number of genomes harbored in a given mutation in

a geographic area, per the total number of genomes recovered by geographic area. (B)

Schematic representation illustrating the distribution of non-synonymous mutations (with

a frequency ¿0.01) along the viral genome. Amino acid mutations are shown by vertical

lines. Colored dots represent geographic areas





3.4.2 Geographical Distribution of the SARS-CoV-2 Hotspot Mutations

Comparative genomic analysis of each geographic area revealed fourteen non-synonymous

mutations with a frequency greater than 0.1 and considered as hotspot mutations (Figure

4.12). Eight mutations of them were found in the ORF1ab polyprotein, distributed in

seven regions coding for nsp2 (T265I), nsp3-Multi-domain (T2016K), nsp6-TM (L3606F),nsp12-

RdRp (T5020I and T4847I), nsp13-helicase (M5865V), nsp14-ExoN (D5932T) and nsp15-

NendoU (Ter6668W). Moreover, three mutations in N protein (R203K, G204R,and P13L)

and one in each of the three proteins; S (D614G), ORF3a (Q57H), and ORF8(L84S).

Figure 4.12: Frequencies of recurrent hotspot mutations per geographic

area.Distribution of fourteen non-synonymous mutations with a frequency ¿0.1 of the

genomes subdivided into six geographical areas; Africa (n = 6), Asia (n = 7), Europe (n

= 6), North America (n = 6), Oceania (n = 8), South America (n = 6). The locations of

mutations in viral proteins with their color codes are indicated in the legend.

Different patterns of these non-synonymous hotspot mutations were observed between

the six geographic regions. Only two mutations were common in the six geo-graphical

regions: The high-frequency mutation D614G (in S) and the Q57H mutation(in ORF3a).

Seven mutations were more frequent in a single geographic region, including two mutations

T2016K (in nsp3-Multi-domain) and P13L (in N) in Asia, two mutations M5865V (in

nsp13-helicase) and D5932T (in nsp14-ExoN) in North America, one T5020I(in nsp12-

RdRp) in Africa, one T4847I (in nsp12-RdRp) in Europe, and one Ter6668W(in nsp15-

NendoU) in South America. However, the other five non-synonymous hotspot mutations

were variable between the six geographical regions, including two R203K and G204R (in

N) that were particularly predominant in Africa, Europe, South America,and Oceania;

whereas, L3606F (in nsp6-TM) was common in Africa, Asia, Europe, and Oceania. Thus,

L84S (in ORF8) was found in Asia, North America, and Oceania. In addition, T265I (in

nsp2) was frequent in Asia, North America, South America, and Oceania.





3.4.3 The Distribution of Hotspot Mutation Patterns of SARS-CoV-2over

Time

A different pattern of hotspot mutations over time is clearly distinguished between the six

continents from January to May 2020 (Figure 4.13). The number of mutations was nor-

malized for each of the six geographic areas for 15 days per the total number of genomes

recovered during this period (depending on the date of sample collection provided by

GISAID). The L84S mutation (red) was the first mutation observed (early January in

Figure 4.13: Tracking hotspot mutations over time per geographic area. Hotspot

mutation frequencies were plotted for each of them over a period of 15 days in each

geographic area, first by normalizing the number of genomes harboring a given mutation

in a period of 15 days, per the total number genomes recovered at this time for each of six

continents. The X axis represents the time measured in 15 days and the Y axis represents

the frequencies of the genomes harboring the hotspot mutations.

Asia) and the most propagated between January–February in North America and Ocea-

nia, before starting to drop dramatically after. Remarkably, the D614G (orange) was

the most common on six continents. This mutation first appeared on 24 January 2020,in

Asia (China), after four days it was observed in Europe (Germany), and then gained its

predominance over time, when the outbreak of positive cases was reported in the United

States and Canada (Supplementary Table S2). The highest recorded frequency of D614G

was in Africa; this mutation was present in most African genomes from late February to

May, with a small fluctuation in frequency in mid-March. On the same continent, the

frequency of genomes containing the T5020I (lawn green) mutation increased until the

end of April before dis-appearing in May.

The other three mutations (Q57H-sky blue, R203K-gray, and G203R-green) started

with a high frequency (0.5) at the beginning of March and decreased slightly over time.





While in Europe, except for D614G, the two R203K-G203R mutations were the most

prevalent, showing continuous growth with the same frequencies overtime. In addition,

the L3606F (yellow) mutation showed an increase during February,followed by a decrease

to nearly 0.1 frequency in early May.

For North America, three hotspot mutations, D614G, Q57H, and T265I (garnet red),

continued to increase with the same trend after their appearance. Unlike the other three

mutations (L84S, S5932F-black, and M5865V-dark pink), their frequencies were reduced

over time especially from mid-February. Interestingly, a different pattern of hotspot mu-

tations was observed in South America and Oceania between March and April. Focusing

on South America,a new stop-loss Ter6668W (dark orange) hotspot mutation (in nsp15-

NendoU) was re-ported in North American genomes from March and decreased one month

later, while at that date, the frequency of the co-occurring mutations R203K-G203R was

increased over time. Overall, the fourteen hotspot mutations were seen between Jan-

uary–March and most of them gained their frequency outside of Asia.

3.4.4 Mutagenesis of D614G and Impact of RBD Mutations on the Binding

Ability of Spike to ACE2

As shown the Figure 5, the non-synonymous D614G mutation did not have an impact on

the two or three-dimensional structure of the spike glycoprotein. However, D614residue

in the wild-type spike is involved in three hydrogen bonds; one with A647 in the same

subunit (S1) and two bonds with THR-859 and LYS-854 located at S2 subunit of the

adjacent protomer (Figure 4.14 - A).

The substitution of D614 by G in the mutant spike resulted in the loss of the two hy-

drogen bonds with THR-859 and LYS-854 in the S2 subunit of the adjacent promoter

(Figure 4.14 - B). Such modification could result in a weak interaction between S1

and S2 subunits and thus increase the rate of S1/S2 cleavage, which would improve the

virus entry to host cells. To evaluate the effect of RBD mutations on the binding affinity

of the spike protein to ACE2, the Molecular Mechanics-Generalized Born Surface Area

(MM-GBSA) method was employed to calculate the binding affinity of 35 spike mutants

to ACE2 (except for the stop-gain mutation). Four mutations potentially enhanced the

binding affinity of spike/ACE2 complex by a binding affinity change (G) ¡ 1.0 kcal/mol,

while nine were shown to potentially reduce its affinity by a G ¿ 1.0 kcal/mol (Table

4.2). However, the remaining 22 did not significantly affect the binding affinity of spike

to ACE2.





Figure 4.14: Comparison of spike wild-type residue ASP-614 (A) and the mutated GLY-

614 (B).

ASP-614 (green sticks) in subunit S1 (yellow) is involved in two hydrogen bonds with

THR-859 and LYS-854 from the S2 subunit (pink). The substitution of ASP by GLY at

position 614 causes the loss of the two hydrogen bonds between S1 subunit and THR-859

and LYS-854 in the S2 subunit (pink).

Table 4.2: Impact of mutations on the binding affinity between spike protein RBD and

ACE2, evaluated by MM-GBSA binding-free energy calculation (GBind).

Mutations GBind (kcal/mol) G 1 (kcal/mol) Effect on Spike/ACE2

V367F 62.47 3.53 Potentially decreased binding affinity

S477N 62.69 3.31

R408I 62.8 3.2

V483A 63.85 2.15

A522S 64.03 1.97

G339D 64.08 1.92

N354D 64.39 1.61

K356N 64.81 1.19

H519Q 64.84 1.16

Wild Type 66 0 Wild-type MMGBSA value

N440K 67.88 1.88 Potentially increased binding affinity

N450K 67.88 1.88

D364Y 68.24 2.24

S477R 69.86 3.86

3.4.5 Clustering and Divergence of SARS-CoV-2 Genomes

To compare the mutational profile similarity between the 79 countries, we used the Jac-

card distance as a suitable metric for clustering, allowing the overall similarity measure,

ranging from 0 (identical) to 1 (no overlap). We first calculated the mutational frequency

in each country individually, then the Jaccard method was used to measure the distances

between countries (see Materials and Methods). Figure S1 shows the pairwise similarity

between countries, scaled from 0 (light yellow) to 1 (red). The clustering between the

79 countries showed two main clusters, each subdivided into several sub-clusters (SCs),

and these two clusters included countries of the six continents. In addition, the countries

in cluster 2 were closer to each other than those in cluster 1,demonstrating high genetic

similarities between strains from these countries. We also observed fifteen SCs with a

distance of less than 0.5, which corresponds to at least a 50%overlap (Table 4.3), ten

of which belonged to cluster 2. Remarkably, most of the countries grouped in these fif-

teen SCs were geographically close, of which eleven SCs included countries of the same

continent, especially Asia and Europe. The results of clustering between the 79 countries

(country by country) are detailed in Table S5.

Table 4.3: Jaccard distance between countries based on their mutational frequencies.

Only the distance less than 0.5 (>50% overlap) between countries is displayed.

Cluster Sub-Cluster Countries Jaccard Distance Geographic Areas

Cluster 1 SC-1 Brunei, Guam 0.22 Asia, Oceania

Cluster 2 SC-2 Kazakhstan, Georgia 0.22 Asia





Table 4.3: Jaccard distance between countries based on their mutational frequencies.

