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 I. Résumé 
 Les  procaryotes,  organismes  unicellulaires  ne  présentant  pas  de  noyau,  sont 

 actuellement  divisés  en  deux  domaines  :  Bactéries  et  Archées.  L’une  des  différences 

 majeures  entre  les  deux  domaines  réside  dans  leur  paroi  cellulaire.  En  effet,  bien 

 que  les  bactéries  ont  majoritairement  du  peptidoglycane  (aussi  appelé  muréine) 

 dans  leur  paroi,  la  plupart  des  archées  ont  une  paroi  composée  d’une  couche 

 protéique  assemblée  en  un  réseau  cristallin,  que  l’on  nomme  couche  S.  Cependant, 

 il  existe  deux  ordres  d’Euryarchaeota,  les  Methanopyrales  et  Methanobacteriales, 

 qui  possèdent  dans  leur  paroi  un  polymère  structurellement  analogue  au 

 peptidoglycane. Par conséquent, ce polymère a été nommé pseudomuréine. 

 L’objectif  de  cette  thèse  était  d’étudier  l’évolution  de  différentes  familles  de  gènes 

 impliquées  dans  la  synthèse  du  peptidoglycane  et  de  la  pseudomuréine,  afin  de 

 déterminer si les deux polymères partagent des déterminants génétiques communs. 

 Pour  conduire  ces  analyses,  nous  avons  exploité  plus  de  80 000  génomes 

 bactériens  et  plus  de  800  génomes  archéens  provenant  tous  de  la  base  de  données 

 RefSeq  du  NCBI.  Or,  au  début  de  notre  travail,  un  faisceau  d’indices  laissait  penser 

 que  RefSeq,  en  dépit  de  sa  curation  extensive,  présente  des  problèmes  de 

 contamination  des  génomes  pouvant  fausser  l’interprétation  des  résultats 

 phylogénétiques.  Dans  un  premier  temps,  nous  avons  donc  développé  un 

 programme  de  détection  des  contaminations  baptisé  Physeter  .  Celui-ci  a  ensuite  été 

 utilisé  pour  détecter  les  potentielles  contaminations  génomiques  présentes  dans  les 

 génomes  procaryotes.  Par  cette  étude,  nous  avons  montré  qu’environ  0.9%  des 

 génomes bactériens de RefSeq ont un taux de contamination d’au moins 5%. 

 Par  ailleurs,  si  RefSeq  offre  une  bonne  couverture  de  la  diversité  procaryotique,  elle 

 souffre  de  biais  d’échantillonnage.  Dans  le  but  de  concevoir  et  tester  des  stratégies 

 bioinformatiques  pour  améliorer  l’informativité  des  phylogénies  en  réduisant  les 

 redondances  dues  à  l’inclusion  de  nombreuses  souches  très  apparentées,  nous 

 avons  choisi  de  prototyper  nos  méthodes  sur  la  famille  des  bêta-lactamases  de 

 classe  D.  Ces  dernières  sont  des  enzymes  produites  par  les  bactéries  pour  lutter 

 contre  les  antibiotiques  à  noyau  bêta-lactame,  une  famille  d'antibiotiques  qui  ciblent 
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 la  synthèse  du  peptidoglycane  et  provoquent  la  lyse  de  la  cellule.  Nous  avons 

 conduit  une  étude  phylogénétique  et  bioinformatique  complète  de  cette  famille.  A  la 

 suite  de  ces  résultats,  nous  avons  exprimé  dans  Escherichia  coli  dix  séquences  de 

 protéines  nouvellement  identifiées  et  montré  que  les  bactéries  environnementales 

 (même  non-exposées  aux  antibiotiques  d’origine  anthropique)  constituent  un  grand 

 réservoir de gènes de résistance contre les agents antimicrobiens. 

 Enfin,  fort  d’une  version  décontaminée  de  RefSeq  et  des  méthodes  bioinformatiques 

 permettant  d’en  optimiser  l’exploitation,  nous  avons  identifié  différentes  familles  de 

 gènes  potentiellement  impliquées  dans  la  synthèse  de  la  pseudomuréine  archéenne. 

 Certains  des  gènes  identifiés  sont  homologues  à  ceux  impliqués  dans  la  synthèse 

 du  peptidoglycane,  comme  des  Mur  ligases  ou  la  protéine  transmembranaire  MraY. 

 Nous  avons  montré  que  ces  gènes  sont  regroupés  dans  deux  régions  synténiques 

 dans  les  génomes  de  Methanopyrales  et  Methanobacteriales.  De  plus,  nos  analyses 

 phylogénétiques  suggèrent  que  les  Mur  ligases  archéennes  sont  le  résultat  de 

 transferts  de  gènes  horizontaux  depuis  une  ou  plusieurs  anciennes  lignées 

 bactériennes. 

 En  combinant  tous  les  résultats  obtenus,  nous  avons  proposé  l’hypothèse  à  vérifier 

 que  c’est  l’acquisition  de  gènes  bactériens  par  un  ancêtre  commun  des 

 Methanopyrales  et  des  Methanobacteriales  qui  a  entraîné  l’apparition  de  la 

 pseudomuréine archéenne. 
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 II. Abstract 
 Prokaryotes  (i.e.,  single-celled  organisms  without  a  nucleus)  are  currently  divided 

 into  two  domains:  Bacteria  and  Archaea.  One  of  the  major  differences  between  the 

 two  domains  lies  in  their  cell  wall.  Indeed,  although  bacteria  have  mostly 

 peptidoglycan  (also  known  as  murein)  in  their  cell  wall,  most  archaea  have  a  cell  wall 

 composed  of  a  protein  layer  assembled  into  a  crystalline  network  named  S-layer 

 (Surface  layer).  However,  there  exist  two  orders  of  Euryarchaeota,  the 

 Methanopyrales  and  Methanobacteriales,  which  possess  in  their  wall  a  polymer 

 structurally  analogous  to  peptidoglycan.  Therefore,  this  polymer  was  called 

 pseudomurein. 

 The  objective  of  this  thesis  was  to  study  the  evolution  of  different  gene  families 

 involved  in  the  biosynthesis  of  peptidoglycan  and  pseudomurein,  in  order  to 

 determine if these two polymers share common genetic determinants. 

 To  conduct  our  analyses,  we  exploited  more  than  80,000  bacterial  genomes  and 

 more  than  800  archaeal  genomes,  all  collected  from  the  NCBI  RefSeq  database. 

 However,  at  the  beginning  of  our  work,  there  were  indications  that  RefSeq,  in  spite  of 

 its  extensive  curation,  presents  problems  of  genomic  contamination  that  could  bias 

 the  interpretation  of  phylogenetic  results.  As  a  first  step,  we  developed  a 

 contamination  detection  software  called  Physeter.  This  software  was  then  used  to 

 detect  potential  genomic  contamination  in  prokaryotic  genomes  from  RefSeq. 

 Through  this  study,  we  have  shown  that  about  0.9%  of  the  bacterial  genomes  in 

 RefSeq have a contamination rate of at least 5%. 

 Although  RefSeq  provides  a  good  coverage  of  prokaryotic  diversity,  it  suffers  from 

 sampling  biases.  In  order  to  design  and  test  bioinformatics  strategies  to  improve  the 

 informativeness  of  phylogenies  by  reducing  redundancies  due  to  the  inclusion  of 

 many  closely  related  strains,  we  chose  to  prototype  our  methods  on  the  class  D 

 beta-lactamase  protein  family.  These  are  enzymes  produced  by  bacteria  to  resist 

 beta-lactam  antibiotics,  a  family  of  antibiotics  that  target  peptidoglycan  synthesis  and 

 lead  to  cell  lysis.  Here,  we  conducted  a  comprehensive  phylogenetic  and 

 bioinformatic  study  of  this  protein  family.  Following  these  results,  we  expressed  in 
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 Escherichia  coli  ten  newly  identified  protein  sequences  and  thus  showed  that 

 environmental  bacteria  (including  those  never  exposed  to  human-made  antibiotics) 

 constitute a large reservoir of resistance genes against antimicrobial agents. 

 Finally,  using  a  decontaminated  version  of  RefSeq  and  bioinformatics  methods  to 

 optimize  its  exploitation,  we  identified  different  gene  families  potentially  involved  in 

 archaeal  pseudomurein  biosynthesis,  on  which  we  applied  a  bioinformatic  pipeline 

 similar  to  the  one  implemented  with  class  D  beta-lactamases.  Some  of  the  identified 

 genes  are  homologous  to  those  involved  in  peptidoglycan  biosynthesis,  such  as  Mur 

 ligases  or  the  transmembrane  protein  MraY.  We  have  shown  that  these  genes  are 

 clustered  in  two  syntenic  regions  in  the  genomes  of  Methanopyrales  and 

 Methanobacteriales.  Furthermore,  our  phylogenetic  analyses  suggest  that  the 

 archaeal  Mur  ligases  result  from  horizontal  gene  transfers  from  one  or  more  ancient 

 bacterial lineages. 

 Based  on  all  these  results,  we  proposed  that  the  hypothesis  that  the  acquisition  of 

 bacterial  genes  in  a  common  ancestor  of  the  Methanopyrales  and 

 Methanobacteriales has led to the origin of the archaeal pseudomurein. 
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 1.1.  From  two  to  three…  or  maybe  two…  domains 

 of life 
 In  1925,  the  French  zoologist  Edouard  P.L.  Chatton  was  the  first  scientist  to 

 introduce  the  concepts  of  prokaryote  and  eukaryote  to  classify  living  organisms 

 according  to  their  cellular  organization  (Chatton  1925).  The  two  terms  derive  from 

 Greek  roots,  which  mean  “before  the  nucleus”  (pro-  =  ‘before’,  -karyon  =  ‘kernel’)  and 

 “true  nucleus”  (eu-  =  ‘good’,  -karyon  =  ‘kernel’),  respectively.  Those  terms  were  then 

 reintroduced  in  1962  by  Roger  Stanier  and  Cornelis  B.  van  Niel  in  their  article 

 entitled  “The  Concept  of  a  Bacterium”,  where  they  separated  all  living  organisms  in 

 two  domains  :  bacteria  (prokaryotes)  and  the  others  (eukaryotes).  “Prokaryote”  was 

 defined  as  an  unicellular  organism  without  a  nucleus  or  organelles  (e.g., 

 mitochondria  or  chloroplast),  which  mostly  divides  by  binary  fission.  In  contrast, 

 “Eukaryote”  refers  to  uni-  or  multicellular  organisms,  where  the  genomic  DNA  is 

 enclosed  within  a  membrane-bound  nucleus,  which  do  possess  organelles  and 

 divide by mitosis (Stanier and Van Niel 1962). 

 A  decade  later,  Carl  Woese  and  George  Fox  used  the  RNA  of  the  small  subunit  of 

 the  ribosome  (SSU  rRNA  =  rRNA  16S)  to  study  phylogenetic  relationships  among 

 prokaryotes.  Their  analyses  showed  that  methanogenic  bacteria  were  clearly  distinct 

 from  the  other  bacteria.  Consequently,  they  proposed  to  classify  the  methanogenic 

 bacteria  as  archaebacteria  and  the  “typical”  bacteria  as  eubacteria  (Woese  and  Fox 

 1977).  In  the  next  few  years,  further  phylogenetic  analyses  of  the  SSU  rRNA  tended 

 to  confirm  the  dichotomy  between  eubacteria  and  archaebacteria  (Fox  et  al.  1980). 

 In  1990,  Woese,  Otto  Kandler  and  Mark  Wheelis  showed  with  molecular  comparison 

 of  SSU  rRNA  that  all  living  organisms  are  actually  divided  into  three  domains  (Fig. 

 1A):  Archaea  (formally  archaebacteria),  Bacteria  (formally  eubacteria)  and  Eucarya, 

 which  will  later  be  renamed  to  Eukaryota  (Woese  et  al.  1990).  Furthermore, 

 phylogenetic  reconstructions  taking  advantage  of  universal  paralogous  genes 

 provided  strong  evidence  that  archaea  and  eukaryotes  are  sister  groups 

 (Cavalier-Smith 1987; Gogarten et al. 1989; Iwabe et al. 1989; Woese et al. 1990). 
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 Figure  1.  Schematic  illustration  of  the  different  views  for  the  relationships 
 among  all  living  organisms  (adapted  from  Weiss  et  al.  2018).  (  A  )  The 

 three-domain  tree  with  Eukaryotes  as  a  sister  group  of  Archaea.  (  B  )  The  two-domain 

 tree  where  Eukaryotes  emerged  from  Archaea.  (  C  )  The  two-domain  tree  including 

 the  endosymbiosis  between  an  Alphaproteobacteria-like  bacteria  and  an  archaeal 

 host cell. LUCA = Last Universal Common Ancestor. 
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 Since  the  2000s,  the  cost  of  DNA  sequencing  has  dramatically  decreased,  especially 

 following  the  introduction  of  highly  parallel  sequencing  techniques  (van  Dijk  et  al. 

 2014;  Heather  and  Chain  2016)  .  Subsequently,  this  has  led  to  an  exponential 

 growth  of  sequenced  organisms  (Sayers  et  al.  2022),  which  enables  researchers  to 

 better  investigate  the  relationships  between  the  three  major  branches  of  the  tree  of 

 life.  With  this  huge  amount  of  molecular  data,  it  has  been  suggested  that  eukaryotes 

 are  not  the  sister  group  of  archaea  but  rather  branch  within  the  archaeal  domain 

 (Guy  and  Ettema  2011;  Kelly  et  al.  2011;  Lasek-Nesselquist  and  Gogarten  2013; 

 Williams  et  al.  2013;  Williams  and  Embley  2014;  Raymann  et  al.  2015).  In  2015, 

 archaeal  organisms  belonging  to  a  new  lineage  (named  Asgard)  were  isolated  from 

 marine  sediments  near  the  Loki’s  castle  (hydrothermal  vents),  located  between 

 Greenland  and  Norway.  Phylogenetic  analyses  revealed  that  eukaryotes  are  closely 

 related  to  this  newly  identified  archaeal  lineage  (Spang  et  al.  2015; 

 Zaremba-Niedzwiedzka  et  al.  2017).  Following  this  discovery,  some  scientists  now 

 consider  the  tree  of  life  as  a  two-domain  system  (Fig.  1B)  instead  of  a 

 three-domain  tree,  with  eukaryotes  emerging  from  archaea  (Raymann  et  al.  2015; 

 Eme  et  al.  2017;  Williams  et  al.  2020;  Nobs  et  al.  2022).  Moreover,  it  is  widely 

 accepted  that  the  origin  of  eukaryotes  results  from  an  endosymbiosis  between  an 

 archaeal  host  cell  and  an  Alphaproteobacteria-like  bacteria  (Fig.  1C),  where  the 

 latter has evolved into present-day mitochondria (Margulis 1970; Lang et al. 1999). 