Only the distance less than 0.5 (>50% overlap) between countries is displayed.

Cluster Sub-Cluster Countries Jaccard Distance Geographic Areas

Cluster 2 SC-3
Nigeria, Serbia,

Croatia, Ireland, Peru
0.26

Africa, Europe,

South America

Cluster 2 SC-4 Vietnam, Jordan 0.27 Asia

Cluster 2 SC-5 Sri Lanka, Kuwait 0.30 Asia

Cluster 2 SC-6 Greece, Portugal 0.32 Europe

Cluster 2 SC-7 Singapore, Thailand 0.35 Asia

Cluster 2 SC-8 Finland, Poland 0.35 Europe

Cluster 2 SC-9 Slovenia, Jamaica 0.35 Europe, North America

Cluster 2 SC-10 Denmark, Iceland 0.36 Europe

Cluster 2 SC-11 Germany, Russia 0.36 Europe

Cluster 1 SC-12 Hungary, Latvia 0.41 Europe

Cluster 1 SC-13 Chile, Brazil 0.43 South America

Cluster 1 SC-14 Iran, Pakistan 0.43 Asia

Cluster 2 SC-15
Netherland,

Belgium, Austria
0.49 Europe

Meanwhile,the intraspecific divergence of SARS-CoV-2 was also assessed in the genomes

of eachcountry compared to the genome reference Wuhan-Hu-1/2019. As shown in (Fig-

ure 4.15 - A),the overall circulating strains in more than 50 countries seem to have

a divergence per-centage of less than 0.1%, which indicates that the majority of SARS-

CoV-2 genomeshave developed less than 18 mutations in them. The highest percentage of

divergencein Asia, Europe, North America, South America, Oceania, and Africa was ob-

served inHong Kong (0.45%), Serbia (0.42%) Mexico (0.07%), Colombia (0.05%), Guam

(0.05%),and Gambia (0.43%), respectively. While the lowest percentage was shown in Por-

tugal(0.01), Canada (0.05%), Bangladesh (0.02%), Peru (0.01%), New Zealand (0.02%),

and DRC (0.03%). Moreover, the phylogenetic divergence tree (Figure 4.15 - B) shows

that the highest rate was among genomes from Asia, followed by Europe, and North

America.

In Asia, most strains showed a divergence of 0.0221 to 0.0231. Likewise, European strains

clustered between 0.0223 and 0.0231, while North American strains had a divergence

of0.0221 to 0.0230. Using the Nextstrain clade nomenclature, we can identify two main

clades with different divergence profiles; first and most divergent “A2” clade, although

the first strain observed was from China. This clade mainly contained genomes from Eu-

rope. The second “B1” clade appeared to be less divergent and to a large extent included

Asian strains. Nevertheless, the genomes of Africa, North America, and South America

were scattered across the phylogenetic divergence tree without a specific coating. The

rate of divergence also varied within clades: A2 included three subclades, the sub-c2 har-

boring the Q57H mutation, with a divergence of 0.0224 to 0.0229, and mainly included

strains from North America and Asia. The sub-c3 containing mostly European genomes

shared the R203K mutation: In this subclade, a low rate of divergence was observed





Figure 4.15: Divergence of SARS-CoV-2 genomes from different geographic areas com-

pared with the genome reference Wuhan-Hu-1/2019.

(A) The bar graph illustrating the divergence (measured in percentage) of the SARS-

CoV-2 genomes of each country compared to the reference genome Wuhan-Hu-1/2019.

The divergence calculation method is detailed in the Materials and Methods section. (B)

The phylogenetic divergence tree of the 30,983 SARS-CoV-2 genomes grouped into six

geographic regions. The length of the branches shows the divergence and the color codes

indicate the six geographical areas.





in all continents except Africa, while the greatest divergence was a strain from Taiwan

(Asia) (¿0.0223). On the other hand, clade 2 (B1) harbored mainly genomes from North

America and Asia, while the high divergence in this clade observed in Eu-rope (France)

with 0.0231. The sub-c2 and sub-c3 of this clade appeared to be the most diverse with

the lowest divergence in the United Kingdom and the highest in Australia.

3.4.6 Phylogenetics and Spatio Dynamics of SARS-CoV-2

The topology of the maximum likelihood phylogenetic tree (Figure 4.16 - A) shows a

clear clustering: one cluster containing mainly Asian strains, while the second containing

European strains with a specific clade sharing the D614G mutation. For each cluster, we

Figure 4.16: Phylogenetic tree and spatial dynamics of SARS-CoV-2.

(A) Phylogenetic analysis of 30,983 SARS-CoV-2 genomes grouped into six geographic areas. The

length of the branches represents the distance in time. (B) Phylodynamic analysis representing the

propagation and evolution of 30,983 SARS-CoV-2 genomes in different geographic areas. The color

codes represent the six geographic areas.

identified different clades: cluster 1 containing two main clades A1a and B1 harboring





mainly strains from Asia, North America, and Asia, Europe, respectively. However, clus-

ter 2 harbored three clades: B2, A2, A2a without a specific pattern. The distribution of

African genomes across the phylogenetic tree showed a close relationship with different

continents. In the first clade, African genomes (mainly from South West Africa) clustered

with Asia and showed the lowest divergence rate. Meanwhile, genomes clustering in the

European clade shared the three-pattern mutations mostly common in Europe:G28881A,

G28882A, and G28883C.

The map (Figure 4.16 - B) shows the spatio-dynamics of SARS-CoV-2 and provides

an insight into the viral strain’s potential geographical origin based on the sample used

and displays a complex and interconnected network of strains.From these samples, strains

from Asia appear to have diverged and resulted in other strains in all the investigated

regions. European strains seem to have given rise to those in North America, South Amer-

ica, and Africa, with multiple divergent strains within Europe itself. Similarly, with less

frequency, strains from South and North America appear to be related to some divergent

strains in Europe and Asia.

3.5 Discussion

Due to the rapid spread and mortality rate of the new SARS-CoV-2 pandemic, the devel-

opment of an effective vaccine against this virus is of a high priority [25]. The availability

of the first viral sequence derived during the COVID-19 epidemic, Wuhan-Hu-1, was pub-

lished on 5 January 2020. From this date, numerous vaccination programs were launched

[25][26]. Furthermore, drugs and vaccines should target relatively invariant and highly

constrained regions of the SARS-CoV-2 genomes, to avoid drug resistance and vaccine

escape [27]. For this, monitoring genomic changes in the virus are essential and play a

pivotal role in all of the above efforts, due to the appearance of genetic variants, which

could affect the efficacy of vaccines. In this study, we investigated the genetic diversity

in 30,983 complete SARS-CoV-2 genomes isolated from 79 countries belonging to the six

continents, while evaluating the possibility of developing an effective universal vaccine.

Our results showed three different situations of the identified mutations: (i) The muta-

tions that have developed and are gaining a predominance in the six geographic areas;

(ii) mutations which were predominant only in certain geographic regions; and(iii) muta-

tions apparently expanding, but low in frequency in all isolates studied. From this third

situation, it is interesting to note that a low rate of recurrent mutations was found across

genomes, with only 5.27% of the total mutations have a frequency greater than 0.01, while

94.73% had a frequency of less than 0.01, of which 49.68% were single mutations (specific

to a genome). In line with previous reports, our results show strong evidence that, so

far, the evolution of SARS-CoV-2 has evolved in a non-deterministic process and that

this diversification has mainly been due to random genetic drift which plays a dominant

role in the spread of low-frequency mutations [28][29][30][31][32], suggesting that there

was no strong selective pressure exerted on SARS-CoV-2 by the human population. Al-

though the hotspot mutations are motivated by positive selection, which could indicate

that the substitution of a specific amino acid offers an adaptive advantage under par-

ticular conditions [16]. Our study showed that more than half of the hotspot mutations





identified in the SARS-Vo2 genomes gained their predominance outside of Asia; includ-

ing the hotspot mutation Q57H (in ORF3a), until early March, which had not yet been

observed among isolates from China, while it emerged before that date in Europe and

also spread in isolates from North America. Likewise, seven other hotspot mutations with

high frequency in different geographic areas (except Asia); including the double muta-

tions R203K-G204R and double mutations of the N protein (in Europe,South America,

and Oceania), M5865V of nsp13-helicase, and D5932T of nsp14-ExoN (in North Amer-

ica), and T5020I of nsp12-RdRp (in Africa). Hotspot mutations, due to their increased

frequency in different geographic areas, are considered an important criterion for defining

and characterizing emerging clades [33][14].

As a whole, a low rate of intragenomic divergence of SARS-CoV-2 (¡0.5%) was found be-

tween all the countries studied. Compared to different geographic areas, the high rate of

divergence in Asian countries could be due to multiple sources of infection with different

strains at the start of the epidemic. This could suggest an early introduction and rapid

spread of genetically close variants to the original strain in continents with high infection

rates, such as Eu-rope and North America, which founded the virus’s first transmission

networks [34][35].Rapid transmission means a single source leading to multiple infections,

thus giving the virus fewer life cycles to change: This is consistent with a previous study

describing a continued tendency of the virus to diverge over time [36]. Furthermore, the

dynamics of transmission showed that the least divergent African variants were grouped

with Asian strains, while the most divergent were grouped with Europe and North Amer-

ica. This distribution points to different sources of infection [37][38]. South America’s

genomes appear to originate from North America and Europe, showing a close cluster-

ing with Europe in low and high divergence strains, which is concordant with a previous

study[39]. In contrast, certain strains from Oceania allow poor monitoring of the origin

of the infection, but show a close relationship with the genomes of Europe. Overall, the

North American and European genomes appear to be responsible for most of the spread of

the disease. Besides the divergence, the intragenomic clustering between the 79 countries

did not have a clear pattern regarding their geographic distributions, reflecting the effect

of migration and globalization as previously reported [40][41].

As the virus spreads more widely around the world, it is important to monitor and

assess mutations that could be of potential concern as an early warning system to consider

as vaccine studies progress.The S protein is a major target for vaccines and therapeutics,

due to its key role in mediating virus entry and its immunogenicity trait [8][42]. Anal-

ysis of protein S revealed a high-frequency mutation (D614G) with a continuous trend

over time in different geographic areas. This mutation is proximal to the S1 cleavage

domain at position 614which involved the change of a large amino acid residue (aspartic

acid) to a small hydrophobic residue (glycine) and became widely dominant worldwide

within a few months[43][44]. Our results showed that this mutation induces a loss of

two hydrogen bonds between the S1 and S2 subunits of neighboring protomers and can,

therefore, increase the rate of cleavage of these subunits in the pre-fusion state of spike

protein to allow its conformational transition to the post-fusion state associated with

membrane fusion upon virus entry [45][46]. Indeed, our structural modeling of this muta-





tion has shown no substantial impact on the secondary or tertiary structure of the spike

protein. Therefore, it is unlikely that G614D could affect the immunogenicity of RBD

epitopes considered important in neutralizing antibodies [29,36]. Likewise, previous stud-

ies [40][41][47] re-ported that the antibodies generated from natural infection with mutant

type D614 or G614 could carry out a neutralization cross, indicating that the locus is not

critical for antibody-mediated immunity, so the D614G mutation is unlikely to have a

major impact on the efficacy of vaccines in development, some of which exclusively target

RBD region. To this end, the RBD of the spike protein allows the virus to bind to the

ACE2host receptor [48][49]. Mutations in this receptor are a likely pathway to evade anti-

body recognition, such as described in other viruses [50][51]. In all the genomes analyzed,

36non-synonymous RBD mutations were identified and all these mutations had a low fre-

quency (¡0.01) in the genomes of six continents, which is consistent with several studies

that have found that mutations are extremely rare in the RBD region [32][40][52][53].The

calculated binding-free energy of mutant RBDs of spike protein complexed with human

ACE2 revealed only four RBD mutant types (D364Y, N440K, N450K, S477R)displaying

a much lower binding-free energy (G), indicating a significantly higher affinity for the

ACE2, which could influence the pathogenicity of SARS-CoV-2. Of these four mutations,

Ou et al. [54] previously reported that D364Y potentially enhancesthe binding of viral

spike protein to ACE2, possibly due to the improved structural stabilization of the RBD

beta-sheet scaffold.

Effective COVID-19 vaccines will be a permanent solution to viral infections, and it is

likely that more than one strategy will be successful to this end [55]. RNA interference-

based therapy (RNAi) could be an alternative in the fight against SARS-CoV-2 [56], where

small interfering RNAs (siRNA,20 to 25 nt in length) could affect the region highly con-

served from SARS-CoV-2 and could also act as an inhibitor to suppress genetic disorders

in the lungs [57]. The efficiency of siRNA to inhibit gene expression and replication by

targeting the leader and spike coding sequence of SARS-CoV has already been demon-

strated [58][59][60]. Alny-lam Pharmaceuticals (USA) has designed and synthesized over

350 siRNAs targeting highly conserved regions of circulating SARS-CoV-2 genomes [61].

The main siRNA candidates will be evaluated for their antiviral activity in vitro and in

vivo, leading to the selection of a candidate for development. It is interesting to note that

the effects of siRNAs can be influenced by mutations. Chen et al. 2020 [62] reported nine

poten-tial target siRNA sequences in the SARS-CoV-2 genome. To this end, we analyzed

the mutations present in these target sequences in the 30,983 genomes of our study. One

to seven SNPs in each of the nine target sequences were found (Supplementary Table

S6),hence the importance of monitoring the introduction of any mutations that could

com-promise the potential efficacy of siRNAs and candidate vaccines.

SARS-CoV-2 has only recently been discovered in the human population; adaptive pro-

cesses could take years to occur. Although we cannot predict whether adaptive selection

will be observed in this virus in the future, we can conclude that the currently circulat-

ing strains constitute a homogeneous viral population. We can therefore be cautiously

optimistic that, so far,the genetic diversity of SARS-CoV-2 should not be an obstacle to

the development of a universal vaccine candidate. Ongoing surveillance of SARS-CoV-2

genomic changes will be essential to monitor and understand host–pathogen interactions





that may contribute to the development of effective vaccines and therapeutics.
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4 Discussion

The ongoing rapid transmission and global spread of SARS-CoV-2 have raised critical

questions about the evolution and adaptation of the viral population driven by mutations,

deletions and/or recombination as it spreads across the world, encountering diverse host

immune systems and various counter-measures6. The results showed 782 variants sites,

of which 512 (65.47%) had a non-synonymous effect. The genetic differences among

SARS-CoV-2 strains sampled from diverse locations could therefore be linked with their

geographical distributions.

This rapidly evolving virus is capable of adapting swiftly to diverse environments.

Moreover, identifying the conformational changes in mutated protein structures and un-

translated cisacting elements is of significance for studying the virulence, pathogenicity

and transmissibility of SARS-CoV-2.

In line with previous reports, our results show strong evidence that, so far, the evo-

lution of SARS-CoV-2 has evolved in a non-deterministic process and that this diversifi-

cation has mainly been due to random genetic drift which plays a dominant role in the

spread of low-frequency mutations, suggesting that there was no strong selective pressure

exerted on SARS-CoV-2 by the human population. Although we cannot predict whether

adaptive selection will be observed in this virus in the future, we can conclude that the

currently circulating strains constitute a homogeneous viral population.

We can therefore be cautiously optimistic that, so far, the genetic diversity of SARS-

CoV-2 should not be an obstacle to the development of a universal vaccine candidate.

Ongoing surveillance of SARS-CoV-2 genomic changes will be essential to monitor and

understand host-pathogen interactions that may contribute to the development of effective

vaccines and therapeutics.





Chapter 5

General discussion

Respiratory tract infections (RTIs) is the top cause of morbidity and mortality from

infectious diseases worldwide [109]. Until the end of December 2019, only three pathogens

were featured on the WHO Blueprint priority list for research and development: severe

acute respiratory syndrome (SARS), coronavirus (SARS-CoV), Middle East Respiratory

Syndrome (MERS), Coronavirus (MERS-CoV), and Mycobacterium tuberculosis [110]. In

January 2020, SARS-CoV-2, the cause of COVID-19, was added to the priority list. Thus,

the work carried out during this thesis allowed us to study several aspects of respiratory

tract infectious diseases.

The objective of this thesis is to describe the diversity, resistance and transmission

mechanism of Mycobacterium tuberculosis and SARS-CoV-2. This work highlights the

potential of using genomics tools in the control of outbreaks by providing answers to the

following questions:

1 Where is the infectious agent coming from?

For the development of optimal strategies for infectious diseases control and infection

prevention, it is of critical importance to have an accurate tracing of in-country and

cross-border transmission and a rapid identification of emerging mutants’ clones. In the

case of TB, genotyping is the primary step in its tracing. Generally based on the classical

method (MIRU and VNTR), it is mainly used for MDR and XDR-tb surveillance and

transmission as shown in different studies in Morocco[111][112][113]. However, the intrin-

sic lack of discriminatory power of MIRU and VNTR makes these technologies suboptimal

for supporting contact tracing. This has been shown by a recent study investigating MDR-

TB outbreak among African refugees, which found MIRU-VNTR to be poor at tracking

the outbreak compared to WGS [114].

Thus, in this study, we used the WGS for tracing the origin of 2 infectious agents :

SARS-CoV-2 and MTB. This is the first study on the transmission and the diversity of TB

strains in Morocco using WGS. The analysis of the nine strains showed the domination of

lineage 4, mainly LAM9 and H4, which is in agreement with findings from other studies

[111][115]. The strains were predicted to have a European origin, which could be due to

the French or Spanish colonization of Morocco. In fact, the same pattern was found a few

101



years ago in countries with a similar colonization history like Tunisia and Algeria. In the

case of SARS-CoV-2 [116][117], a strong pathogen trading pattern was observed between

Morocco and European countries during COVID-19 pandemic. SNP analysis showed that

most strains in Morocco or Africa in general originated from countries in Europe.

2 How easy is it for an emerging pathogen to evolve

Adaptively, and how fast can it do so?

The answer is that it will depend on the likelihood and speed of acquiring mutations. The

continuous and rapid evolution of pathogens is responsive. As we tighten our mitigation,

we induce a selective pressure, either by prophylactic steps or pharmaceutical treatments

which complicates the disease control.