 In  this  section,  I  have  briefly  presented  the  “recent”  classification  for  all  living 

 organisms  (which  do  not  include  viruses)  into  Archaea,  Bacteria  and  Eukaryotes. 

 However,  although  phylogenetically  very  distant,  Archaea  and  Bacteria  do  present  a 

 similar  cellular  organization.  Archaeal  and  bacterial  cells  are  even  so  similar  that 

 they  were  both  considered  as  members  of  the  same  domain  before  the  development 

 of  molecular  phylogenetics.  Despite  this  shared  prokaryotic  cellular  organization,  one 

 of the main structural differences between Archeae and Bacteria lies in their cell wall. 

 1.2. Prokaryotic cell walls 
 In  Prokaryotes,  the  cell  wall  is  a  structure  that  surrounds  the  cell,  right  above  the 

 cytoplasmic  membrane  (CM).  It  constitutes  a  protective  layer  against  different  types 

 of  external  aggression,  which  can  be  either  biotic  (e.g.,  viruses)  or  abiotic  (e.g.,  heat 
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 or  acidity).  It  also  helps  the  cell  to  preserve  its  shape  by  maintaining  internal  turgor 

 pressure  (Vollmer  et  al.  2008;  Silhavy  et  al.  2010;  Klingl  et  al.  2019;  Pazos  and 

 Peters 2019; Meyer and Albers 2020). 

 1.2.1. Bacterial cell walls 

 1.2.1.1. Monoderm vs Diderm 

 In  1884,  Hans  Christian  Gram  published  a  staining  method  to  observe  bacteria  under 

 a  microscope  (Gram  1884).  Following  this  method,  bacteria  were  classified  into 

 Gram  positive  or  Gram  negative  on  whether  the  cell  is  coloured  by  the  crystal 

 violet  stain  or  not.  This  coloration  results  from  the  properties  of  the  bacterial  cell  wall. 

 Indeed,  almost  all  bacteria  do  possess  peptidoglycan  (PG),  also  called  murein,  in 

 their  cell  wall,  which  is  a  mesh-like  polymer  consisting  of  sugars  and  amino  acids 

 (AAs)  (Vollmer  et  al.  2008).  Typically,  Gram  positive  bacteria  possess  a  thick  layer 

 of  PG  that  is  stained  by  the  crystal  violet,  while  Gram  negative  have  a  thin  layer  of 

 PG  that  does  not  retain  the  stain.  In  addition  to  the  PG,  Gram  negative  bacteria  also 

 possess  a  second  (outer)  membrane  (OM)  outside  the  PG  layer  (Baurain  et  al.  2016; 

 Sperandeo  et  al.  2019).  Many  bacteriologists  are  still  using  those  two  terms  to 

 classify  bacteria  because  Gram  staining  is  cheap  and  fast  to  set  up.  However,  Gram 

 classification  does  not  reflect  the  real  diversity  of  bacterial  cell  walls.  Thus,  we  now 

 privilege  the  more  descriptive  terms  monoderm  and  diderm  instead  of  Gram 
 positive  and  Gram negative  (Gupta 1998). 

 1.2.1.2. Cell-wall architectures 

 A  cell  wall  is  defined  as  monoderm  or  diderm  depending  on  whether  there  is  one  or 

 two  membranes  surrounding  the  cell.  There  exists  a  wide  variation  in  the  diderm 

 cell-wall  architecture  in  bacteria.  The  archetype  of  monoderm  bacteria  is  Bacillus 

 subtilis  .  Its  cell  wall  is  mostly  composed  of  a  PG  layer  about  30  nm  thick  (Matias  and 

 Beveridge  2005;  Beeby  et  al.  2013),  and  also  contains  anionic  polymers,  which  are 

 anchored  to  the  PG  (wall  teichoic  acids;  WTA)  or  to  the  CM  (lipoteichoic  acid;  LTA) 

 (Angeles  and  Scheffers  2021).  On  the  other  hand,  the  archetype  of  diderm  bacteria 

 is  Escherichia  coli  ,  where  the  cell  wall  is  composed  of  a  thin  layer  of  PG  (between  3 

 and  6  nm)  (Yao  et  al.  1999;  Matias  et  al.  2003)  and  an  asymmetric  OM  composed  of 
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 lipopolysaccharide  (LPS)  in  its  outer  leaflet  (Sperandeo  et  al.  2019).  In  the 

 Thermotoga  lineage,  the  LPS  OM  is  replaced  by  a  loose  sheath-like  structure  named 

 toga  (Rachel  et  al.  1988;  Rachel  et  al.  1990;  Ranjit  and  Noll  2016).  The  cell  wall  of 

 Cyanobacteria,  which  stains  Gram  negative,  is  indeed  similar  to  typical  diderms  with 

 the  exception  of  the  PG  layer,  of  which  the  thickness  ranges  between  10  and  35  nm, 

 and  can  even  reach  up  to  700  nm  in  Oscillatoria  princeps  (Hoiczyk  and  Hansel 

 2000).  The  most  complex  diderm  cell  wall  is  found  in  Corynebacteriales,  an  order  of 

 the  Actinobacteria  phylum.  In  this  lineage,  the  PG  is  covalently  linked  to  an 

 arabinogalactan  layer,  which  is  covalently  linked  to  a  mycolic  acid-based  outer 

 membrane  (mycomembrane).  The  three  latter  layers  are  surrounded  by  a  capsular 

 matrix  composed  of  exopolysaccharide  and  various  proteins  (Burkovski  2013; 

 Rahlwes  et  al.  2019).  In  contrast,  there  exist  some  bacterial  species  that  completely 

 lack  a  cell  wall,  like  those  from  the  Mollicutes  lineage  (e.g.,  Mycoplasma  sp.) 

 (Trachtenberg 1998). 

 1.2.1.3. The peptidoglycan 

 1.2.1.3.1.  Composition and structure 

 Despite  their  sometimes  different  architectures,  almost  all  bacterial  cell  walls  bear  a 

 similar  component,  the  PG,  which  is  composed  of  long  glycosidic  chains  linked  by 

 short  peptides,  forming  an  overall  net-like  structure.  In  E.  coli  ,  the  glycosidic  chains 

 are  made  out  of  alternating  N-acetylglucosamine  (GlcNAc)  and  N-acetylmuramic 

 acid  (MurNAc)  subunits  linked  by  a  β-(1→4)  bond.  To  the  lactic  acid  residue  in 

 position  C3  of  the  MurNAc  is  attached  a  stem  peptide  composed  of  five  AAs: 

 L-alanine  (L-Ala),  D-glutamic  acid  (D-Glu),  meso-diaminopimelic  acid  (meso-DAP) 

 and  two  D-alanine  (D-Ala).  Cross-linking  of  two  adjacent  pentapeptides  frequently 

 occurs  between  the  carboxyl  group  of  the  D-Ala  in  position  four  of  one  stem  peptide 

 and  the  ε-amino  group  of  the  meso-DAP  (in  position  3)  of  the  second  one  (4-3 

 cross-link).  During  cross-linking,  the  D-Ala  in  position  five  is  released  (Vollmer  et  al. 

 2008;  Pazos  and  Peters  2019).  Depending  on  the  species,  PG  can  show  variation  in 

 stem  peptide  composition,  cross-links  (Fig.  2)  or  modifications  of  the  glycosidic 

 chain. Here, I will only describe the two first types of variation. 
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 Figure  2.  Examples  of  peptide  and  cross-linking  variations  in  the 
 peptidoglycan  of  different  species  (from  Pazos  and  Peters  2019)  .  Amidation  of 

 residues  is  shown  in  orange  and  interpeptide  bridges  are  framed  with  a  black 

 square. 

 1.2.1.3.2.  Variation in peptide composition 

 The  variation  in  the  stem  peptide  can  be  due  to  the  specificity  of  the  enzymes  that 

 synthesize  the  peptide  or  by  post-synthesis  modification  (Vollmer  et  al.  2008).  The 

 most  common  AA  in  the  first  position  is  L-Ala.  However,  it  can  be  replaced  by  a 

 glycine  (Gly)  in  Mycobacterium  leprae  (Mahapatra  et  al.  2000)  or  by  a  L-Ser  in  other 

 species  (Hesse  et  al.  2003;  Vollmer  et  al.  2008).  The  second  AA  to  be  added  in  the 

 stem  peptide  is  always  a  D-Glu  (Vollmer  et  al.  2008;  Pazos  and  Peters  2019). 

 However,  it  has  been  described  in  Staphylococcus  aureus,  Streptococcus 

 pneumoniae  and  Mycobacterium  tuberculosis  that  most  of  the  D-Glu  residues  have 

 the  α-carboxyl  group  amidated  by  the  complex  MurT/GadT  to  form  D-glutamine 

 (D-Gln)  (Münch  et  al.  2012;  Morlot  et  al.  2018;  Nöldeke  et  al.  2018;  Maitra  et  al. 

 2021).  The  third  position  of  the  stem  peptide  shows  the  greatest  variation.  However, 

 meso-DAP  and  L-lysine  (L-Lys)  are  the  two  most  commonly  encountered  AAs.  The 

 first  one  is  found  in  most  of  diderm  bacteria  with  a  LPS  OM  (diderm-LPS),  in  some 

 Bacilli  (e.g.,  B.  subtilis  )  and  Mycobacteriales  (e.g.,  M.  tuberculosis  )  (Vollmer  et  al. 

 2008;  Pazos  and  Peters  2019).  In  addition,  the  meso-DAP  of  B.  subtilis  and  M. 
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 tuberculosis  is  amidated  by  the  AsnB  amidotransferase  (Atrih  et  al.  1999;  Dajkovic  et 

 al.  2017;  Ngadjeua  et  al.  2018).  Spirochetes  have  L-ornithine  (L-Orn)  (Schleifer  and 

 Kandler  1972;  Yanagihara  et  al.  1984),  while  other  species  have  diamino  acids,  such 

 as  meso-lanthionine  or  L-2,4-Diaminobutyric  acid  (L-DABA),  or  monoamino  acids 

 like  L-homoserine  (L-Hse),  L-Ala  or  L-Glu  (Vollmer  et  al.  2008;  Pazos  and  Peters 

 2019).  The  dipeptide  D-Ala-D-Ala  in  position  4  and  5  is  found  in  almost  all  bacteria. 

 However,  D-Ala  in  position  5  is  replaced  by  a  D-serine  (D-Ser)  or  a  D-lactate  (D-Lac) 

 in  species  that  have  acquired  the  vanA,  vanB  or  vanC  genes,  which  confer  a 

 resistance toward the vancomycin antibiotic (Healy et al. 2000). 

 1.2.1.3.3.  Variation in cross-links 

 The  most  abundant  cross-link  found  in  PG  is  the  4-3  cross-link  (Fig.  2),  which 

 connects  the  D-Ala  to  the  meso-DAP  (or  L-Lys).  This  linkage,  performed  by 

 DD-transpeptidases  (DD-TPases)  (Sauvage  et  al.  2008),  can  either  be  direct,  like  in 

 E.  coli  or  B.  subtilis  ,  or  through  an  interpeptide  bridge  composed  of  five  Gly  in  S. 

 aureus  or  L-Ala-L-Ser  in  S.  pneumoniae  .  There  also  exist  minor  3-3  cross-links  in  E. 

 coli  or  M.  tuberculosis  for  instance  (Vollmer  et  al.  2008;  Pazos  and  Peters  2019). 

 This  kind  of  linkage  is  made  by  LD-TPases  (Magnet  et  al.  2008).  In  Corynebacterium 

 pointsettiae  ,  the  third  AA  of  the  stem  peptide  is  a  L-Hse,  which  can  not  be  involved  in 

 cross-links.  Therefore,  the  D-Ala  in  position  1  of  a  peptide  is  connected  via  a  D-Orn 

 to  the  D-Glu  in  position  2  of  the  second  peptide,  forming  a  4-2  cross-link  (Schleifer 

 and  Kandler  1972).  In  2016,  an  unusual  1-3  cross-link  has  been  described  in 

 Acetobacteria,  where  the  L-Ala  is  connected  to  an  amidated  meso-DAP  (Espaillat  et 

 al. 2016). 

 1.2.1.3.4.  The  dcw  gene cluster 

 Many  genes  involved  in  PG  biosynthesis  lie  in  the  division  and  cell-wall  synthesis 

 (dcw)  cluster.  Even  if  some  species  lack  specific  genes  (Pilhofer  et  al.  2008; 

 Martínez-Torró  et  al.  2021),  the  composition  of  this  cluster  and  its  gene  order  are  well 

 conserved  across  bacterial  lineages  (Tamames  2001;  Mingorance  and  Tamames 

 2004;  Real  and  Henriques  2006).  The  most  complete  version  of  the  cluster  includes 

 17  genes  (Fig.  3),  among  which  six  (  ftsA  ,  ftsI  ,  ftsL  ,  ftsQ  ,  ftsW  ,  ftsZ  )  are  involved  in 

 division,  whereas  nine  (  ddlB  ,  murA  ,  murB  ,  murC  ,  murD  ,  murE  ,  murF  ,  murG  ,  mraY  ) 
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 are  involved  in  synthesis  of  PG  precursors.  The  last  two  genes  (  mraW  ,  mraZ  )  are 

 neither  involved  in  cell  division  nor  PG  biosynthesis.  Instead,  both  genes  code  for 

 regulatory proteins (Kimura and Suzuki 2010; Eraso et al. 2014). 

 Figure  3.  Ancestral  state  of  the  dcw  cluster  in  the  last  bacterial  common 
 ancestor  (LBCA)  and  in  the  ancestors  of  various  bacterial  phyla  (adapted  from 
 Léonard  et  al.  2022).  Full  rectangle  =  gene  present  and  in  the  main  cluster;  empty 

 circle  in  rectangle  =  gene  present  but  in  a  sub-cluster;  empty  rectangle  =  gene 

 present but outside of any cluster. 

 1.2.1.3.5.  Synthesis of the peptidoglycan 

 The  synthesis  of  PG  has  been  well  characterized  in  E.  coli  and  occurs  in  two  main 

 stages,  as  reviewed  in  Pazos  and  Peters  2019  and  Egan  et  al.  2020  (Fig.  4).  First, 

 the  PG  precursor  is  synthesized  in  the  cytoplasm.  Then,  the  precursor  is  exported  to 

 the  periplasm  (i.e.,  the  space  between  the  inner  CM  and  the  outer  LPS  membrane), 

 where  it  is  assembled  into  the  nascent  PG  molecule.  The  first  steps  start  with  the 

 formation  of  the  two  glycosidic  units.  Three  enzymes  (GlmS,  GlmM,  GlmU) 
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 synthesize  the  UDP-GlcNAc  from  fructose  6-phosphate.  A  fraction  of  UDP-GlcNAc  is 

 converted  into  UDP-MurNAc  by  the  action  of  MurA  and  MurB.  Then,  L-Ala,  D-Glu, 

 meso-DAP  and  the  D-Ala-D-Ala  dipeptide  are  sequentially  added  to  the 

 UDP-MurNAc  by  four  muramyl  ligases:  MurC,  MurD,  MurE  and  MurF.  Prior  to 

 addition  to  the  UDP-MurNAc,  racemases  catalyze  the  formation  of  D-AAs  from  their 

 corresponding  L-  enantiomers,  whereas  the  DdlA  and  DdlB  ligases  link  two  D-Ala  to 

 form  the  D-Ala-D-Ala  dipeptide.  The  variation  in  stem  peptide,  which  we  previously 

 discussed  in  this  chapter,  depends  on  the  respective  affinities  of  the  four  muramyl 

 ligases.  MurD  and  MurF  are  the  most  specific  enzymes  and  always  add  the  D-Glu 

 and  the  dipeptide,  respectively  (Vollmer  et  al.  2008).  It  has  been  shown  that  MurC 

 enzymes  of  M.  tuberculosis  ,  M.  leprae  and  Chlamydia  trachomatis  have  the  same  in 

 vitro  specificity  toward  L-Ala,  Gly  and  L-Ser  (only  for  C.  trachomatis  )  (Mahapatra  et 

 al.  2000;  Hesse  et  al.  2003).  Although  MurE  shows  a  high  specificity  toward 

 meso-DAP  in  E.  coli  and  L-Lys  in  S.  aureus  (Vollmer  et  al.  2008),  it  shows  a  lower 

 specificity  in  other  species,  such  as  Thermotoga  maritima  ,  where  in  vitro  it  can  add 

 L-Lys,  D-Lys  and  meso-DAP  with  same  efficiency  (Boniface  et  al.  2006).  The 

 UDP-MurNAc-pentapeptide  is  transferred  to  the  lipid  carrier  undecaprenyl  phosphate 

 by  MraY,  located  in  the  inner  leaflet  of  the  CM,  to  form  the  lipid  I.  Then,  MurG 

 transfers  the  UDP-GlcNAc  to  the  lipid  I  to  form  lipid  II.  The  latter  is  flipped  from  the 

 inner  leaflet  of  the  CM  to  the  outer  leaflet  in  the  periplasmic  side  by  a  flippase.  The 

 identity  of  this  flippase  is  controversial  and  RodA,  FtsW  and  MurJ  have  all  been 

 proposed  as  potential  candidates  (Höltje  1998;  Ruiz  2008;  Mohammadi  et  al.  2011; 

 Mohammadi  et  al.  2014).  However,  recent  studies  have  shown  that  RodA  and  FtsW 

 are  more  likely  to  be  glycosyltransferases  (GTases)  (Cho  et  al.  2016;  Meeske  et  al. 

 2016;  Taguchi  et  al.  2019).  In  the  periplasmic  space,  glycan  strands  are  polymerized 

 by  GTases  and  linked  to  pre-existing  strands  by  transpeptidases  (TPases)  that 

 cross-link  two  adjacent  pentapeptides.  These  functions  are  performed  by 

 penicillin-binding  proteins  (PBPs),  which  are  divided  into  three  groups:  1)  the  class  A 

 PBPs,  which  are  bifunctional  enzymes  with  both  GTase  and  TPase  activity,  2)  the 

 class  B  PBPs,  which  have  only  a  TPase  activity,  and  3)  the  class  C  PBPs,  which 

 have  both  TPase  and  carboxypeptidase  activity.  In  E  .  coli,  there  exist  twelve  different 

 PBPs,  of  which  three  class  A  and  two  class  B  enzymes  (Goffin  and  Ghuysen  1998; 

 Sauvage et al. 2008)]. 
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 Figure  4.  Schematic  view  of  peptidoglycan  biosynthesis  in  E.  coli  (from  Pazos 
 and Peters 2019). 

 1.2.1.4. Cell-wall targeting antibiotics 

 1.2.1.4.1. Antibiotics overview 

 After  returning  from  his  vacation  in  September  1928,  the  Scottish  microbiologist 

 Alexander  Fleming  observed  that  one  old  Petri  plate  was  contaminated  by  a 

 blue-green  mold.  Interestingly,  this  mold  had  created  a  halo  zone  around  a 

 Staphylococcus  colony,  corresponding  to  a  zone  where  bacterial  cells  had 

 undergone  lysis.  Actually,  this  mold  named  Penicillium  notatum  synthesizes  a 

 molecule  that  kills  bacteria,  which  was  named  penicillin  (Fleming  1929;  Bennett  and 

 Chung  2001).  Penicillin  was  isolated  by  Ernst  Chain  and  Howard  Florey  in  the  early 

 1940s  (Gaynes  2017)  and  widely  used  at  the  end  of  World  War  II  to  heal  wounded 

 soldiers  (Ventola  2015).  Since  then,  numerous  bacteria  and  fungi  that  naturally 

 produce  antimicrobial  compounds  have  been  identified,  notably  Actinomycetes 

 species,  which  are  known  to  produce  different  classes  of  antibiotics  with  different 

 modes  of  action  (Hutchings  et  al.  2019;  De  Simeis  and  Serra  2021).  In  addition  to 
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 natural  antibiotics,  the  pharmaceutical  industry  also  develops  synthetic  and 

 semi-synthetic  antibiotics  (Hutchings  et  al.  2019;  Leisner  2020;  Miethke  et  al.  2021). 

 The  release  of  these  antibiotics  has  saved  many  lives.  However,  their  intensive  use 

 in  both  human  health  and  industrial  farming  has  led  to  antimicrobial  resistance 

 (AMR)  in  bacteria,  which  makes  the  control  of  pathogenic  bacteria  more 

 complicated.  These  AMR  genes  are  often  found  on  plasmids,  which  is  a  major  factor 

 of  AMR  dissemination  between  bacterial  species  through  horizontal  gene  transfer 

 (HGT) (Feng et al. 2022). 

 1.2.1.4.2. Classes of antibiotics 

 The  different  antibiotics  can  be  classified  according  to  their  mode  of  action. 

 Sulfonamides  and  derivatives  (e.g.,  sulfamates  and  sulfamides)  are  synthetic 

 compounds,  which  were  the  first  class  of  antibiotics  used  against  pathogenic 

 bacteria,  before  the  introduction  of  penicillin.  They  are  structural  analogues  of  the 

 para-aminobenzoic  acid  (PABA)  and  inhibit  nucleic  acid  metabolism  by  interfering 

 with  dihydropteroate  synthase  and  dihydrofolate  reductase  enzymes  of  the  folic  acid 

 pathway  (Bhattacharjee  2016a;  Kapoor  et  al.  2017;  Supuran  2017).  Like 

 sulfonamides,  most  of  the  protein  synthesis  inhibitors  are  bacteriostatic  (i.e.,  they 

 stop  cell  multiplication  without  killing),  except  for  aminoglycosides,  which  are 

 bactericidal  (i.e.,  they  kill  bacteria)  (Bhattacharjee  2016b;  Kapoor  et  al.  2017).  Many 

 antibiotics  can  inhibit  protein  synthesis  by  targeting  different  elements  of  the 

 ribosome.  Tetracyclines  and  aminoglycosides  bind  to  the  30S  subunit,  while 

 chloramphenicol,  macrolides,  lincosamides,  oxazolidinones  and  streptogramins  bind 

 to  the  50S  subunit  of  the  ribosome.  Instead  of  binding  to  the  ribosome,  mupirocin 

 binds  to  isoleucyl  tRNA  synthetase.  There  also  exist  antibiotics  that  target  different 

 stages  of  PG  synthesis.  At  the  cytoplasmic  stage  (see  Synthesis  of  the 

 peptidoglycan),  fosfomycin  inhibits  the  MurA  enzyme,  while  D-cycloserine  is  a 

 structural  analogue  of  D-Ala  and  acts  as  a  competitive  inhibitor  of  racemases  and 

 Ddl  enzymes.  Glycopeptides  (e.g.,  vancomycin)  and  β-lactams  (e.g.,  penicillin)  block 

 the  formation  of  the  PG  in  the  periplasm,  by  respectively  inhibiting  the  GTase  and  the 

 TPase  activity  of  the  PBPs  (see  Synthesis  of  the  peptidoglycan).  Those  kinds  of 

 antibiotics  are  bactericidal.  Indeed,  inhibiting  PG  synthesis  leads  to  cell  lysis 

 (Bhattacharjee 2016c; Kapoor et al. 2017). 
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 1.2.1.4.3. Beta-lactam antibiotics 

 The  β-lactams  are  the  most  widely  used  class  of  antibiotics  so  far.  It  has  been 

 estimated  that  55%  of  the  antibiotics  in  use  belong  to  this  class  (Bhattacharjee 

 2016c).  The  core  structure  of  these  antibiotics  is  the  β-lactam  ring  (Fig.  5),  which  is  a 

 four-membered  cyclic  amide  (Aoki  and  Okuhara  1980).  This  β-lactam  ring  is  a 

 structural  analogue  of  the  D-Ala-D-Ala  dipeptide  from  the  PG  precursor.  Therefore, 

 β-lactam  antibiotics  bind  to  PBP  and  block  the  active  site  by  suicide  inhibition. 

 Indeed,  during  the  acylation  step,  the  antibiotic  is  covalently  linked  to  the  serine 

 found  in  the  active  site  of  all  PBPs.  However,  the  resulting  acyl  enzyme  cannot  be 

 hydrolyzed  efficiently  (Fig.  6).  Consequently,  the  TPase  activity  of  PBPs  is  inhibited, 

 which  prevents  cross-linking  between  glycosidic  chains  and  leads  to  cell  lysis  (Bush 

 and  Bradford  2016).  From  natural  β-lactam  antibiotics,  the  pharmaceutical  industry 

 develops  semi-synthetic  antibiotics  by  chemical  modification  of  substituents  attached 

 to  the  β-lactam  ring  (Elander  2003).  The  β-lactam  antibiotics  are  divided  into  four 

 families: penicillins, cephalosporins, carbapenems and monobactams. 

 Figure 5. Beta-lactam ring. 
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 Figure  6.  Chemical  reaction  between  PBPs  (DD-peptidases)/beta-lactamases 
 and  beta-lactam  antibiotics  (from  Matagne  et  al.  1999).  E-OH  represents 

 active-site  serine  enzymes  (i.e.,  PBPs,  class  A,  C  and  D  beta-lactamases),  while 

 E-Zn  2+  represents  metallo-beta-lactamases.  E-OH  and  beta-lactam  antibiotics  form  a 

 covalent  intermediate  (acyl-enzyme).  Beta-lactamases  can  hydrolyze  the  substrate, 

 whereas  PBPs  hydrolyze  the  substrate  poorly  or  not  at  all,  and  remain  stuck  as  an 

 inactive  acyl-enzyme.  E-Zn  2+  does  not  form  a  covalent  intermediate  and  hydrolyzes 

 the  beta-lactam  ring  directly  by  a  water  molecule  activated  by  coordination  to  the 

 zinc ion(s). 

 Penicillins  gather  β-lactam  antibiotics  having  a  6-aminopenicillanic  acid  (6-APA) 

 nucleus  (Fig.  7)  like  in  penicillin  G  (or  benzylpenicillin),  which  was  the  first  antibiotic 

 ever  used  at  large-scale  (Ball  et  al.  1978).  Penicillins  are  further  classified  into  four 

 generations  (Fig.  8),  according  to  their  side-chain  residues,  which  confer  different 

 activity  spectra  to  the  antibiotic.  Put  simply,  the  activity  spectrum  of  an  antibiotic  is 

 the  range  of  microorganisms  it  can  inhibit  or  kill.  The  first  generation  groups  natural 

 penicillin,  such  as  penicillin  G  and  penicillin  V,  whereas  the  second  (e.g.,  oxacillin, 

 methicillin),  the  third  (e.g.,  amoxicillin,  ampicillin)  and  the  fourth  generation  (e.g., 
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 carboxypenicillin,  ureidopenicillin)  are  semi-synthetic  β-lactams  (Lobanovska  and 

 Pilla 2017). 

 Figure 7. 6-aminopenicillanic acid ring (6-APA). 

 Figure  8.  Molecular  structure  of  the  four  generations  of  penicillins  (adapted 
 from  Lobanovska  and  Pilla  2017).  The  β-lactam  ring  is  framed  in  red  and  the 

 different  side-chains  follow  a  color  code.  Penicillin  G  (first  generation)  is  shown  in 

 blue,  methicillin  (second  generation)  in  yellow,  ampicillin  (third  generation)  in  green, 

 carbenicillin (fourth generation) in orange, and in purple azlocillin (fourth generation). 
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 The  first  cephalosporin,  the  cephalosporin  C,  was  extracted  from  the  fungi 

 Acremonium  chrysogenum  (previously  Cephalosporium  acremonium  )  in  1953  by 

 Newton  and  Abraham  (Newton  and  Abraham  1955).  In  contrast  to  penicillins, 

 cephalosporins  have  a  7-aminocephalosporanic  acid  (7-ACA)  nucleus  (Fig.  9)  (Jago 

 and  Heatley  1961).  They  are  classified  into  five  generations,  according  to  their 

 activity spectrum (Page 2012). 

 Figure 9. 7-aminocephalosporanic acid (7-ACA). 

 Carbapenems  are  β-lactam  antibiotics  that  were  first  isolated  from  Streptomyces 

 species.  They  have  a  similar  structure  to  penicillin  but  differ  in  the  double  bond 

 between  carbon  C-2  and  C-3,  and  the  sulfur  atom  at  position  C-1  is  replaced  by  a 

 carbon  (Fig.  10).  Carbapenems  have  high  clinical  relevance,  as  they  are  used  as  last 

 resort antibiotics against multidrug-resistant bacteria (Papp-Wallace et al. 2011). 
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 Figure 10. Carbapenem ring. 