Mutations are simply errors in replication, introduced during the duplication of the

genetic material. Since the majority of mutations are harmful to the pathogen, they

are generally easily eliminated by natural selection [118]. However, Pathogens with a

high mutation rate, a small genome size (where mutations have significant functional

consequences), and a large population have the greatest adaptive ability, such as RNA

viruses [119].

In this study, we have considered ways of how SARS-CoV-2 and TB change genetically

in response to selection pressure using different pipelines and sequencing technologies.

Generally, TB evolves in response to therapeutic treatments as selection pressure; the

use, overuse and misuse of antimicrobial drugs for TB treatment induce antibacterial

resistance.

In this study, TB sequencing generated reads length between 32 – 300 bp with Illumina

Miseq, which allows high accuracy mutation detection suitable for TB resistance analysis.

Better profiling of resistance allows better treatment and, therefore, a better outcome.

In our analysis, a resistance-associated mutation was identified in the nine strains. Four

strains were classified as MDR strains showing resistance to isoniazid and rifampicin

associated with hot spot mutations (in rpob and katg/inhA) detectable with Haine or gen

expert. Other Known resistance-associated mutations were also identified using WGS,

such as mutations responsible for pyrazinamide or amikacin resistance.

However, with the Illumina range of reads length, it is challenging to extract repetitive

region such as PE/PEE/PERS genes or insertion sequence, which could be used to study

the diversity of TB [120]. Generally, The PPE genes demonstrate high SNP density than

the rest of the genomes, as shown in this study.

The overall diversity analysis highlighted that sensitive strains are less diverse than the

resistant ones( Lam9 and H4), suggesting a fitness mechanism displayed by those strains

to adapt. Longer read sequencing technology may overcome this issue, thus Nanopore

Minion with priming walking technique was used for SARS-CoV-2 strains and resulted in

a 99% in both precision and sensitivity and showed a homogenous diversity of Moroccan

strains. Despite the nanopore sequencing technology’s cost and time effectiveness, it

performs poorly in indels detection; an observation that was reported previously [121].

wherase in TB the therapeutic treatment is what pushes the pathogen to higher drug-





persistence through natural selection, the enforcement of social distancing in SARS-CoV-2

pushed the reproduction rate below the pandemic threshold; the pathogen becomes natu-

rally pressured towards higher transmissibility. In most cases, natural selection determines

the destiny of a newly occurring mutation. The diversity for SARS-CoV-2 world wild

showed a substitution rate of 8.101 × 104 substitution/site/year, which was in the same

order of magnitude as SARS-CoV-2 and MERS-CoV [122][123]. This diversity helped

the virus develop several key specific sites and haplotypes, increasing its infectivity or

pathogenicity.

As described in chapter 3, the beginning of the spike mutation D614G emerged in-

dependently and simultaneously in March. It swept across all three continents and was

suggested to be a result of natural selection. However, the analysis of 3067 SARS-CoV-2

genomes demonstrated the appearance of the D614G mutation in different parts of China

since late January. These findings raised the possibility that this mutation could be due to

chance founder events where viruses carrying D614G just happened to start the majority

of early transmission events in different locations.

As previously shown in studies on human respiratory cells and on animal models,

viruses harboring the D614G mutation increased infectivity and transmission by improv-

ing the interaction with the host cell receptor, resulting in higher levels of the virus in the

host and an increased rate of transmission [124].

Since our study (chapter 5), new variants have emerged as a consequence of selec-

tive sweeps, a very common phenomenon in pathogens. In late September 2020, a new

variant has emerged in the UK (Lineage B.1.1.7),,, which had accumulated 17 new mu-

tations before its detection (14 nonsynonymous mutations, six synonymous, and three

deletions) [125], one of which is in the spike protein receptor-binding domain (N501Y).

Unlike D614G mutation, which could plausibly have benefited from early chance events,

Lineage B.1.1.7 expanded when SARS-CoV-2 cases were widespread and have seemingly

achieved dominance by outcompeting an existing population of circulating variants [126],

which suggests a significant amount of prior evolution, possibly in a chronically infected

host. The host genetics majorly influences selective sweeps, as was the case in South

Africa with the emergence of new variant 501Y.V2 in the spike protein [8]. Preliminary

studies suggest the variant is associated with a higher viral load , which is similar to the

UK stains are fast transmitted. The hypothesis has suggested that the high rate of TB

cases and HIV history in South Africa has influenced the selection pressure imposed by

the host cell on the virus, making it more unstable.

Mutants arising through antigenic drift may result in a novel strain capable of infecting

other organisms. That was the case of the Y453F mutation that started in summer 2020

in the Netherlands, and which increased the binding affinity to ACE2 in mink [8] and

enhanced human to mink, mink to mink, and mink to human transmission.





3 What’s the impact of mutations on the infectious

Agent?

Some SNPs, as previously showed, were associated with increasing severity, Transmissi-

bility or resistance [127][128][129]. It has been suggested that some of these variants may

have improved the interaction with the host cell receptor, enabled the infectious agent to

propagate better, to escape the immune system, or evade therapy. This would result in

higher levels of the agent in the host and an increased rate of transmission.

This study observed phenotypic ofloxacin resistance among MTBC clinical strains

lacking the common mutations gyrA D94G and gyrB A90V gyrB N538D and E540V. Early

detection of less common FLQ resistance mutations could allow patients to be placed on

appropriate therapy early and decrease the chances of treatment failure and acquired drug

resistance. The analysis of newly identified mutations using docking suggested that the

Pro439Ala mutation in gyrB decreases the affinity to ofloxacin and levofloxacin second-line

treatment drugs resulting in medium-resistant as confirmed with a phenotypic test.

In the case of COVID-19, we identified four mutations in the spike protein (N440K

N450K D364Y S477R ) with higher binding affinity compared to the wild type, potentially

enhancing the binding of viral spike protein to ACE2. Impact of COVID-19 on TB It is

anticipated that strict lockout procedures will trigger a large rise in TB cases and deaths

[130]. Steps in the elimination of tuberculosis may be derailed for at least five years [131].

Lower and middle-income countries are the most affected by tuberculosis, whereas high-

income countries have a low TB rate [22]. Europe is the second epicentre of COVID-19,

which may help understand why COVID-19 has mobilized more global capital and human

resources in a year than tuberculosis has in decades[132].

4 Superposing of two pandamics

Poverty is known to be a major risk factor in developing TB. A recent prediction of

the world bank estimates that more than 88 million people will fall under the extreme

poverty line by the end of 2021, which will have a long-term effect on the TB burden [133].

Transcriptomic analysis has recently taken place to determine if the severity of COVID-19

was related to the symptomatic and asymptomatic spectrum of tb [6]. Results showed

an increase in the severity of Covi-19 in patients with active TB (ATB). They suggested

that this may be due to the abundance of circulating myeloid subpopulations. In both

diseases, the development of IFN-gamma and the response signature of IFN I and IFN

III increased significantly [134]. Also, the use of immunosuppressive drugs in critically-ill

COVID-19 patients increases the risk of infection or tuberculosis’ reactivation in the long

term, which can pose the greatest threat to ending the TB epidemic [135].

The occurrence of death due to COVID-19 was found to be 21-fold lower in countries

with a national BCG vaccination policy than countries without such a policy [136]. In

many correlation studies, BCG vaccination was associated with low incidence rates of

COVID-19 and was suggested as an immune stimulant in countries with BCG routine.

While studies have indicated that the BCG effect lasts only ten years [137]. Furthermore,





in order to boost the central T cell memory population that can last for decades, another

shot of the BCG vaccine is required at least three months after the first one [138]. Ac-

cording to a modelling analysis by STOP-TB partnership11 in collaboration with John

Hopkins University and USAID, a 3-month lockdown and a long 10-month restoration

of services [131] will lead to a 6.3 million additional cases of TB and an additional 1.4

million TB deaths, bringing the total to 1.66 (1.3 – 2.1) million TB deaths in 2021, near

the global level of TB mortality of the year 2015 [131].

5 Impact of COVID-19 on TB treatment and diag-

nostic services:

TB diagnosis and treatment facilities were temporarily designated for COVID-19 diagnosis

and treatment. Meanwhile, patients with suspected or reported tuberculosis were unable

to visit the hospital for fear of contracting COVID-19. This can postpone diagnosis for

suspected tuberculosis cases and raise the risk of TB infection in households.

Overwhelming health care systems by COVID-19 cases is likely to impact TB treat-

ment and diagnostic services in several ways:

• Diversion of resources, both human and financial, to deal with the outbreak;

• Most news outlets and national attention has been focused on pandemic manage-

ment without taking into consideration the TB programs;

• Exhausting health care personnel, which can result in an increase in diagnosis errors,

risk of illeness or even death.

• Discouraging people from visiting TB services because of COVID-19 spread at health

care facilities,

• Late diagnosis and inappropriate treatment of TB, that may increase the risk of

developing drug-resistance.

6 Impact of COVID-19 on the prevention and control

of TB:

Among the main prevention measures of COVID-19 to reduce community transmission of

this virus is the requirement for people to stay at home during the lockdown. Prolonged

contact at home is one of the risks factors associated with tuberculosis transmission [139].

TB has a long incubation period, which means that a rise in cases may occur in the

following years.

HIV/global epidemics in Africa can serve as an example: after the worldwide HIV/-

global TB pandemic, epidemics occurred in many countries such as South Africa [140],

public health must be maintained at the highest possible level of alert.

The worldwide pandemic of COVID-19 may affect the global strategy of ending TB

by 2035 in several ways:





• Study and data on tuberculosis were not carried out in 2020, such as lectures,

workshops and conferences. The World Tuberculosis Day, which takes place on

24 March each year and helps raise funding, awareness to support tb control, was

repealed in several countries.

• COVID-19 has had a detrimental impact on vaccination services, such as the BCG

vaccine used to combat pediatric tuberculosis

• Disturbance of TB preventive therapy, given to high-risk groups in order to prevent

latent TB activation.

• Disruptions of funding are expected to affect routine public health programs, either

by the divergence of resources to pandemic control or broader economic effects of

the pandemic and strained national budgets.

7 Impact of COVID-19 on late reactivation of TB:

The impact of COVID-19 on the immune system could be associated with a higher risk of

developing active TB disease [141]. Pneumonic or respiratory failure caused by COVID-19

may promote lung complications, such as chronic inflammation and respiratory system

damage, increasing the risk of developing tb [141]. Association between some diseases

such as HIV/AIDS and TB development has been previously established [142]; the active

TB can be aquired directly following TB exposure or through reactivation of latent TB

infection.

8 Strategies to reduce the Impact of COVID-19 on

TB Control

To reduce household transmission of TB, the simple prevention and control measures

recommended by the WHO can be implemented at home [143]. One way is the use

of virtual care and digital health technologies to overcome TB diagnosis and treatment

delays due to COVID-19. Moreover, decentralizing TB care to community health workers

and assisting private health sectors and academic research institutions in providing TB

testing and treatment could all be effective.

9 Impact of the COVID-19 on scientific research and

lessons to learn

We estimate that trillions of dollars have been invested in responding to the COVID-19

pandemic [144], supporting clinical and public health work, and quickening the rate of

scientific progress. In certain ways, the urgency and Covidization are understandable

that research is needed desperately to combat this pandemic. Besides, Crisis-led urgent

approaches have a successful track record when it comes to being funded on the heels of





a crisis; that was the case during the Ebola and AIDS outbreaks in West Africa which

resulted in the emergence of numerous therapies and diagnostics over a short period.

However, the sense of urgency can be at the expense of other more dangerous diseases

by delaying or cancelling funds which can have a massive impact on the after COVID-19

period.

As Scientists, we must consider the future too and the implications of COVID-19

oriented strategies. Well-intentioned scientists who possess specialized knowledge in fields

not related to COVID-19 spend a tremendous amount of energy turning their work, and

likely making monumental errors as they jump into unrelated fields while lacking expertise

and insight. We have seen floods of highly questionable and proven-unfounded research

as well as a lowering of scientific standards. For others, it may be time to return to their

original research topics, in which the magnitude of their accomplishments will be more

significant. There is a significant risk of pivoting to a new research area only to discover

the target vanished and that the solution itself is no longer needed.

In general, Findings should be reproducible; therefore, some degree of duplication

is needed. However, many of the published duplications were unnecessary, Leading to

enormous redundancy and waste of time. A quick search in the PubMed database showed

more than 1300 published papers mentioning SARS-Cov-2 and ACE2. Hundreds of these

scientific papers focus on blocking the entry of viruses into cells with a clear overlap.

In Morocco, the COVID-19 had drawn attention to the already overburdened public

health systems and shed light on the state of scientific research, institution, logistics.

Effort and attention were oriented to face the pandemic raising many issues in the scientific

community:

9.1 Collaboration over competition

By the start of the pandemic, the institutions with access to genomic tools struggled to

get the first sequencing results due to difficult access to the viral strains. These circun-

stances highlighted Morocco’s major problem, which is a lack of collaboration between

institutions. Competition is good in a way that it pushes scientists to do better but should

not be encouraged over collaborations, especially with the lack of expertise in the genomic

field.

9.2 Long term vision

The majority of institutions in Morocco have opted for having new sequencing equipment

rather than using another platform. A huge amount of funds has been used on equipment

that could have helped fund other research areas such as drug or vaccine development.

What is currently needed to compete with the rest of the world is a more forward-

looking and imaginative vision of how this pathology could affect life after the end of this

pandemic by exploring etiology, pathogenesis, pathophysiology, and vaccines.





9.3 Other deadly diseases DO exist:

I think that scientists should not get distracted from other health-related issues that are

as equally, if not even more, life-threatening. Virologist especially should shift their sight

to the hundreds of viruses colonizing other animals worldwide and adapt curiosity-based

research plans to evaluate the future potential risk of a spillover in order to have better

control in the future. For that scientist need stable fundings to ensure surveillance and

vaccine or drug development.

A year ago, we considered the emergence of MDR bacterial strains the greatest pandemic

threat, but the COVID-19 prove us wrong for now.

However, the threat is real. In the USA, over 2.8M MDR cases occur each year, 1.25%

die. The situation is much worse in third-world countries. The fight against multidrug

resistance is concerning as our most effective weapons are losing their efficacy. The pipeline

for new antibiotics is running dry as new antibiotics are time-consuming and unrewarding

for university researchers.

However, the main reason that makes antibiotic development so unattractive is the

Revenues. As it was clearly explained in a review by Renwick, ”Sales volumes are limited

by the short treatment duration inherent in antibiotic therapy, and local antimicrobial

stewardship programs are increasingly restricting the use of antibiotics. A truly novel

antibiotic would likely be reserved for rare infections caused by the most highly resistant

strains of bacteria” [145].

Although we don’t know whether another zoonotic RNA virus can evolve and thrive in

our bodies, we do know that multidrug-resistant bacteria will spread. As a result, if

governments do not make significant investments in RD to combat pandemic threats, the

current COVID-19 episode could be the preface to a much worse global era.

9.4 More conventional management:

The case of COVID-19 has proven that the research management system is weak and is

often left at the mercy of inter mediated companies and bureaucracy. I think efforts should

be made to accelerate delivery and facilitate the process. Maybe it’s time for universities

to have a department for scientific research management and not go through all the

layers of bureaucracy involving people with no scientific background, facilitating access

to external collaboration and funds. Meanwhile, the scientist’s ability to get funding has

predicated on the competition for decades, it is blocked by the long process and imaginary

limitations for Morocco.

9.5 Investing in science:

COVID-19 revealed the potential black hole in the finances of universities and active

bodies carrying out scientific research. Usually, grant application review takes months

if not years, decision during the pandemic, even in Morocco, was within weeks, while

the management of the finances could have been better. As we all agree, the fastest

the funds are delivered to the university account, the quicker the research team can be

immobilized. I believe that this pandemic was also a great example of the potential





effect of rapid funding on science and helped develop many homegrown solutions that

can boost diagnosis for many other diseases in Morocco. Furthermore, governments

must continue to invest in physical infrastructure such as laboratories to experiment and

innovate. I also believe that in order to increase resources, researchers should be aware

of and apply for international funds for research and development. Obviously, we should

not rely completely on foreign aids, especially with the COVID-19situation where funds

for Africa, in general, will be reduced.

Here is a non-complete list of “neglected” research areas, where increased research

budgets could have given us a head-start:

1. Vaccination

2. Pharmaceutical targets in zoonotic viruses

3. In-house diagnosis test

4. Clear and efficient pandemic plans and models

5. Antibiotics Development

6. Infrastructural requirements

9.6 Investing in young scientists:

I believe that Investing in science also means investing in future scientists. It means

encouraging young people to seek careers in science and giving them the right educational

and professional opportunities. The priority should be given to quality over quantity;

ensuring that students get adequate training and exposure to advanced science will have

a positive impact on their creativity and productivity. Training young scientists also

requires investments in further professional development opportunities in the early and

mid-career stages to provide enough incentives and hope.

10 The positive impact of COVID-19

On the bright side, COVID-19 has proven how easy and fast sharing of biological data

can be; the use of preprints has further improved transparency and encourage discourse

between scientists and the public. I think that is bringing back the meaning of science

free and accessible and will help encourage science for sharing rather than for papers.

Even Scientific journals have reduced their replaying time. I think that These prove that

the research community can respond quickly and that the layers of bureaucracy normally

shrouding clinical research can be reduced.

Lastly, many laboratories have been equipped with equipment that will be used in

other research areas. More importantly, In morocco, the genomics field has finally been

installed as a strong tool for tracking and controlling infectious disease. I think with a

good mindset, we can finally go back to the competition and have a clear scientific impact

on the local community and the world as a whole, because One thing is certain: pandemic

pathogens will hit again!







Chapter 6

Conslusion

This thesis presents Mtb and SARS-CoV-2 genomic data analysis to characterise the

variation and downstream effects, identify the transmission dynamic, and classify the

lineages. Chapter 2 and 3 focus on the sequencing and genomic analysis of Mtb and Sars-

CoV-2 and the applicability of NGS to predict drug resistance, diversity , transmission

and predict the effect of mutation on the pathogen evolution. Chapter 4 integrates large

scale SARS-CoV-2 data to look for specific variation to geographic locations to analyze the

transmission dynamic and variations effect. I hope that this data will enable researchers to

answer questions concerning the diversity of Mtb and SARS-CoV-2. The results from this

work will contribute to our understanding of these complex pathogens. Several fruitful

avenues of research could emerge from this work:

• In vitro verification of the Docking results

• In order to have a better idea of the population structure of Mtb in Morocco, in-

creasing the sampling size is necessary.