 The  fourth  family  of  β-lactam  antibiotics  is  the  monobactams,  which  are 

 characterized  by  the  monocycle  β-lactam  ring  (Fig.  11).  Aztreonam  is  a  synthetic 

 antibiotic  and  the  only  monobactam  used  in  human  health  (Page  2012;  Fernandes  et 

 al. 2013; Ramsey and MacGowan 2016). 

 Figure 11. Aztreonam. 

 1.2.1.5. Antibiotic-resistant bacteria 

 The  extensive  use  of  antimicrobial  therapy  since  the  middle  of  the  20th  century  has 

 led  to  the  rise  of  resistant  bacteria.  A  bacterium  is  considered  as  resistant  when 

 antibiotics  can  not  inhibit  growth  efficiently  (Zaman  et  al.  2017).  The  first  resistance 
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 in  bacteria  was  reported  in  the  late  1930s,  shortly  after  the  introduction  of 

 sulfonamides  in  1937.  Even  before  the  therapeutic  use  of  penicillin  in  the  late  1940s, 

 Abraham  and  Chain  described  1940  an  enzyme  able  to  hydrolyze  penicillin  (Davies 

 and  Davies  2010;  Zaman  et  al.  2017).  Ever  since,  numerous  new  resistances  have 

 been  identified,  which  follow  the  deployment  of  specific  antibiotics  (Fig.  12)  (Ventola 

 2015).  AMR  genes  have  the  ability  to  spread  out  bacterial  species  via  plasmidic 

 vectors  and  can  lead  to  multi-resistant  bacteria,  such  as  the  methicillin-resistant  S. 

 aureus  (MRSA),  which  is  resistant  to  almost  all  classes  of  antibiotics,  at  the 

 exception  of  glycopeptides  (including  vancomycin)  targeting  PG  synthesis. 

 Nonetheless,  some  vancomycin-resistant  S.  aureus  (VRSA)  have  also  been  reported 

 (Haaber et al. 2017). 

 Figure  12.  Timeline  of  key  antibiotic  resistance  events  (from 
 www.biomerieux-usa.com). 
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 1.2.1.5.1. Resistance to β-lactam antibiotics 

 Bacteria  have  developed  different  strategies  In  order  to  protect  themselves  against 

 β-lactam  antibiotics.  The  two  major  strategies  are  the  synthesis  of  PBPs  exhibiting  a 

 decreased  affinity  for  β-lactam  antibiotics  or  the  production  of  specific  hydrolytic 

 enzymes,  named  β-lactamases  (Frère  1995).  Moreover,  diderm-LPS  bacteria  have 

 the  ability  to  decrease  the  concentration  of  antibiotics  in  their  periplasmic  space  by 

 reducing  membrane  permeability  and/or  by  activating  efflux  pumps  to  extrude 

 antibiotics (Munita and Arias 2016). 

 1.2.1.5.1.1. Beta-lactamases 

 β-lactamases  are  enzymes  able  to  hydrolyze  the  amide  bond  of  the  β-lactam  ring, 

 which  makes  the  antibiotic  inefficient  (Fig.  6).  There  exist  two  systems  to  classify 

 those  enzymes:  the  Bush–Jacoby–Medeiros  system,  based  on  the  activity  spectrum 

 (Bush  et  al.  1995),  and  the  Ambler  system,  based  on  the  AA  sequence  (Ambler 

 1980).  The  latter  is  the  most  widely  used  classification  for  β-lactamases  (Hall  and 

 Barlow  2005),  and  it  is  the  one  that  will  be  used  in  this  thesis.  According  to  the 

 Ambler  system,  β-lactamases  are  divided  into  classes  A,  B,  C  and  D.  Classes  A,  C 

 and  D  group  active-site  serine  β-lactamases  (SBLs),  while  all  metallo-β-lactamases 

 (MBLs)  are  included  in  class  B  (Babic  et  al.  2006;  Palzkill  2013).  β-lactamase  genes 

 can  be  either  chromosome-  or  plasmid-encoded.  Owing  to  the  structural  and 

 mechanistic  similarities  between  PBPs  and  SBLs,  it  was  proposed  that  SBLs  evolved 

 from  PBPs,  probably  due  to  competition  with  β-lactam-producing  microorganisms. 

 Therefore,  the  origin  of  β-lactamases  dates  back  to  before  the  selection  pressure 

 generated  by  the  extensive  use  of  antibiotics  (Poole  2004;  Bush  2018).  Acquisition  of 

 point  mutations  in  β-lactamase  sequence  can  directly  affect  the  activity  spectrum  of 

 the  enzyme.  Consequently,  this  phenomenon  has  generated  extended-spectrum 

 beta-lactamases  (ESBLs),  which  possess  an  activity  against  all  penicillins,  as  well  as 

 cephalosporins  from  the  first  to  the  third  generation  and  monobactams.  ESBLs  are 

 mainly  found  in  class  A,  while  some  class  C  and  class  D  enzymes  are  also 

 characterized  as  ESBLs  (Paterson  and  Bonomo  2005;  Rawat  and  Nair  2010;  Tooke 

 et  al.  2019;  Sawa  et  al.  2020;  Castanheira  et  al.  2021).  Moreover,  carbapenemases 

 are  β-lactamases  with  a  very  broad  spectrum  of  action  that  are  able  to  hydrolyze 

 carbapenems,  penicillins,  cephalosporins  and  aztreonam.  Due  to  their  ability  to 

 inactivate  last  resort  antibiotics  (i.e.,  carbapenems),  the  spread  of  carbapenemases 
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 during  the  last  20  years  is  a  real  burden  for  public  health.  The  carbapenemase 

 activity  has  been  reported  in  classes  A,B  and  D  enzymes  (Queenan  and  Bush  2007; 

 Hammoudi  Halat  and  Ayoub  Moubareck  2020;  Sawa  et  al.  2020).  However,  as 

 reviewed  in  (Philippon  et  al.  2022),  class  C  enzymes  exhibiting  carbapenem 

 resistance  are  found  only  in  association  with  porin  impairment  or  efflux  pump 

 overexpression.  On  the  other  hand,  the  action  of  some  β-lactamases  can  be  blocked 

 by  β-lactam-containing  (e.g.,  clavulanic  acid,  sulbactam,  tazobactam)  or  by 

 non-β-lactam  (e.g.,  avibactam,  relebactam,  vaborbactam,  zedibactam,  nacubactam) 

 β-lactamase  inhibitors  (Fig.  13)  (Bush  and  Bradford  2016;  Tooke  et  al.  2019; 

 Carcione  et  al.  2021).  As  for  August  2022,  7537  β-lactamases  have  been  recorded  in 

 the Beta-Lactamase DataBase (BLDB) (Naas et al. 2017). 

 Figure  13.  Chemical  structures  of  beta-lactamase  inhibitors  (from 
 Eiamphungporn et al. 2018). 

 1.2.1.5.1.1.1. Class A 

 The  class  A  is  the  most  studied  class  of  β-lactamases  and  contains  the  most  diverse 

 set  of  enzymes  in  terms  of  number  of  families.  TEM,  SHV,  CTX-M  and  KPC  are  the 

 four  most  widespread  class  A  families.  The  TEM  family  contains  plasmid-encoded 

 β-lactamases.  The  name  is  derived  from  Tem  oniera,  the  Greek  patient  infected  by 

 an  E.  coli  strain  containing  the  TEM-1  gene,  which  was  the  first  plasmid-borne 

 β-lactamase  ever  isolated,  in  1963.  Since  then,  numerous  ESBL  variants  of  TEM-1 

 have  been  described.  They  differ  from  TEM-1  by  one  to  five  substitutions  in  their  AA 

 sequence  (Salverda  et  al.  2010;  Tooke  et  al.  2019;  Sawa  et  al.  2020;  Castanheira  et 

 al.  2021).  In  the  1970s,  the  first  plasmid-encoded  SHV-1  (  s  ulf  h  ydryl  v  ariant) 
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 β-lactamase  was  isolated  in  E.  coli  (Liakopoulos  et  al.  2016).  However,  a  study  of 

 1997  revealed  that  the  genome  of  Klebsiella  pneumoniae  encodes  an  SHV-1-like 

 gene.  Thus,  it  was  proposed  that  the  latter  gene  reflects  the  ancestral  state  of  SHV 

 enzymes  (Haeggman  et  al.  1997).  As  for  TEM,  there  exist  numerous  ESBL  and 

 non-ESBL  variants  of  SHV-1  (Liakopoulos  et  al.  2016;  Tooke  et  al.  2019;  Sawa  et  al. 

 2020;  Castanheira  et  al.  2021).  CTX-M  (  c  efo  t  a  x  imase  from  M  unich)  β-lactamases 

 were  first  reported  in  the  late  1980s.  All  CTX-M  are  plasmid-encoded  and 

 characterized  as  ESBLs.  In  contrast  to  TEM  and  SHV  families,  the  different  CTX-M 

 enzymes  have  much  more  AA  sequence  diversity  (Castanheira  et  al.  2021).  Since 

 the  early  2000s,  we  have  been  facing  an  important  dissemination  of  CTX-M  genes 

 among  bacterial  pathogens,  which  makes  now  the  CTX-M  family  the  most 

 widespread  ESBL  group  (Cantón  et  al.  2012;  Tooke  et  al.  2019;  Castanheira  et  al. 

 2021).  Regarding  the  KPC  (  K.  pneumoniae  carbapenemase)  family,  it  is  the  most 

 well  known  example  of  class-A  carbapenemase.  KPC  genes  are  encoded  on 

 plasmids,  which  are  mainly  found  in  Enterobacteriaceae  (Queenan  and  Bush  2007; 

 Tooke et al. 2019; Sawa et al. 2020). 

 1.2.1.5.1.1.2. Class B 

 MBLs  are  structurally  and  mechanistically  different  from  the  three  classes  of  SBLs. 

 Indeed,  during  β-lactam  hydrolysis,  MBLs  do  not  form  a  covalent  acyl  enzyme 

 intermediate  (Fig.  6).  Instead,  β-lactam  antibiotics  are  directly  hydrolyzed  by 

 nucleophilic  attack  of  the  hydroxyde  (OH  -  ),  which  is  stabilized  by  1  or  2  Zn  2+  ion(s) 

 present  in  the  active  site  (Palzkill  2013;  Bonomo  2017).  Actually,  MBLs  are  not 

 related  to  SBLs  and  PBPs  but  instead  are  members  of  the  metallohydrolase 

 superfamily  (Tooke  et  al.  2019).  MBLs  are  active  against  all  families  of  β-lactam 

 antibiotics  except  monobactam  (Bebrone  2007).  Moreover,  they  are  not  inactivated 

 by  β-lactamase  inhibitors  (Mojica  et  al.  2022).  Based  on  the  AA  sequence,  MBLs  are 

 divided  into  three  subclasses:  B1,  B2  and  B3  (Galleni  et  al.  2001).  The  AA  sequence 

 identity  between  the  different  subclasses  is  really  low  (<20%).  Subclasses  B1  and  B3 

 have  two  Zn  2+  atoms  in  their  active  site  while  subclass  B2  only  has  one  Zn  2+  .  The 

 subclass  B1  includes  enzymes  with  high  clinical  relevance,  such  as  the 

 plasmid-encoded  IMP  (imipenemase),  NDM  (New  Delhi  metallo-β-lactamase)  or  VIM 

 (Verona imipenemase) families (Bebrone 2007; Palzkill 2013; Sawa et al. 2020). 
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 1.2.1.5.1.1.3. Class C 

 Class  C  β-lactamases  (also  known  as  AmpC)  are  inducible  cephalosporinases  that 

 are  encoded  by  the  chromosome  of  numerous  bacteria,  particularly  Proteobacteria 

 (Philippon  et  al.  2022).  AmpC  enzymes  also  have  a  low  ability  to  hydrolyze 

 monobactams  and  are  poorly  inhibited  by  β-lactamases  inhibitors  like  clavulanic 

 acid,  sulbactam  and  tazobactam  (Jacoby  2009;  Philippon  et  al.  2022).  Furthermore, 

 some  AmpC  can  exhibit  a  weak  carbapenemase  activity  (Hammoudi  Halat  and 

 Ayoub  Moubareck  2020;  Philippon  et  al.  2022).  It  has  been  shown  that  an 

 overproduction  of  AmpC  can  increase  the  hydrolysis  of  β-lactam  antibiotics  for 

 enzymes  exhibiting  a  poor  substrate  sensitivity  (Lakaye  et  al.  1999).  Although  AmpC 

 are  mainly  chromosome-encoded,  many  plasmid-encoded  enzymes  have  been 

 described  in  bacterial  species  without  a  chromosomal  ampC  gene  (Beceiro  and  Bou 

 2004; Doi and Paterson 2007; Philippon et al. 2022). 

 1.2.1.5.1.1.4. Class D 

 Historically,  class  D  β-lactamases  were  distinguished  from  the  other  SBLs  by  the 

 ability  of  the  first  two  enzymes  (i.e.,  OXA-1  and  OXA-2)  to  hydrolyze  oxacilline  at  a 

 higher  rate  than  penicillin  G.  Consequently,  the  term  OXA  (for  oxacillinase)  was  used 

 to  designate  class  D  enzymes.  In  addition,  an  increasing  number  is  assigned  to  each 

 OXA  sequence,  which  merely  follows  chronological  order  of  identification  (Poirel  et 

 al.  2010;  Leonard  et  al.  2013).  Yet,  class  D  is  a  very  heterogeneous  family,  where 

 sequence  identity  can  be  as  low  as  17%  (Antunes  and  Fisher  2014).  The  first 

 described  OXA  β-lactamases  were  part  of  a  transposon  and  carried  on  plasmids  of 

 diverse  clinical  pathogenic  diderm-LPS  bacteria  (e.g.,  Enterobacteriaceae)  (Poirel  et 

 al.  2010;  Antunes  and  Fisher  2014;  Evans  and  Amyes  2014).  In  1994,  an  OXA 

 β-lactamase,  termed  OXA-12,  was  described  in  Aeromonas  sobria  as  the  first 

 chromosomally  encoded  OXA  (Rasmussen  et  al.  1994).  Later,  OXA  genes  were 

 identified  in  the  chromosome  of  Enterobacteriaceae,  and  notably  in  numerous 

 Acinetobacter  species  (Bou  et  al.  2000;  Bonnet  et  al.  2002;  Poirel  et  al.  2010;  Evans 

 and  Amyes  2014;  Yoon  and  Jeong  2021).  Although  OXAs  have  for  long  been 

 described  in  diderm-LPS  bacteria,  recent  studies  showed  that  the  chromosome  of 

 Bacilli  (Toth  et  al.  2016)  and  Clostridioides  difficile  (formerly  Clostridium  difficile  ) 

 (Toth  et  al.  2018)  also  encodes  OXAs.  One  of  those  chromosome-encoded  OXAs, 

 BSD-1  (Toth  et  al.  2016),  is  actually  the  YbxI  protein,  a  class  D  enzyme  exhibiting  a 
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 low  β-lactamases  activity,  which  was  identified  in  B.  subtilis  in  the  early  2000s 

 (Colombo  et  al.  2004).  The  first  discovered  OXAs  exhibited  a  narrow  spectrum  of 

 hydrolysis  toward  β-lactam  antibiotics,  inactivating  only  penicillins  and 

 first-generation  cephalosporins  (Poirel  et  al.  2010;  Antunes  and  Fisher  2014). 

 However,  point  mutations  in  some  OXAs  have  led  to  ESBL  enzymes.  For  instance, 

 OXA-11,  OXA-13,  OXA-14,  OXA-16,  OXA-17,  OXA-19  and  OXA-28  are  ESBL 

 variants  of  OXA-10,  which  have  been  first  detected  in  isolates  of  Pseudomonas 

 aeruginosa  (Evans  and  Amyes  2014;  Castanheira  et  al.  2021).  Furthermore,  OXAs 

 with  a  carbapenemase  activity  have  been  reported,  especially  in  Acinetobacter 

 species,  where  most  OXAs  are  chromosome-encoded  (Walther-Rasmussen  and 

 Høiby 2006; Evans and Amyes 2014). 

 Despite  a  low  sequence  identity,  OXA  sequences  display  highly  conserved  AA 

 residues  that  define  three  motifs  (Fig.  14):  SxxK,  SxV  and  KTG  (Szarecka  et  al. 

 2011;  Leonard  et  al.  2013;  Antunes  and  Fisher  2014).  The  3-dimensional  (3D) 

 structure  of  OXAs  reveals  that  those  motifs  are  located  in  the  active  site  of  the 

 enzyme.  In  OXA-10  sequence,  the  motif  S  115  AV  (Serine-Alanine-Valine)  is  located  on 

 the  loop  between  the  α-helices  α4  and  α5,  just  in  front  of  the  motif  K  205  TG 

 (Lysine-Threonine-Glycine)  present  on  the  β-sheet  β5.  At  the  active  site  entry,  the 

 α-helix  α7  from  the  ω  loop  contains  a  W  154  (Tryptophane),  which  is  also  conserved  in 

 all  studied  OXAs.  The  motif  S  67  TFK  (Serine-Threonine-Phenylalanine-Lysine)  is 

 found  at  the  N-terminal  part  of  the  α-helix  α3.  The  latter  S  67  is  actually  the  active 

 serine  (Leonard  et  al.  2013).  In  contrast  to  other  SBLs,  OXA  β-lactamases  uniquely 

 have  the  K  70  carboxylated,  which  is  essential  for  their  activity  (Golemi  et  al.  2001; 

 Leonard  et  al.  2013).  Finally,  an  additional  motif,  Y  141  GN 

 (Tyrosine-Glycine-Asparagine)  at  the  end  of  the  α-helix  α6,  is  relatively  well 

 conserved  across  OXA  sequences,  although  this  motif  is  outside  the  active  site 

 (Afzal-Shah  et  al.  2001;  Alfredson  and  Korolik  2005;  Antonelli  et  al.  2015;  Toth  et  al. 

 2016; Toth et al. 2018). 
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 Figure  14.  Multiple  alignment  of  a  few  OXA  beta-lactamases  (from  F.  Kerff, 
 personal  communication).  α-helices  are  framed  in  cyan,  while  β-sheets  are  framed 

 in magenta. Conserved AA residues located in the active site are shown in yellow. 

 Interestingly,  OXA  sequences  exhibit  an  homology  with  the  C-terminal  domain  (CTD) 

 of  the  membrane  receptors  BlaR  found  in  B.  licheniformis  and  S.  aureus  .  This 

 homology  is  more  obvious  when  comparing  the  3D  structures  (Fig.  15)  (Leonard  et 

 al.  2013).  In  presence  of  β-lactam  antibiotics,  BlaR  induces  the  production  of  the 

 BlaP  (for  B.  licheniformis  ),  or  BlaZ  (for  S.  aureus  ),  class  A  β-lactamase  (Hardt  et  al. 
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 1997;  Golemi-Kotra  et  al.  2003).  In  B.  licheniformis  ,  BlaR  is  a  601-AA  long 

 membrane  protein  that  is  composed  of  two  domains  (Fig.  16A):  1)  the  N-terminal 

 domain  (NTD),  which  consists  of  four  transmembrane  segments  and  three  loops  (L1 

 to  L3)  and,  2)  the  CTD  located  outside  the  CM,  which  is  devoid  of  β-lactamase 

 activity  (Hardt  et  al.  1997;  Joris  and  Dusart  2012).  The  BlaR-CTD  plays  a  role  of 

 sensor,  which  detects  β-lactam  antibiotics,  while  BlaR-NTD  acts  as  a  transducer.  The 

 acylation  of  the  active  serine  of  BlaR-CTD  by  the  β-lactam  molecule  leads  to 

 conformational  change  in  the  receptor  (Joris  and  Dusart  2012),  which  activates  the 

 autolysis  of  the  BlaR-NTP  L3  Zn  metallo-protease  located  in  the  cytoplasm  (Fig. 

 16B)  (Berzigotti  et  al.  2012;  López-Pelegrín  et  al.  2013).  The  lysis  of  the  L3 

 eventually  triggers  the  synthesis  of  the  β-lactamase  from  the  gene  of  the  same 

 operon  (Llarrull et al. 2011; Joris and Dusart 2012). 

 Figure  15.  Comparison  of  3D  structures  of  OXA-10,  OXA-24  and  BlaR-CTD 
 (from  Leonard  et  al.  2013).  In  cyan,  OXA-10  forming  an  acyl-enzyme  with 

 ampicillin.  In  green,  OXA-24  forming  an  acyl-enzyme  with  a  carbapenem.  In 

 magenta, BlaR-CTD forming an acyl-enzyme with a cephalosporin. 
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 Figure  16.  Schematic  structure  of  BlaR  from  Bacillus  licheniformis  (from  Joris 
 and  Dusart  2012).  (  A  )  BlaR  in  absence  of  beta-lactam  antibiotics.  (  B  )  BlaR  in 

 presence of beta-lactam antibiotics. 

 1.2.2. Archaeal cell walls 

 The  PG  is  a  universal  feature  present  in  the  cell  wall  of  almost  all  bacterial  species. 

 However,  this  polymer  is  completely  absent  from  archaea.  In  contrast,  the  archaeal 

 domain  is  characterized  by  the  large  diversity  of  cell  walls  it  harbors.  The  most 

 encountered  cell  wall  is  a  paracrystalline  protein  surface  layer  (S-layer).  Moreover, 

 the  cell  wall  of  some  euryarchaeal  species  contains  a  rigid  polymer  mainly 

 composed  of  polysaccharides,  like  glutaminylglycan  or  methanochondroitin. 

 Interestingly,  some  methanogenic  archaea  do  possess  a  polymer  structurally  similar 

 to  PG,  which  was  named  pseudomurein  (PM).  Although  archaea  are  mostly 

 monoderm  (i.e.,  are  surrounded  by  only  one  membrane),  some  species  exhibit  a 

 diderm  (i.e.,  two  membranes)  cell  wall  (Albers  and  Meyer  2011;  Klingl  et  al.  2019; 

 Meyer and Albers 2020). 

 1.2.2.1. Cell wall-less archaea 

 In  prokaryotes,  the  cell  wall  acts  as  a  protective  layer  against  the  external 

 environment.  However,  Thermoplasma  ,  a  class  of  Euryarchaeota,  are 

 thermoacidophilic  organisms  that  lack  a  cell  wall  (Golyshina  and  Timmis  2005).  In 

 order  to  survive  in  extreme  environments  (i.e.,  60°C,  pH  1-2)  without  a  cell  wall, 
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 those  species  have  adapted  their  cytoplasmic  membrane  (Klingl  et  al.  2019;  Meyer 

 and  Albers  2020).  Hence,  in  the  cytoplasmic  membrane  of  Thermoplasma 

 acidophilum  are  anchored  glycoproteins  and  lipoglycan  mainly  built  of  mannose 

 residues.  This  protective  coat  is  named  glycocalyx  (Langworthy  et  al.  1972;  Yang 

 and  Haug  1979;  Klingl  et  al.  2019;  Meyer  and  Albers  2020).  In  addition,  it  has  been 

 reported  that  Ferroplasma  acidarmanus  has  a  monolayer  CM  formed  by  tetraether 

 lipids  (Fig.  17b)  instead  of  a  bilayer.  Hence,  the  high  resistance  to  acid  hydrolysis  of 

 the  monolayer  CM  enables  Thermoplasma  cells  to  live  in  acidic  environments 

 (Macalady et al. 2004; Klingl et al. 2019). 
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 Figure  17.  Phospholipids  composing  the  cytoplasmic  membrane  (CM)  of 
 Bacteria  and  Archaea  (from  Albers  and  Meyer  2011).  The  phospholipids 

 composing  the  CM  of  Bacteria  and  Archaea  are  fundamentally  different.  In  Bacteria, 

 fatty  acids  are  linked  to  the  glycerol-3-phosphate  via  an  ester  bond,  whereas  in 

 Archaea,  isoprenoids  are  linked  to  the  glycerol-1-phosphate  through  an  ether  bond. 

 (  a  )  The  common  bilayer-forming  lipids  in  Bacteria  are  phosphatidylglycerol  (upper 

 lipid)  and  phosphatidylethanolamine  (lower  lipid).  (  b  )  The  monolayer-forming 

 tetraether  lipids  of  T.  acidophilum  .  (  c  )  Representation  of  the  bilayered-forming  diether 

 lipids found in Archaea. 

 1.2.2.2. Diderm archaea 

 In  early  2000s,  the  crenarchaeon  Ignicoccus  hospitalis  was  the  first  archaea  with  a 

 second  (i.e.,  outer)  membrane  to  be  discovered  (Rachel  et  al.  2002).  Since  then, 

 many  other  diderm  archaea  have  been  identified  in  different  phyla,  such  as  ARMAN 

 archaea  (  a  rchaeal  R  ichmond  M  ine  a  cidophilic  n  anoorganisms)  (Baker  et  al.  2006; 

 Comolli  et  al.  2009)  or  Methanomassiliicoccus  luminyensis  ,  isolated  from  human 

 feces  (Dridi  et  al.  2012).  In  I.  hospitalis  ,  the  space  between  the  two  membranes  is 

 called  pseudo-periplasm,  and  can  compose  up  to  40%  of  the  cell  volume.  Moreover, 

 the  distance  between  the  two  membranes  can  be  up  to  500  nm  (Heimerl  et  al.  2017). 

 No  cell  wall  polymer  has  been  detected  so  far  in  double  membraned  archaea,  in 

 contrast  to  diderm  bacteria,  in  which  a  PG  layer  is  sandwiched  between  the  two 

 membranes (Klingl et al. 2019; Meyer and Albers 2020). 

 1.2.2.3. S-layer 

 The  S-layer  is  the  most  simple  and  widespread  type  of  archaeal  cell  wall  (Albers  and 

 Meyer  2011;  Klingl  et  al.  2019;  Meyer  and  Albers  2020).  It  is  usually  composed  of 

 one  or,  sometimes  two,  (glyco-)proteins,  which  self-assemble  into  a  2-dimensional 

 paracrystalline  layer.  Depending  on  the  species,  the  lattice  unit  can  have  an  oblique 

 (p1  or  p2),  square  (p4)  or  hexagonal  (p3  or  p6)  symmetry.  Therefore,  these  units  are 

 composed  of  one  to  six  identical  proteins,  which  leave  regularly  spaced  pores 

 identical  in  shape  and  size  (Fig.  18).  S-layer  proteins  can  also  undergo  either 

 N-glycosylation  or  O-glycosylation,  usually  on  Asp,  Ser  or  Thr  residues  (Sleytr  et  al. 

 2014;  Rodrigues-Oliveira  et  al.  2017).  Interestingly,  it  has  been  shown  that  many 
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 Thermococcales  species  are  surrounded  by  two  S-layers  (Rodrigues-Oliveira  et  al. 

 2017;  Klingl  et  al.  2019;  Meyer  and  Albers  2020).  Although  more  patchily  distributed, 

 S-layers  have  also  been  described  and  characterized  in  some  bacterial  species 

 (Fagan and Fairweather 2014). 

 Figure  18.  Schematic  representation  of  different  S-layer  lattice  units  (from 
 Rodrigues-Oliveira  et  al.  2017).  The  oblique  (p1,  p2),  square  (p4)  and  hexagonal 

 (p3, p6) symmetries. 

 1.2.2.4. Halomucin 

 Haloquadratum  walsbyi  is  an  unusual  square-shaped  halophilic  euryarchaeon,  which 

 possesses  a  double  S-layer  cell  wall.  According  to  genomic  data,  it  was  proposed 

 that  H.  walsbyi  cells  are  additionally  surrounded  by  a  poly-γ-glutamate  capsule. 

 Indeed,  the  genome  of  H.  walsbyi  codes  for  homologous  proteins  of  the  CapBCA 

 complex,  which  synthesizes  the  poly-γ-glutamate  capsule  in  some  Bacilli  species 

 (Hsueh  et  al.  2017).  In  addition,  the  cells  are  surrounded  by  a  very  large  glycoprotein 

 (more  than  1000  KDa)  called  halomucin,  owing  to  its  similarity  to  mammalian  mucin. 

 It  has  been  shown  that  halomucin  does  not  entirely  surround  cells,  but  rather  is 

 loosely  associated  with  them  (Zenke  et  al.  2015;  Klingl  et  al.  2019;  Meyer  and  Albers 

 2020). 
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 1.2.2.5. Cell-wall polymers 

 In  contrast  to  bacteria,  no  known  archaea  does  possess  PG.  Moreover,  archaeal 

 species  do  not  share  a  universal  polymer  in  their  cell  wall,  like  PG  for  bacteria. 