• Characterization of host-pathogen interactions to study the impact of the Moroccan

genotype on the infection

• A deep analysis of tb and sars-Cov-2 in Morocco has not been explored; Transcrip-

tional sequencing would allow us to evaluate the pathogenicity level of the circulating

strain

• Identifying the Co-infection pattern of TB and SARS-CoV-2

The future of infectious disease genomic analysis :

• WGS has been proven to be a robust tool for infectious disease control. National

TB programs should start to adopt WGS as a diagnostic tool.

• Data centralization: sequence data generated in clinics should be sent to a cen-

tralised database along with metadata such as location and date of collection. This

could help develop control measures and routes of transmission and help TB pro-

grams identify high-risk areas and where to focus efforts.
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• Sputum samples do not allow the proper identification of the other pathogen present.

Deep sequencing without culture requirement would enable the sampling of multiple

pathogens at once, such as M. tuberculosis and HIV, SARS-coV-2, which are well

known to co-infect.

• With the installation of Genomics in Morocco, other infectious diseases should be

under control, such as leishmaniose, M.Bovis ...
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Alexandre Bart, Evgeny Belilovski, et al. Active tuberculosis, sequelae and covid-19

co-infection: first cohort of 49 cases. European Respiratory Journal, 56(1), 2020.

[21] Ilaria Motta, Rosella Centis, Lia D’Ambrosio, J-M Garćıa-Garćıa, Delia Goletti,
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[74] Jesús Gonzalo-Asensio, Wladimir Malaga, Alexandre Pawlik, Catherine Astarie-

Dequeker, Charlotte Passemar, Flavie Moreau, Françoise Laval, Mamadou Daffé,
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1 Appendix Chapter 3

Table 6.1: GenBank accession numbers for orf1ab and spike genes downloaded from NCBI

and used for selective pressure analysis

GenBank Accession No

orf1ab

QIS61084 QIC53222 QII57287 QII57197 QIT06925 QIS60736

QIS61108 QII57317 QII57177 QHU36863 QIT06937 QIS60760

QIS61132 QIE07450 QIK50426 QHZ00378 QIT06949 QIS60772

QIS61144 QIC53203 QHU36843 QID21047 QIS60298 QIS60784

QIS61156 QID21067 QIA98605 QHR63249 QIS60328 QIS60796

QIS61204 QIK02943 QIE07480 QHW06048 QIS60338 QIS60808

QIS61216 QHS34545 QHU79193 QII57337 QIS60286 QIS60832

QIS61252 QHR63289 QII57237 QHU36823 QIS60544 QIS60856

QIS61300 QHR84448 QIJ96512 QHZ87581 QIS60568 QIS60868

QIS61312 QIE07460 QII57167 QID98793 QIS60592 QIS60880

QIS61360 QIA20042 QIK02953 QHQ71962 QIS60616 QIS60904

QIS61384 QHW06058 QIH55220 QHQ71972 QIS60640 QIS60916

QIS61420 QIK50447 QII57267 QIT06877 QIS60676 QIS60988

QIS61480 QIE07470 QII57187 QIT06889 QIS60712 QIS61000

QIS61492 QHQ82463 QHN73809 QIT06913 QIS60724 QIS61072

QII57165

Spike

QIS30425 QIS61254 QIS60582 QHZ00379 QHZ00379 QIC53213

QIS30495 QIS61338 QIS60774 QHZ87582 QHZ87582 QIC53204

QIS30615 QIS61422 QIS60858 QIA98583 QIA98583 QIK02944

QIS30625 QIS30275 QIS60906 QIS60489 QIS60489 QHR84449

QIS30675 QIS30295 QIS60930 QIS60288 QIS60288 QIK02964





Table 6.1: GenBank accession numbers for orf1ab and spike genes downloaded from NCBI

and used for selective pressure analysis

GenBank Accession No

QIQ49882 QIS30335 QIS60978 QIS60546 QIS60546 QIA20044

QIO04367 QIS30375 QIS61230 QIS60570 QIS60570 QHW06059

QIJ96493 QID21058 QII57278 QIK50427

Table 6.2: Normalized data for singleton mutations identified in this study

Origin Genomes N.M O.M Mut.Uq/G O.M/G Mut.uq/G

Malaysia 10 29 38 2,9 3,8 0,763157895

China 334 220 329 0,658682635 0,98502994 0,668693009

USA 783 130 301 0,166028097 0,384418902 0,431893688

France 140 19 77 0,135714286 0,55 0,246753247

England 300 23 116 0,076666667 0,386666667 0,198275862

Spain 44 5 29 0,113636364 0,659090909 0,172413793

Finland 40 6 37 0,15 0,925 0,162162162

Iceland 334 12 78 0,035928144 0,233532934 0,153846154

Vietnam 10 2 15 0,2 1,5 0,133333333

Taiwan 21 4 33 0,19047619 1,571428571 0,121212121

Canada 123 6 68 0,048780488 0,552845528 0,088235294

Switzerland 52 2 27 0,038461538 0,519230769 0,074074074

Italy 24 1 16 0,041666667 0,666666667 0,0625

Australia 72 3 60 0,041666667 0,833333333 0,05

Germany 29 1 24 0,034482759 0,827586207 0,041666667

Japan 85 1 24 0,011764706 0,282352941 0,041666667

NewZealand 8 1 31 0,125 3,875 0,032258065

Netherlands 173 1 51 0,005780347 0,294797688 0,019607843

N.M : Number of mutations

O.M: Overall mutations

Mut.Uq/G: Mutation uniq / genome

O.M/G: Overall mutations/genome

Mut.uq/G: Mutation uniq /overall Mutations

Some Supplemental material could not be included within the manuscript due to their

large size. they can be found directly using the link bellow.

https://drive.google.com/drive/folders/1qx4eZquf3hemFFkCjlZi_LQSkys2g03S?

usp=sharing



https://drive.google.com/drive/folders/1qx4eZquf3hemFFkCjlZi_LQSkys2g03S?usp=sharing
https://drive.google.com/drive/folders/1qx4eZquf3hemFFkCjlZi_LQSkys2g03S?usp=sharing


2
A

p
p

e
n
d
ix

C
h
a
p
te

r
4

T
ab

le
6.

3:
M

u
ta

ti
on

s
w

it
h

a
n
on

-s
y
n
on

y
m

ou
s

eff
ec

t
fo

u
n
d

in
th

e
re

ce
p
to

r-
b
in

d
in

g
d
om

ai
n

(R
B

D
)

of
th

e
sp

ik
e

p
ro

te
in

[]
G

e
n
e

R
.L

A
.A

N
.C

A
A

.C
M

u
ta

ti
o
n

ty
p

e
Im

p
a
ct

G
.A

N
.M

/
G

.A
M

u
t

fr
e
q
/

G
.A

S
C

T
c.

98
9C

>
T

p
.P

ro
33

0L
eu

m
is

se
n
se

va
ri

an
t

M
O

D
E

R
A

T
E

E
u
ro

p
e

1
5,

03
14

5E
-0

5

S
G

A
c.

10
16

G
>

A
p
.G

ly
33

9A
sp

m
is

se
n
se

va
ri

an
t

M
O

D
E

R
A

T
E

E
u
ro

p
e

1
5,

03
14

5E
-0

5

S
G

T
c.

10
30

G
>

T
p
.A

la
34

4S
er

m
is

se
n
se

va
ri

an
t

M
O

D
E

R
A

T
E

A
si

a
2

0,
00

09
47

41
8

S
A

G
c.

10
60

A
>

G
p
.A

sn
35

4A
sp

m
is

se
n
se

va
ri

an
t

M
O

D
E

R
A

T
E

A
si

a
2

0,
00

09
47

41
8

S
G

T
c.

10
68

G
>

T
p
.L

y
s3

56
A

sn
m

is
se

n
se

va
ri

an
t

M
O

D
E

R
A

T
E

E
u
ro

p
e

1
5,

03
14

5E
-0

5

S
G

A
c.

10
76

G
>

A
p
.S

er
35

9A
sn

m
is

se
n
se

va
ri

an
t

M
O

D
E

R
A

T
E

A
si

a
1

0,
00

04
73

70
9

S
G

T
c.

10
90

G
>

T
p
.A

sp
36

4T
y
r

m
is

se
n
se

va
ri

an
t

M
O

D
E

R
A

T
E

A
si

a
1

0,
00

04
73

70
9

S
G

T
c.

10
99

G
>

T
p
.V

al
36

7P
h
e

m
is

se
n
se

va
ri

an
t

M
O

D
E

R
A

T
E

A
si

a
5

0,
00

23
68

54
6

S
G

T
c.

10
99

G
>

T
p
.V

al
36

7P
h
e

m
is

se
n
se

va
ri

an
t

M
O

D
E

R
A

T
E

E
u
ro

p
e

11
0,

00
05

53
45

9

S
G

T
c.