 However,  different  cell-wall  polymers,  mainly  composed  of  glycan  and  AAs,  are 

 actually  found  in  specific  Euryarchaeota  lineages.  Hence,  methanochondroitin  is 

 found  in  Methanosarcina,  glutaminylglycan  and  sulfated  heteropolysaccharides  are 

 found  in  Halobacteria,  while  PM  is  found  in  two  different  classes  or  Euryarchaeota, 

 Methanopyri  and  Methanobacteria.  In  some  species,  these  polymers  can  be 

 additionally  surrounded  by  an  S-layer  (Albers  and  Meyer  2011;  Klingl  et  al.  2019; 

 Meyer and Albers 2020). 

 1.2.2.5.1. Methanochondroitin 

 Methanosarcina  is  a  class  of  Euryarchaeota.  Along  with  the  Methanomicrobia,  they 

 belong  to  a  monophyletic  group  named  class  II  methanogens  (CIIM)  (Bapteste  et  al. 

 2005).  Methanosarcina  cells  often  form  a  cubic  aggregate  of  four  cells  named 

 sarcina.  This  aggregate  is  surrounded  by  a  fibrillar  polymer  that  maintains  the 

 structure.  This  polymer  was  named  methanochondroitin  due  to  its  similarity  with 

 eukaryotic  chondroitin  sulfate.  However,  methanochondroitin  lacks  sulfate  residues 

 (Klingl  et  al.  2019;  Meyer  and  Albers  2020).  The  methanochondroitin  is  formed  by 

 repeated  trisaccharide  units  composed  of  one  glucuronic  acid  and  two 

 N-acetylgalactosamines  (Kreisl  and  Kandler  1986).  In  addition,  some 

 Methanosarcina  species  possess  a  S-layer  between  the  CM  and  the 

 methanochondroitin layer (Francoleon et al. 2009; Arbing et al. 2012). 

 1.2.2.5.2. Glutaminylglycan 

 The  glutaminylglycan  polymer  has  been  described  from  the  cell  wall  of 

 Natronococcus  occultus  .  It  is  similar  to  the  poly-γ-glutamate  capsule  found  in  some 

 Bacilli.  In  the  archaeal  version  of  this  polymer,  the  poly-γ-glutamate  backbone 

 contains  only  L-Glu  (instead  of  the  mix  of  L-  and  D-Glu  in  bacteria),  which  are 

 moreover  glycosylated.  The  glycosylation  consists  of  two  oligosaccharides 

 composed  of  about  60  monomers,  which  are  linked  via  the  γ–carboxylic  group  of  the 

 L-Glu  residues.  The  first  oligosaccharide  is  composed  of  GlcNAc  and  galacturonic 

 47 



 acid,  while  the  second  is  composed  of  N-acetyl-d-galactosamine  and  glucose 

 (Niemetz et al. 1997; Klingl et al. 2019; Meyer and Albers 2020). 

 1.2.2.5.3. Heteropolysaccharides 

 The  cell  wall  of  Halococcus  morrhuae  and  Halococcus  salifodinae  contains  highly 

 sulfated  heteropolysaccharides  composed  of  glucose,  mannose,  galactose, 

 glucuronic  acid,  galacturonic  acid,  glucosamine,  and  galosamunronic  acid  with 

 different  molar  ratios  depending  on  the  species.  In  addition,  there  are  also 

 N-acetylated  amino  sugars  (Klingl  et  al.  2019;  Meyer  and  Albers  2020).  Moreover,  it 

 has  been  suggested  that  glucosamine  units  are  linked  to  uronic  residues  through 

 glycine  bridges  (Steber  and  Schleifer  1979;  Klingl  et  al.  2019;  Meyer  and  Albers 

 2020). 

 1.2.2.5.4. Pseudomurein 

 Methanopyri  and  Methanobacteria  are  two  other  classes  of  methanogenic 

 euryarchaeota,  which  form  with  Methanococci  the  monophyletic  group  of  class  I 

 methanogens  (CIM)  (Bapteste  et  al.  2005;  Williams  et  al.  2020).  Cells  of  Methanopyri 

 and  Methanobacteria  are  surrounded  by  a  polymer  that  shows  an  architecture  similar 

 to  the  bacterial  PG  (murein),  hence  its  name  of  pseudomurein  (PM)  (Albers  and 

 Meyer  2011;  Klingl  et  al.  2019;  Meyer  and  Albers  2020).  In  contrast  to  PG,  the  PM 

 disaccharide  unit  is  composed  of  N-acetyl-L-talosaminuronic  acid  (NAT)  linked  to 

 GlcNAc  through  a  β-(1→3)  bond  instead  of  the  MurNAc-β-(1→3)-GlcNAc  (Fig.  19A). 

 Furthermore,  the  archaeal  stem  peptide  attached  to  the  carboxyl  group  of  NAT 

 contains  only  L-AAs.  In  most  cases,  this  stem  peptide  is  composed  of  two  L-Glu,  two 

 L-Ala and one L-Lys (Fig. 19B) (Formanek 1985). 
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 Figure  19.  Structure  of  the  archaeal  pseudomurein.  (  A  )  Comparison  of  the 

 structures  of  the  N-acetylmuramic  acid  (MurNAc)  and  N-acetyl-L-talosaminuronic 

 acid  (NAT).  (  B  )  The  glycosidic  chain  of  pseudomurein  is  composed  of  alternating 

 NAT  and  N-acetylglucosamine  (GlcNAc)  units  linked  by  a  β-(1→3)  bond.  To  NAT  is 

 attached  a  pentapeptide  composed  of  L-Glu,  L-Ala  and  L-Lys  rich  in  ε-  and  γ-peptide 

 bonds. In contrast to its bacterial counterpart, pseudomurein has only D-AAs. 
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 The  different  steps  of  PM  synthesis  are  not  completely  resolved.  In  addition,  the 

 genes  involved  in  this  synthesis  have  not  been  isolated.  However,  during  the  1990s, 

 a  pathway  for  PM  biosynthesis  (Fig.  20)  was  proposed  by  Evamarie  Hartmann, 

 Helmut  König  and  Uwe  Kärcher  on  the  basis  of  precursors  isolated  from  cell 

 extracts.  The  synthesis  starts  in  the  cytoplasm  with  a  three-step  reaction,  which 

 converts  the  L-Glu  into  N  α  -UDP-glutamyl-γ-phosphate  (N  α  -UDP-Glu  γ  -P).  Then, 

 ATP-dependent  successive  reactions  add  to  the  N  α  -UDP-Glu  γ  -P,  L-Ala,  L-Lys  and  a 

 second  L-Ala,  to  yield  N  α  -UDP-Glu  γ  -Ala-  ε  Lys-Ala.  A  second  L-Glu  is  linked  to  the 

 L-Lys  through  a  γ  bond.  In  parallel,  the  UDP-N-acetyl-D-galactosamine  is  converted 

 into  NAT  via  epimerization  and  oxidation,  and  then  linked  to  GlcNAc  through  a 

 β-(1→3)  bond.  Finally,  the  activated  pentapeptide  is  linked  to  the  disaccharide 

 (Hartmann  and  König  1990;  König  et  al.  1993;  Hartmann  and  König  1994).  Similarly 

 to  PG,  some  species  show  variation  in  PM  composition.  For  instance,  the  presence 

 of  Asp,  Thr,  Ser  and  Orn  has  been  reported  (Kandler  and  Konig  1993;  König  et  al. 

 1993).  Although  none  of  the  genes  involved  in  PM  synthesis  are  yet  characterized, 

 two  PM  endopeptidases  (PeiW  and  PeiP)  were  isolated  from  a  prophage.  These  two 

 enzymes  cleave  the  ε  peptide  bond  between  the  L-Ala  in  position  two  and  the  L-Lys 

 in  position  three  (Luo  et  al.  2001;  Luo  et  al.  2002;  Visweswaran  et  al.  2010;  Schofield 

 et al. 2015). 
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 Figure  20.  Pathway  for  pseudomurein  biosynthesis  proposed  by  Evamarie 
 Hartmann,  Helmut  König  and  Uwe  Kärche  (adapted  from  Klingl  et  al.  2019).  In 

 this  figure  are  depicted  the  three  steps  proposed  for  pseudomurein  biosynthesis.  The 

 disaccharide  and  the  pentapeptide  are  synthesized  in  parallel.  Then,  the 

 pentapeptide  is  linked  to  the  disaccharide  unit.  The  last  step  corresponds  to  the 

 polymerisation  of  the  polymer  outside  the  cytoplasmic  membrane.  L-NAcTalNA  = 

 N-acetyl-L-talosaminuronic acid, GlcNAc = N-acetylglucosamine. 

 Due  to  the  difference  between  PG  and  PM  biosynthesis  pathways,  it  was  concluded 

 that  the  origins  of  the  two  polymers  were  unrelated  and  that  their  similarity  is  only 

 due  to  convergent  evolution  (König  et  al.  1993;  Scheffers  and  Pinho  2005;  Albers 

 and  Meyer  2011).  However,  recent  genomic  data  have  highlighted  homologues  of 

 genes  involved  in  PG  synthesis,  such  as  muramyl  ligases,  in  Methanopyri  and 
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 Methanobacteria  (Smith  et  al.  1997;  Slesarev  et  al.  2002;  Samuel  et  al.  2007;  Leahy 

 et  al.  2010).  Therefore,  some  scientists  now  suggest  that  PM  could  have  evolved 

 from  HGT  of  PG  genes  from  Bacteria  (Graham  and  Huse  2008;  Subedi  et  al.  2021; 

 Ithurbide et al. 2022). 

 1.3. Bioinformatic databases 
 Deciphering  the  evolution  of  prokaryotes,  including  how  interdomain  HGT  has 

 impacted  their  evolution,  requires  tremendous  amounts  of  genomic  data.  As 

 aforementioned,  sequences  have  been  accumulating  at  an  exponential  rate  for 

 decades  in  public  repositories.  Owing  to  this  trend,  the  sampling  of  prokaryotic 

 genomes  is  now  so  broad  and  deep  that  many  important  evolutionary  questions  can 

 be  tackled  by  bioinformatic  mining  of  genomic  sequence  data,  especially  those 

 making use of phylogenetic inference. 

 1.3.1. Open scientific data 

 Scientific  data  can  be  defined  as  a  collection  of  information,  e.g.,  observations,  facts 

 or  results,  which  are  used  as  evidence  of  phenomena  for  the  purposes  of  research 

 or  scholarship  (Leonelli  2015;  Pasquetto  et  al.  2017).  The  term  “open  data”  refers  to 

 data  that  is  freely  accessible  and  that  anyone  can  (re-)use,  modify  or  share  without 

 any  restrictions  from  copyright  or  patents  (Murray-Rust  2008).  The  ability  to  access 

 and  use  open  data  is  particularly  crucial  for  progress  in  science.  Indeed,  this  allows 

 researchers  to  combine  data  from  different  sources  to  address  new  questions  and 

 make  new  advancements  that  benefit  mankind  (Murray-Rust  2008;  Y.  Demchenko  et 

 al.  2012;  Leonelli  2015;  Pasquetto  et  al.  2017).  Moreover,  the  reuse  of  data  is 

 essential  to  validate  and  confirm  studies  for  the  sake  of  reproducibility.  To  this  end,  it 

 is  recommended  that  the  format  of  released  data  meets  standard  requirements 

 established  by  the  scientific  community  (Y.  Demchenko  et  al.  2012;  Pasquetto  et  al. 

 2017).  In  order  to  be  accessible  to  the  community,  scientific  data  is  stored  in 

 databases  from  public  repositories,  which  are  often  managed  by  national  or 

 international entities. 

 52 



 1.3.2. Multi-database infrastructures 

 The  two  major  and  well-known  multi-database  resources  in  life  science  are  the 

 National  Center  for  Biotechnology  Information  (NCBI)  and  the  European 

 Bioinformatics  Institute  (EMBL-EBI).  The  purpose  of  these  entities  is  to  centralize 

 and  store  knowledge  from  medical,  molecular  biology,  biochemistry,  and  genetics  in 

 databases  that  are  freely  accessible  to  scientific  communities  and  the  general  public. 

 They  also  provide  bioinformatic  services,  such  as  the  development  and  distribution 

 of  software  tools  for  analyzing  molecular  and  genomic  data 

 (  https://www.ncbi.nlm.nih.gov/home/about/mission  /  Accessed  30  November  2022; 

 https://www.ebi.ac.uk/about  Accessed 30 November 2022). 

 1.3.2.1. The NCBI 

 The  NCBI  is  a  division  of  the  National  Library  of  Medicine  (NLM)  at  the  U.S  National 

 Institutes  of  Health  (NIH),  based  in  Bethesda,  Maryland.  The  initiative  to  create  the 

 NCBI  began  between  1984  and  1986,  when  groups  of  scientists  convened  meetings 

 with  legislators  at  Capitol  Hill,  Washington,  US,  to  advocate  and  promote  the 

 financing  of  genomic  research.  The  NCBI  was  finally  created  on  November  4th, 

 1988.  Since  then,  it  has  become  one  of  the  leading  institutions  for  research  in 

 computational  biology.  The  NCBI  is  notably  involved  in  the  development  of  the 

 famous  BLAST  algorithm  used  for  database  search  based  on  sequence  (i.e.,  AA, 

 DNA,  RNA)  comparisons  (Sayers  et  al.  2011).  In  September  2021,  the  NCBI 

 manages  and  maintains  35  databases  (Table  1)  containing  a  total  of  3.6  billion 

 records,  which  are  divided  into  six  categories:  literature,  genomes,  genes,  clinical, 

 proteins and chemicals (Sayers et al. 2022). 

 Table 1. NCBI databases as of 4 September 2021 (from Sayers et al. 2022). 
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 1.3.2.2. The EMBL-EBI 

 The  EMBL-EBI  is  a  part  of  the  European  Molecular  Biology  Laboratory  (EMBL),  a 

 non-profit  intergovernmental  organization  supported  by  27  countries 

 (  https://www.embl.org/about/history/  Accessed  30  November  2022).  Historically,  the 

 EMBL  established  (in  1980)  the  Nucleotide  Sequence  Data  Library  database  (now 

 called  the  European  Nucleotide  Archive  (ENA)  (Harrison  et  al.  2021;  Cummins  et  al. 

 2022)  in  Heidelberg,  Germany,  to  centralize  DNA  sequences  that  were  formerly  only 

 submitted  to  scientific  journals.  The  need  to  maintain  and  manage  the  exponentially 

 growing  sequence  database  led  to  the  creation  of  the  EMBL-EBI  in  1992,  which  was 

 established  in  Hinxton,  UK.  The  ENA  and  the  UniProt  (The  UniProt  Consortium 

 2021)  were  the  two  first  databases  of  EMBL-EBI  (  https://www.ebi.ac.uk/history 

 Accessed  30  November  2022).  In  2020,  the  EMBL-EBI  manages  data  from  over  40 

 resources  covering  different  branches  of  molecular  biology  (Fig.  21)  (Cantelli  et  al. 
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 2021;  Cantelli  et  al.  2022).  The  EMBL-EBI  also  offers  web  tools  such  as 

 InterProScan  (Jones  et  al.  2014)  or  the  HMMER  web  server  (Potter  et  al.  2018)  in 

 collaboration  with  the  algorithm  developers  (Mistry  et  al.  2013).  HMMER  is  a 

 software  package  written  by  Sean  R.  Eddy,  which  is  used  for  sequence  homology 

 searches  based  on  hidden  Markov  models  (Eddy  2009),  whereas  InterProScan  is 

 the  scanning  algorithm  of  the  InterPro  database,  which  combines  13  protein 

 signature  databases:  CATH-Gene3D,  the  Conserved  Domains  Database  (CDD), 

 HAMAP,  PANTHER,  Pfam,  PIRSF,  PRINTS,  PROSITE  Patterns,  PROSITE  Profiles, 

 SMART,  the  Structure–Function  Linkage  Database  (SFLD),  SUPERFAMILY  and 

 TIGRFAMs  (Paysan-Lafosse  et  al.  2022).  InterProScan  relies  on  multiple  algorithms, 

 such  as  HMMER  (Mistry  et  al.  2013)  or  BLAST  (Camacho  et  al.  2009),  to  predict  the 

 presence  of  functional  domains  and  sites  in  an  uncharacterized  protein  sequence 

 (Jones et al. 2014). 

 Figure  21.  Summary  of  all  EMBL-EBI  Data  Resources  as  of  September  2020 
 (from Cantelli et al. 2021). 
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 1.3.3. Data submission and collaboration 

 Primary  biological  data  can  be  directly  submitted  by  researchers  through  the 

 submission  portal  of  NCBI  (  https://www.ncbi.nlm.nih.gov/home/submit.shtml  )  or 

 EMBL-EBI  (  https://www.ebi.ac.uk/submission/  ).  To  simplify  the  submission,  both 

 entities  have  implemented  submission  wizards  to  help  to  select  the  right  archive  to 

 deposit  new  data.  NCBI  and  EMBL-EBI  servers  can  also  receive  data  from  national 

 and  international  collaborations  or  research  consortia  (Arita  et  al.  2021;  Cantelli  et  al. 

 2022; Sayers et al. 2022). 

 Although  NCBI  and  EMBL-EBI  were  initially  founded  for  different  purposes 

 (  https://www.ncbi.nlm.nih.gov/books/NBK148949/  Accessed  30  November  2022; 

 https://www.ebi.ac.uk/history  Accessed  30  November  2022),  one  of  their  common 

 objectives  is  to  store  and  manage  data,  particularly  nucleotide  and  protein 

 sequences.  Actually,  sequence  data  is  the  most  abundant  kind  of  data  in  NCBI  and 

 EMBL-EBI  repositories  (Cantelli  et  al.  2022;  Sayers  et  al.  2022).  Different  types  of 

 nucleotide  data  can  be  submitted  to  these  repositories,  such  as  individual 

 sequences,  batches  of  sequences,  and  even  whole  genomes,  among  which  plasmid, 

 viral  and  organelle  genomes  (Benson  et  al.  2009;  Choudhuri  2014).  An  ‘individual 

 sequence’  corresponds  to,  e.g.,  a  coding  region  with  its  corresponding  protein 

 translation,  a  pseudogene,  a  RNA  molecule,  whereas  a  ‘batch  of  sequences’  can 

 refer  to,  e.g.,  raw  sequencing  read  data  (Leinonen  et  al.  2011)  or  assembled 

 transcriptomic  data  (Transcriptome  shotgun  assembly  (TSA))  or  expressed 

 sequence  tags  (ESTs)  (Benson  et  al.  2013;  Benson  et  al.  2018).  Submitted  genomes 

 can  be  completely  assembled  and  gapless 

 (https://www.ncbi.nlm.nih.gov/genbank/genomesubmit/  Accessed  30  November 

 2022),  incomplete  as  sets  of  multiple  contigs  (Whole  Genome  Shotgun  (WGS)) 

 (  https://www.ncbi.nlm.nih.gov/genbank/wgs/  Accessed  30  November  2022)  or  be 

 so-called  metagenome-assembled  genomes  (MAGs) 

 (  https://www.ncbi.nlm.nih.gov/genbank/metagenome/  Accessed  30  November  2022). 

 During  submission,  submitters  are  encouraged  to  introduce  metadata,  including 

 feature  annotations  (https://submit.ncbi.nlm.nih.gov/about/bankit/  Accessed  30 

 November  2022)  and  cross-references  to  other  types  of  records  (e.g.,  BioSample, 

 BioProject)  (Barrett  et  al.  2012;  Gostev  et  al.  2012),  along  with  their  nucleotide 
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 sequences.  At  the  EMBL-EBI  repository,  all  nucleotide  sequences  and  companion 

 metadata  are  stored  in  the  ENA  database  (Arita  et  al.  2021;  Harrison  et  al.  2021), 

 whereas  most  (but  not  all)  of  the  nucleotide  data  today  is  also  apparently  included  in 

 the NCBI GenBank database (Table 2) (Arita et al. 2021; Sayers et al. 2022). 

 Table  2.  List  of  the  databases  from  DDBJ,  EMBL-EBI  and  NCBI  that  compose 
 the records of the INSDC (from www.insdc.org). 

 Databases  are  dynamic  structures  that  change  and  complexify  over  the  years  in 

 response  to  the  increasing  amount  of  released  data  (Nadim  2016).  Furthermore, 

 public  repositories  exhibit  a  lot  of  redundancy  (Pruitt  et  al.  2005;  Chen  et  al.  2017). 

 For  instance,  the  genomes  uploaded  to  the  NCBI  GenBank  database  are  also 

 included  in  its  Assembly  database  (Kitts  et  al.  2016).  Consequently,  it  is  not  easy  to 

 exactly  determine  which  data  is  present  in  a  specific  database,  notably  for  the  NCBI 

 repository  (Fig.  22).  Historically,  GenBank  was  created  in  1979  at  the  Los  Alamos 

 National  Laboratory  under  the  name  of  Los  Alamos  Sequence  Database.  In  1982, 

 the  database  became  public  and  was  renamed  to  GenBank.  The  GenBank  database 

 has  been  under  the  responsibility  of  the  NCBI  since  October  1992  (Benson  et  al. 

 1993;  Choudhuri  2014).  Therefore,  the  NCBI  formerly  contained  only  three  nodes  in 

 its  system:  individual  nucleotide  sequences  and  protein  protein  translations  included 

 in  GenBank,  and  the  associated  literature  included  in  MEDLINE  (now  known  as 

 PubMed)  (Benson  et  al.  1990;  Schuler  et  al.  1996;  Mrozek  et  al.  2013).  Since  late 

 1980s,  the  GenBank  and  ENA  databases,  along  with  the  DNA  Data  Bank  of  Japan 

 (DDBJ)  from  the  National  Institute  of  Genetics  (NIG)  (Okido  et  al.  2022),  are  part  of 

 the  International  Nucleotide  Sequence  Database  Collaboration  (INSDC).  This 

 collaboration  has  the  purpose  to  share  and  standardize  the  format  and  the 

 annotation  of  nucleotide  (and  protein)  sequence  data  and  their  subsidiary  metadata. 

 Daily  exchange  between  the  three  multi-database  resource  partners  (i.e.,  NCBI, 
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 EMBL-EBI  and  NIG)  warrants  worldwide  coverage  of  this  infrastructure  (Burks  et  al. 

 1985;  Karsch-Mizrachi  et  al.  2012;  Arita  et  al.  2021).  To  ensure  the  disponibility  of 

 newly  added  sequences  from  submitters  and  from  the  INSDC,  a  new  version  of 

 GenBank  is  released  every  two  months  (  https://www.ncbi.nlm.nih.gov/genbank  / 

 Accessed  30  November  2022).  In  the  mid  2000s,  the  INSDC  established  the 

 Sequence  Read  Archive  (SRA)  for  storage  of  next-generation  sequencing  (NGS)  raw 

 read  data  (Leinonen  et  al.  2011;  Kodama  et  al.  2012;  Katz  et  al.  2022).  As  suggested 

 by  Table  2,  SRA  records  are  not  included  in  GenBank,  which  further  supports  the 

 idea mentioned above that GenBank does not include all nucleotide data. 

 Figure  22.  Screenshot  from  NCBI  Site  Map 
 (www.ncbi.nlm.nih.gov/Sitemap/index.html)  showing  the  complexity  of  the 
 NCBI  Entrez  databases.  Entrez  is  the  text-based  search  and  retrieval  system  used 

 by the NCBI. 

 This  superposition  of  different  types  of  nucleotide  sequence  data  and  the 

 collaboration  over  the  years  illustrates  the  dynamic  and  the  complexity  of  public 

 repositories.  For  instance,  GenBank  was  the  former  nucleotide  database  of  the  NCBI 

 (Benson  et  al.  1990;  Schuler  et  al.  1996).  Now,  it  is  included  in  a  higher  structure, 

 commonly  named  ‘Nucleotide  database’,  which  notably  contains  all  sequences  of 
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 GenBank,  RefSeq  (discussed  in  the  next  section),  INSDC  and  SRA 

 (https://www.ncbi.nlm.nih.gov/nucleotide/ Accessed 30 November 2022). 

 1.3.4. Standardization and curation 

 In  April  1999,  the  NCBI  launched  the  Reference  Sequence  (RefSeq)  project,  which 

 aims  to  provide  users  with  a  collection  of  non-redundant  genomic  DNA,  transcript 

 and  protein  sequences  (Maglott  et  al.  2000;  Pruitt  et  al.  2005;  Haft  et  al.  2018). 

 RefSeq  records  are  based  on  sequences  submitted  to  INSDC,  which  undergo  a 

 quality  assurance  procedure  to  ensure  sequence  quality,  completeness  and  the 

 absence  of  contamination  (O’Leary,  Wright,  Brister,  Ciufo,  Pruitt,  et  al.  2016;  Haft  et 

 al.  2018;  Li  et  al.  2021).  To  reduce  redundancy,  for  bacterial  and  archaeal  genomes, 

 the  NCBI  has  implemented  the  Prokaryotic  Genome  Annotation  Pipeline  (PGAP), 

 which  is  used  to  generate  structural  and  functional  annotation  of  genome  records 

 from  the  INSDC  (O’Leary  et  al.  2016).  This  pipeline  uses  prediction  methods  to 

 identify  protein-coding  and  RNA  genes  associated  with  sequence  alignments  (e.g., 

 HMM  profiles)  and  manual  curation  to  assign  annotation.  Furthermore,  the  pipeline  is 

 frequently  updated  to  improve  annotation  and  standard  quality  of  the  genomes 

 (O’Leary,  Wright,  Brister,  Ciufo,  Pruitt,  et  al.  2016;  Haft  et  al.  2018;  Li  et  al.  2021). 

 Complete  and  WGS  genomes  uploaded  on  GenBank  can  be  annotated  with  PGAP 

 during  submission.  Genomes  that  do  not  meet  annotation  and  sequence  quality 

 thresholds  are  not  included  in  the  RefSeq  database  (O’Leary,  Wright,  Brister,  Ciufo, 

 Haddad,  et  al.  2016)  The  minimum  standard  annotations  required  for  a  prokaryotic 

 genome  are:  1)  at  least  one  copy  of  each  structural  RNA  (i.e.,  5S,  16S,  23S),  2)  at 

 least  one  copy  of  each  tRNA,  3)  a  ratio  of  protein-coding  genes  to  genome  length 

 close  to  1  and  4)  no  gene  completely  contained  in  another  gene  (Klimke  et  al.  2011). 

 All  criteria  that  exclude  a  genome  from  RefSeq  are  summarized  through  this 

 following  link:  https://www.ncbi.nlm.nih.gov/assembly/help/anomnotrefseq/  .  As 

 previously  explained,  a  genome  uploaded  on  GenBank  is  also  included  in  the 

 Assembly  database.  If  this  GenBank  genome  is  further  selectionned  to  be  in  the 

 RefSeq  database,  the  RefSeq  version  of  the  genome  is  also  copied  in  the  Assembly 

 database.  Both  genomes  have  an  identical  ID  number  but  a  GenBank  genome  is 

 prefixed  by  ‘GCA_’  while  the  RefSeq  genome  has  ‘GCF_’  (Kitts  et  al.  2016). 
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 Consequently,  this  is  another  source  of  redundancy  in  the  NCBI  repository.  In 

 contrast  to  GenBank,  RefSeq  records  are  regularly  reannotated  with  PGAP,  leading 

 to  the  suppression  of  some  low-quality  genomes  or  proteins  (Tatusova  et  al.  2016;  Li 

 et al. 2021). 

 Similar  curation  efforts  have  been  implemented  by  EMBL-EBI  with  the  Ensembl 

 project  (Howe  et  al.  2021)  and  the  Swiss-Prot  section  of  the  UniProt  Knowledgebase 

 (UniProtKB)  (Poux  et  al.  2017).  The  Ensembl  project  was  launched  in  1999  to 

 automatically  annotate  the  human  genome  (Butler  2000).  Since  then,  it  provides 

 high-quality  annotated  genomes  from  bacteria,  protists,  fungi,  plant  and  metazoa 

 (Howe  et  al.  2021).  Genomes  of  the  Ensembl  project  are  notably  collected  from  the 

 INSDC  and  the  ENA  database  (Zerbino  et  al.  2018;  Howe  et  al.  2021).  The 

 UniProtKB  repository  provides  users  with  a  set  of  functionally  annotated  protein 

 sequences  (The  UniProt  Consortium  2021).  It  is  divided  into  two  sections:  1)  the 

 reviewed  Swiss-Prot  entries,  which  contains  manually  curated  and  annotated  protein 

 sequences,  some  of  them  tracing  back  to  the  historical  Swiss-Prot  database,  and  2) 

 the  unreviewed  TrEMBL  entries  containing  automatically  annotated  protein 

 sequences (Poux et al. 2017; The UniProt Consortium 2021). 