10
99

G
>

T
p
.V

al
36

7P
h
e

m
is

se
n
se

va
ri

an
t

M
O

D
E

R
A

T
E

N
or

th
A

m
er

ic
a

2
0,

00
02

93
04

S
T

C
c.

11
29

T
>

C
p
.P

h
e3

77
L

eu
m

is
se

n
se

va
ri

an
t

M
O

D
E

R
A

T
E

E
u
ro

p
e

3
0,

00
01

50
94

3

S
C

T
c.

11
51

C
>

T
p
.P

ro
38

4L
eu

m
is

se
n
se

va
ri

an
t

M
O

D
E

R
A

T
E

A
fr

ic
a

1
0,

00
46

72
89

7

S
A

G
c.

11
53

A
>

G
p
.T

h
r3

85
A

la
m

is
se

n
se

va
ri

an
t

M
O

D
E

R
A

T
E

N
or

th
A

m
er

ic
a

2
0,

00
02

93
04

S
T

G
c.

11
95

T
>

G
p
.S

er
39

9A
la

m
is

se
n
se

va
ri

an
t

M
O

D
E

R
A

T
E

A
si

a
2

0,
00

09
47

41
8

S
A

G
c.

12
04

A
>

G
p
.I

le
40

2V
al

m
is

se
n
se

va
ri

an
t

M
O

D
E

R
A

T
E

A
fr

ic
a

1
0,

00
46

72
89

7

S
T

G
c.

12
20

T
>

G
p
.V

al
40

7G
ly

m
is

se
n
se

va
ri

an
t

M
O

D
E

R
A

T
E

A
si

a
1

0,
00

04
73

70
9

S
G

T
c.

12
23

G
>

T
p
.A

rg
40

8I
le

m
is

se
n
se

va
ri

an
t

M
O

D
E

R
A

T
E

E
u
ro

p
e

1
5,

03
14

5E
-0

5

S
A

G
c.

12
28

A
>

G
p
.I

le
41

0V
al

m
is

se
n
se

va
ri

an
t

M
O

D
E

R
A

T
E

A
si

a
1

0,
00

04
73

70
9

S
A

G
c.

13
02

A
>

G
p
.I

le
43

4M
et

m
is

se
n
se

va
ri

an
t

M
O

D
E

R
A

T
E

S
ou

th
A

m
er

ic
a

1
0,

00
27

17
39

1

S
G

T
c.

13
03

G
>

T
p
.A

la
43

5S
er

m
is

se
n
se

va
ri

an
t

M
O

D
E

R
A

T
E

E
u
ro

p
e

1
5,

03
14

5E
-0

5

S
C

A
c.

13
17

C
>

A
p
.A

sn
43

9L
y
s

m
is

se
n
se

va
ri

an
t

M
O

D
E

R
A

T
E

E
u
ro

p
e

80
0,

00
40

25
15

7

S
T

G
c.

13
20

T
>

G
p
.A

sn
44

0L
y
s

m
is

se
n
se

va
ri

an
t

M
O

D
E

R
A

T
E

E
u
ro

p
e

1
5,

03
14

5E
-0

5

S
G

T
c.

13
37

G
>

T
p
.G

ly
44

6V
al

m
is

se
n
se

va
ri

an
t

M
O

D
E

R
A

T
E

O
ce

an
ia

3
0,

00
18

86
79

2





T
ab

le
6.

3:
M

u
ta

ti
on

s
w

it
h

a
n
on

-s
y
n
on

y
m

ou
s

eff
ec

t
fo

u
n
d

in
th

e
re

ce
p
to

r-
b
in

d
in

g
d
om

ai
n

(R
B

D
)

of
th

e
sp

ik
e

p
ro

te
in

[]
G

e
n
e

R
.L

A
.A

N
.C

A
A

.C
M

u
ta

ti
o
n

ty
p

e
Im

p
a
ct

G
.A

N
.M

/
G

.A
M

u
t

fr
e
q
/

G
.A

S
T

G
c.

13
50

T
>

G
p
.A

sn
45

0L
y
s

m
is

se
n
se

va
ri

an
t

M
O

D
E

R
A

T
E

N
or

th
A

m
er

ic
a

1
0,

00
01

46
52

S
C

A
c.

13
76

C
>

A
p
.S

er
45

9T
y
r

m
is

se
n
se

va
ri

an
t

M
O

D
E

R
A

T
E

A
fr

ic
a

1
0,

00
46

72
89

7

S
A

C
c.

13
79

A
>

C
p
.A

sn
46

0T
h
r

m
is

se
n
se

va
ri

an
t

M
O

D
E

R
A

T
E

N
or

th
A

m
er

ic
a

1
0,

00
01

46
52

S
G

A
c.

14
26

G
>

A
p
.G

ly
47

6S
er

m
is

se
n
se

va
ri

an
t

M
O

D
E

R
A

T
E

N
or

th
A

m
er

ic
a

9
0,

00
13

18
68

1

S
G

A
c.

14
30

G
>

A
p
.S

er
47

7A
sn

m
is

se
n
se

va
ri

an
t

M
O

D
E

R
A

T
E

E
u
ro

p
e

22
0,

00
11

06
91

8

S
C

A
c.

14
31

C
>

A
p
.S

er
47

7A
rg

m
is

se
n
se

va
ri

an
t

M
O

D
E

R
A

T
E

E
u
ro

p
e

1
5,

03
14

5E
-0

5

S
C

T
c.

14
33

C
>

T
p
.T

h
r4

78
Il

e
m

is
se

n
se

va
ri

an
t

M
O

D
E

R
A

T
E

E
u
ro

p
e

47
0,

00
23

64
78

S
T

C
c.

14
48

T
>

C
p
.V

al
48

3A
la

m
is

se
n
se

va
ri

an
t

M
O

D
E

R
A

T
E

N
or

th
A

m
er

ic
a

29
0,

00
42

49
08

4

S
C

T
c.

14
72

C
>

T
p
.P

ro
49

1L
eu

m
is

se
n
se

va
ri

an
t

M
O

D
E

R
A

T
E

A
si

a
1

0,
00

04
73

70
9

S
C

T
c.

14
72

C
>

T
p
.P

ro
49

1L
eu

m
is

se
n
se

va
ri

an
t

M
O

D
E

R
A

T
E

O
ce

an
ia

1
0,

00
06

28
93

1

S
G

T
c.

15
46

G
>

T
p
.G

lu
51

6*
st

op
ga

in
ed

H
IG

H
A

si
a

1
0,

00
04

73
70

9

S
T

A
c.

15
57

T
>

A
p
.H

is
51

9G
ln

m
is

se
n
se

va
ri

an
t

M
O

D
E

R
A

T
E

A
si

a
1

0,
00

04
73

70
9

S
G

T
c.

15
58

G
>

T
p
.A

la
52

0S
er

m
is

se
n
se

va
ri

an
t

M
O

D
E

R
A

T
E

N
or

th
A

m
er

ic
a

8
0,

00
11

72
16

1

S
C

G
c.

15
62

C
>

G
p
.P

ro
52

1A
rg

m
is

se
n
se

va
ri

an
t

M
O

D
E

R
A

T
E

E
u
ro

p
e

2
0,

00
01

00
62

9

S
G

T
c.

15
64

G
>

T
p
.A

la
52

2S
er

m
is

se
n
se

va
ri

an
t

M
O

D
E

R
A

T
E

O
ce

an
ia

2
0,

00
12

57
86

2

S
G

C
c.

15
87

G
>

C
p
.L

y
s5

29
A

sn
m

is
se

n
se

va
ri

an
t

M
O

D
E

R
A

T
E

A
si

a
1

0,
00

04
73

70
9

R
.L

:
R

e
fe

re
n
ce

A
ll

e
le

N
.C

:
N

u
cl

e
o
ti

d
ic

C
h
a
n
g
e

A
.A

:
A

lt
e
rn

a
ti

v
e

A
ll

e
le

A
A

.C
:

A
m

in
o

a
ci

d
ch

a
n
g
e

G
.A

:
G

e
o
g
ra

p
h
ic

a
l

A
re

a

N
.M

/
G

.A
:

N
u
m

b
e
r

o
f

m
u
ta

ti
o
n

p
e
r

g
e
o
g
ra

p
h
ic

a
re

a

M
u

fr
e
q
/

G
.A

:
M

u
ta

ti
o
n

fr
e
q
u
e
n
cy

p
e
r

g
e
o
g
ra

p
h
ic

a
re

a





3
A

p
p

e
n
d
ix

C
h
a
p
te

r
6

F
ig

u
re

6.
1:

G
en

om
ic

an
al

y
si

s
w

or
k
fl
ow

fo
r

la
rg

e
p
at

h
og

en
s

d
at

a





4 Appendix Publications

1. LAAMARTI, M., ALOUANE, T., ...

IIBRAHIMI, A. (2020). Large scale genomic analysis of 3067 SARS-CoV-2 genomes

reveals a clonal geodistribution and a rich genetic variations of hotspots mutations.

PLoS ONE 15(11): e0240345. https://doi.org/10.1371/journal.pone.0240345.

2. LAAMARTI, M.,, M. W. Chemao-Elfihri, ..., Azeddine Ibrahimi. Genome Se-

quences of Six SARS-CoV-2 Strains Isolated in Morocco, Obtained Using Oxford

Nanopore MinION Technology. Microbiology Resource Announcements Aug 2020,

9 (32) e00767-20; DOI: 10.1128/MRA.00767-20

3. LAAMARTI, M., ALOUANE, T., ... Azeddine Ibrahimi. Genomic diversity and

hotspot mutations in 30,983 SARS-CoV-2 genomes: moving toward a universal vac-

cine for the “confined virus”?. Pathogens. doi: https://doi.org/10.1101/2020.06.20.163188

4. LAAMARTI, M., ELMRIMAR N, ALOUANE T, EL OUNASS M, IBRAHIMI A.

Comparative genomic analysis of Mycobacterium tuberculosis isolated from Morocco.

Forthcoming.

5. LAAMARTI, M., Amina M, Loubna T, Jamal Eddine E, Maltouf F.Genomic

analysis of two Bacillus safensis gives insights into the features associated with

their adaptation to desert environment and reveal potential plant growth promoting

traits in the specie core genome. Genome Biology and Evolution (Under review).

Forthcoming.

6. LAAMARTI, M. , ELMRIMAR N, ALOUANE T, EL OUNASS M, IBRAHIMI

A. C. Draft genome sequences of two Mycobacterium tuerbculosis strains isolated

from Morocco. Microbiology Resource Announcements Oct 2020.

7. LAAMARTI, M.,M W Chemao-Elfihri, Amina M, S Kartti, A Essabbar, T

Alouane, L Temsamani, J Eljamali, M Ouadghiri, N El Hajjami, L Sbabou, L

Belyamani, A, A Filali-Maltouf. (2020).Do the Moroccan SARS-CoV-2 genetic di-

versity hamper the use of the developed universal vaccines in Morocco?. Biorxiv.

doi:https://doi.org/10.1101/2020.06.30.181123

8. Ezzaki, A., LAAMARTI, M., Uwingabiye, J., & Sekhsokh, Y. (2018). CURRENT

ANTIBIOTIC SUSCEPTIBILITY PROFILE OF ESCHERICHIA COLI STRAINS

FROM COMMUNICTY ACQUIRED URINARY TRACT INFECTIONS IN MO-

ROCCO.

9. Lahlou, L., El Mrimar, N., LAAMARTI, M., ... & IBRAHIMI, A. (2017). Whole-

genome shotgun sequences of three multidrug-resistant Mycobacterium tuberculosis

strains isolated from Morocco. Genome Announc., 5(46), e01275-17.

10. Lahlou L, El Mrimar N, Alouane T, LAAMARTI, M. et al. Annotated Whole-

Genome Shotgun Sequence of Multidrug-Resistant Mycobacterium tuberculosis MTB13 M

Isolated from Morocco. Genome Announc.





11. Alouane, T., Uwingabiye, J., Lemnouer, A., Lahlou, L., LAAMARTI, M., Kartti,

S., ... & IBRAHIMI, A. (2017). First whole-genome sequences of two multidrug-

resistant Acinetobacter baumannii strains isolated from a Moroccan hospital floor.

Genome Announc.

12. Eljaoudi, R., Elomri, N., LAAMARTI, M., Cherrah, Y...,

Ibrahimi, A. (2017). Antioxidants status in type 2 diabetic patients in Morocco.

Turkish journal of medical sciences.

13. LM W Chemao-Elfihri, Amina M, LAAMARTI, M., S Kartti, A Essabbar, T

Alouane, L Temsamani, J Eljamali, M Ouadghiri, N El Hajjami, L Sbabou, L Belya-

mani, A, A Filali-Maltouf. (2020).Draft Genome Sequence of Stenotrophomonas

maltophilia MDMC339, Isolated from Soil of Merzouga Desert in Morocco. Micro-

biol Resour Announc. 2020 Aug 6;9(32):e00634-20. doi: 10.1128/MRA.00634-20




	Background Theory
	Mycobacterium tuberculosis
	Tuberculosis Burden wordwild
	MDR-TB burden
	Burdden of Tubrculosis in Morocco
	Taxonomic Hierarchy and Microbiology of M. tuberculosis
	Pathology:
	Transmission and infection
	Pathogenesis & Immunity

	Mycobacterium tubrculosis diversity and lineagess
	Diagnostic Tests
	Direct examination by microscopie
	Chest x-rays
	Tuberculin Test
	Interferon Gamma Release Assays 
	Xpert MTB/RIF assay
	Direct examination
	Culture


	SARS-CoV-2
	COVID-19 Burden
	COVID-19 burden worldwide
	COVID-19 burden in Morocco

	SARS-Cov-2 propreties
	Structure
	Genome
	Pathogenesis

	SARS-CoV-2 Diagnosis Tests
	Nucleic acid amplification tests (NAATs)
	Lamp Tests
	Serological testing


	Aims

	 Mycobacterium tuberculosis whole genome sequencing and protein structure modelling provides insights into anti-tuberculous drug resistance and population structure
	Preface
	Whole-Genome Sequencing of Two Moroccan Mycobacterium tuberculosis Strains
	Abstract
	Announcement
	Data availability.
	References

	Genomic analysis of Mycobacterium tuberculosis strains from Morocco
	Abstract
	Introduction
	Methods
	Sample culture
	drug susceptibility testing
	Whole-genome sequencing, assembly and annotation
	Whole gneome alingment
	Phylogenetic analysis and Spoligotyping
	Mutation effect prediction

	Results
	Whole-genome SNV phylogenetic tree and spolygotype
	Dug resistance associated mutations
	In silico docking analysis.

	Dicussion
	Conclusion
	Reference

	Discussion

	Characterization of the Genetic diversity of SARS-CoV-2 strains in Morocco
	Preface
	Genome Sequences of Six SARS-CoV-2 Strains Isolated in Morocco, Obtained Using Oxford Nanopore MinION Technology
	ABSTRACT
	ANNOUNCEMENT
	Reference

	Do the Moroccan SARS-CoV-2 genetic diversity hamper the use of the developed universal vaccines in Morocco?
	Abstract
	Introduction
	Materials and Methods
	Data collection and Genomes sequencing
	The assembly
	Variant calling analysis
	Phylogenetic and haplotype network analysis

	Results
	Genetic diversity of Moroccan strains of SARS-CoV-2
	Haplotype network analysis

	Discussion
	Conclusion
	Reference

	Discussion

	Comparative genomic analysis of SARS-CoV-2 world-wide
	Preface
	Large scale genomic analysis of 3067 SARS-CoV-2 genomes reveals a clonal geo-distribution and a rich genetic variations of hotspots mutations
	Abstract
	Introduction
	Methods
	Data collection and variant calling analysis
	Phylogentic analysis and geodistribution
	 Selective pressure and modelling
	 Pangenome construction

	Results
	SARS-CoV-2 genomes used in this study
	 Mutational frequency analysis revealed a diversity of genetic variants in six SARS-Cov-2 genes
	Identification of ten hyper-variable genomic hotspot in SARS-CoV-2 genomes
	Geographical distribution and origin of mutations worldwide
	 Evolution of mutations over time
	Phylogeographical analysis of SARS-CoV-2 genomes
	 Selective pressure analysis
	 Inter and intra-specific pan-genome analysis

	Discussion
	Conclusion
	References

	Genomic Diversity and Hotspot Mutations in 30,983 SARS-CoV-2 Genomes: Moving Toward a Universal Vaccine for the “Confined Virus”?
	Abstract
	Introduction
	Materials and methods
	Data Collection
	 Variant Calling Analysis
	D614G Mutagenesis Analysis
	 RBD Mutations and Spike/ACE2 Binding Affinity
	Clustering and Divergence Analysis
	 Phylogenetic and Spatio-Dynamic Analysis

	Results
	Diversity of Genetic Variants of SARS-CoV-2 in Different Geo-graphic Areas
	Geographical Distribution of the SARS-CoV-2 Hotspot Mutations
	 The Distribution of Hotspot Mutation Patterns of SARS-CoV-2over Time
	Mutagenesis of D614G and Impact of RBD Mutations on the Binding Ability of Spike to ACE2
	Clustering and Divergence of SARS-CoV-2 Genomes
	 Phylogenetics and Spatio Dynamics of SARS-CoV-2

	Discussion
	References

	Discussion

	General discussion
	Where is the infectious agent coming from?
	How easy is it for an emerging pathogen to evolve Adaptively, and how fast can it do so?
	What's the impact of mutations on the infectious Agent?
	Superposing of two pandamics
	Impact of COVID-19 on TB treatment and diagnostic services:
	Impact of COVID-19 on the prevention and control of TB:
	Impact of COVID-19 on late reactivation of TB:
	Strategies to reduce the Impact of COVID-19 on TB Control
	Impact of the COVID-19 on scientific research and lessons to learn
	Collaboration over competition
	Long term vision
	Other deadly diseases DO exist:
	More conventional management:
	Investing in science:
	Investing in young scientists:

	The positive impact of COVID-19

	Conslusion
	Bibliography
	Appendix Chapter 3
	Appendix Chapter 4
	Appendix Chapter 6
	Appendix Publications