 1.3.5. The NCBI Taxonomy database 

 In  bioinformatic  studies,  especially  those  involving  phylogenetic  analyses,  it  is  crucial 

 to  link  sequence  data  to  the  source  organisms  through  an  appropriate  taxonomy. 

 Although  there  exist  various  taxonomic  databases  (Wang  et  al.  2007;  McDonald  et 

 al.  2012;  Yilmaz  et  al.  2014;  Balvočiūtė  and  Huson  2017;  Parks  et  al.  2018;  Rinke  et 

 al.  2021),  the  NCBI  Taxonomy  database  (Schoch  et  al.  2020)  remains  the  main 

 source  for  taxonomic  records  (Sakamoto  and  Ortega  2021).  In  1991,  the  NCBI 

 launched  the  first  version  of  its  Taxonomy  project  where  GenBank  nucleotide  and 

 protein  sequences  were  linked  to  the  source  organism.  During  this  period,  there  was 

 no  consensus  for  taxonomic  classification,  thus  the  three  INSDC  partners 

 independently  maintained  their  own  taxonomic  nomenclature.  For  the  sake  of 

 consistency,  INSDC  partners  agreed  in  1997  to  use  the  NCBI  Taxonomy 

 nomenclature  as  the  only  source  of  classification  (Federhen  2012).  This  taxonomic 

 database  is  manually  curated  by  NCBI  scientists  following  up-to-date  primary 
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 literature.  The  NCBI  nomenclature  follows  the  rules  of  four  principal  codes:  1)  the 

 International  Code  of  Nomenclature  for  algae,  fungi  and  plants  (Turland  et  al.  2018), 

 2)  the  International  Code  of  Nomenclature  of  Prokaryotes  (ICNP)  (ICNP  2019),  3) 

 the  International  Code  of  Zoological  Nomenclature  (Ride  1999),  and  4)  the 

 International  Code  of  Virus  Classification  and  Nomenclature  (Walker  et  al.  2019). 

 Recently,  the  International  Committee  on  Systematics  of  Prokaryotes  (ICSP)  added 

 some  rules  to  the  ICNP.  The  resulting  new  prokaryotic  nomenclature  was 

 implemented  in  the  NCBI  Taxonomy  (Oren  and  Garrity  2021).  Briefly,  the  NCBI 

 Taxonomy  corresponds  to  a  single  list  of  taxa  from  across  all  domains  of  life,  which 

 are  hierarchically  arranged.  The  lineage  for  a  specific  organism  is  usually 

 characterized  by  seven  main  taxonomic  ranks:  superkingdom  (=  domain),  phylum, 

 class,  order,  family,  genus  and  species.  Besides,  some  additional  expanded  ranks 

 can  be  used,  e.g.,  superfamily,  subspecies.  Perhaps  surprisingly,  in  the  NCBI 

 Taxonomy,  the  well-known  ‘kingdom’  rank  is  only  used  for  Metazoa  (animals), 

 Viridiplantae  (green  plants),  Fungi,  and  high-level  groups  of  viruses  (e.g., 

 Pararnavirae,  including  HIV-1).  Each  node  (taxon)  of  the  taxonomic  tree  is  referred  to 

 by  an  unique  TaxId  (taxonomy  identifier).  If  there  is  a  duplicated  taxon  in  a  lineage 

 (i.e.,  an  identical  name  used  for  two  different,  often  successive,  ranks),  a  different 

 TaxId  is  used  (Schoch  et  al.  2020).  An  example  of  such  ambiguity  is  the  mosquito 

 genus  Anopheles  (TaxId  7164),  a  subgenus  of  which  is  also  called  Anopheles  (TaxId 

 44482).  In  a  related  but  somewhat  worst  case,  totally  unrelated  organisms  can  share 

 the  same  genus  name  because  they  were  described  in  two  distinct  codes 

 (hemihomonyms)(Starobogatov  1991).  Hence,  both  Bacillus  atticus  atticus  (insect) 

 and  Bacillus  subtilis  (bacteria)  have  the  same  genus  name.  However,  the  TaxId  for 

 Bacillus  (insect)  is  ‘55087’  and  ‘1386’  for  Bacillus  (bacteria).  Even  if  TaxIds  formally 

 allow  researchers  to  distinguish  duplicate  taxa,  such  ambiguities  are  misleading  and 

 even  can  be  dangerous  in  practice.  Consequently,  the  NCBI  Taxonomy  is  regularly 

 updated,  notably  to  reduce  the  occurrence  of  duplicate  taxa,  even  if  such  changes 

 are  disruptive  for  bioinformatic  applications  relying  on  a  stable  taxonomy,  including 

 those seeking to identify contaminant sequences in public genomes. 
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 1.4. Genomic contamination in public databases 
 Despite  the  efforts  to  build  clean  and  accurate  reference  databases,  the  exponential 

 release  of  public  prokaryotic  genomes  often  comes  with  contamination  issues 

 (Mukherjee  et  al.  2015;  Steinegger  and  Salzberg  2020;  Orakov  et  al.  2021). 

 “Genome  contamination”  means  the  inclusion  of  foreign  sequences  along  with  the 

 sequences  of  the  genuine  organism.  This  presence  of  contaminant  DNA  can  lead  to 

 false  interpretations  in  comparative  genomics  (Arakawa  2016;  Koutsovoulos  et  al. 

 2016)  or  phylogenomic  studies  (Schierwater  et  al.  2009;  Finet  et  al.  2010;  Philippe  et 

 al.  2011;  Laurin-Lemay  et  al.  2012).  Furthermore,  these  contaminated  sequences 

 can  spread  through  databases  over  time  (Breitwieser  et  al.  2019;  Steinegger  and 

 Salzberg  2020).  The  problem  of  genomic  contamination  is  discussed  in  detail  in  the 

 recent  review  of  Luc  Cornet  and  Denis  Baurain  published  in  Genome  Biology 

 (Cornet and Baurain 2022). 

 1.4.1. Sources of genomic contamination 

 In  this  review,  the  authors  have  described  the  different  causes  that  lead  to  the 

 introduction  of  foreign  DNA  sequences  during  the  sequencing  process  (Fig.  23). 

 These  issues  can  be  either  biological  “[..]  contamination  of  an  axenic  culture  by 

 unwanted  organism(s)  [...]  sequencing  of  chimeric  organisms  [...]  or  the  presence  of 

 plain  taxonomic  errors  in  reference  databases”,  experimental  “[...]  inclusion  of 

 unwanted  DNA  either  during  DNA  extraction  or  sequencing  on  shared  platforms  [...]”, 

 or  computational  during  in-silico  processing  of  data  “The  risk  of  in-silico 

 contamination  is  higher  when  the  data  comes  from  metagenomic  analyses  [...]  such 

 data  can  lead  to  chimeric  sequences  by  merging  similar  genomic  regions  during 

 metagenomic  assembly  [...]  metagenomic  binning  (i.e.,  the  partition  of  sequences 

 from  the  constitutive  organisms  into  individual  Metagenome-Assembled  Genomes  – 

 MAGs)  also  results  in  some  degree  of  contamination  by  lumping  in  a  single  MAG 

 contigs  reconstructed  from  different  organisms”.  The  authors  further  state  that 

 genomic  contaminations  induced  by  those  causes  can  be  classified  into  redundant 

 and  non-redundant  contaminations.  A  contamination  is  considered  as  redundant 
 when  “a  genomic  segment  is  present  multiple  times  in  a  genome  assembly,  due  to 

 inclusion  of  homologous  genomic  regions  from  foreign  organism(s)”,  whereas  it  is 
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 called  non-redundant  when  “an  extra  genomic  segment  is  present  in  the  assembly”. 

 The  latter  situation  can  be  divided  into  two  sub-cases  “1)  a  genuine  genomic 

 segment  is  lacking  in  the  target  organism  (i.e.,  the  completeness  is  not  optimal)  and 

 is  replaced  by  a  foreign  genomic  region  harbouring  (some  of)  the  expected  genes  or 

 2)  an  extra  genomic  region,  for  which  no  homologous  region  exists  in  the  target 

 organism,  is  present  due  to  the  inclusion  of  a  taxonomically  distinct  organism  (e.g., 

 genomic regions from another kingdom)”. 

 Figure  23.  Sources  of  genomic  contamination  (from  Cornet  and  Baurain  2022). 
 “Three  types  of  issues  lead  to  contamination  of  genomic  sequence  data:  biological, 

 experimental  and  computational.  The  contamination  of  “pure”  cultures  can  be  due  to 

 both  experimental  (e.g.,  accidental  introduction  of  contaminating  microorganisms) 

 and  biological  causes  (e.g.,  the  presence  of  an  endosymbiont).  Redundant 

 contamination  occurs  when  a  genomic  segment  is  present  multiple  times  in  a 

 genome  (e.g.,  multiple  SSU  rRNAs  from  different  organisms).  Non-redundant 

 contamination  occurs  when  a  genomic  region  of  the  main  organism,  the  expected 

 one,  is  replaced  by  the  corresponding  region  of  a  foreign  organism  (e.g.,  the  SSU 

 rRNA  of  the  main  organism  is  replaced  by  the  SSU  rRNA  from  a  foreign  organism). 

 An  extra  DNA  segment,  not  part  of  the  main  organism  but  belonging  to  a 

 contaminant,  would  also  be  considered  as  a  non-redundant  contamination  (e.g., 
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 eukaryotic  DNA  in  a  bacterial  genome).  A  mixed  scenario  is  also  possible,  as 

 represented in the redundant contamination part of the figure”. 

 1.4.2. Contamination detection algorithms 

 In  order  to  efficiently  detect  genomic  contamination  in  public  repositories,  at  least  17 

 algorithms  have  been  developed  during  the  last  years  (Fig.  24).  Cornet  and  Baurain 

 classified  these  tools  into  two  main  categories,  depending  on  whether  they  use  a 

 reference  database  or  not.  Besides,  database-dependent  methods  can  use  a 

 genome-wide approach or instead rely on estimators based on gene markers . 

 1.4.2.1. Database-free algorithms 

 BlobTools,  Anvi’o,  ProDeGe  and  PhylOligo  are  the  four  database-free  tools  (Fig.  24). 

 Their  algorithms  rely  on  DNA  content  to  partition  sequences  in  order  to  detect 

 contamination.  Indeed,  BlobTools  use  Guanosine+Cytosine  (GC)  content  for 

 partition,  while  the  other  three  programs  use  k-mer  (i.e.,  substrings  of  DNA  sequence 

 between  4  and  9  nt  long)  frequencies.  Furthermore,  they  (except  for  PhylOligo)  also 

 rely  on  taxonomy  for  sequence  labeling  and  program  calibration.  ProDeGe  only 

 works  on  prokaryotic  genomes,  while  BlobTools,  Anvi’o  and  PhylOligo  work  on  both 

 prokaryotes  and  eukaryotes  (Eren  et  al.  2015;  Koutsovoulos  et  al.  2016;  Tennessen 

 et  al.  2016;  Mallet  et  al.  2017;  Challis  et  al.  2020).  Cornet  and  Baurain  assert  that 

 “Database-free  tools  can  detect  both  redundant  and  non-redundant  contaminations”. 

 However,  they  claim  that  “the  programs  [...]  require  a  case-by-case  inspection  by  the 

 user and are thus difficult to use for large-scale projects”. 

 1.4.2.2. Reference database-dependent algorithms 

 Out  of  the  13  database-dependent  tools,  seven  (SINA,  ContEst16S,  Forty-Two, 

 ConFindR,  CheckM,  EukCC  and  BUSCO)  rely  on  highly  conserved  gene  markers  to 

 assess  the  level  of  redundant  and  non-redundant  (only  for  Forty-Two)  genomic 

 contamination  (Fig.  24).  Indeed,  Cornet  and  Baurain  explain  in  their  review  that 

 “These  genes  are  present  in  a  single  copy  in  nearly  all  organisms  and  the  presence 

 of  multiple  copies  is  thus  indicative  of  such  type  of  contamination”.  SINA  and 

 ContEst16S  use  single-locus  SSU  rRNA  (small  subunit  ribosomal  ribonucleic  acid) 
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 genes.  However,  Cornet  and  Baurain  say  that  “The  use  of  this  single  locus  is  not 

 frequent  because  it  entails  a  higher  risk  of  missing  contaminants”.  In  contrast,  the 

 other  five  tools  use  multi-locus  genes  for  contamination  assessment.  Forty-Two  and 

 ConFindR  use  ribosomal  proteins  while  CheckM,  EukCC  and  BUSCO  use 

 phylogenetic  placement  to  select  lineage-specific  gene  markers.  The  latter 

 algorithms,  as  well  as  Forty-Two  (to  some  extent),  offer  the  advantage  to  estimate 

 the  completeness  of  the  genomes.  ContEst16S,  CondFindR  and  CheckM  work  on 

 prokaryotes,  SINA,  Forty-Two  and  BUSCO  on  prokaryotes  and  eukaryotes,  whereas 

 EukCC  only  works  for  eukaryotic  genomes  (Pruesse  et  al.  2012;  Parks  et  al.  2015; 

 Lee  et  al.  2017;  Simion  et  al.  2017;  Low  et  al.  2019;  Saary  et  al.  2020;  Manni  et  al. 

 2021). 

 The  last  six  database-dependent  tools  (Conterminator,  Kraken,  CLARK,  CONSULT, 

 BASTA,  GUNC)  compare  the  entire  genome  against  a  reference  database. 

 Conterminator,  Kraken,  CLARK  and  CONSULT  align  long  k-mers  (at  least  21  nt) 

 against  the  database  (Wood  and  Salzberg  2014;  Ounit  et  al.  2015;  Wood  et  al.  2019; 

 Steinegger  and  Salzberg  2020;  Rachtman  et  al.  2021),  while  BASTA  and  GUNC  use 

 BLAST  (Camacho  et  al.  2009)  or  DIAMOND  blast  (Buchfink  et  al.  2015)  to  perform 

 gapped  alignment  against  the  database.  Like  the  MEGAN  algorithm  (Huson  et  al. 

 2007),  BASTA  uses  a  LCA  (Lowest  Common  Ancestor)  labeling  approach  to  classify 

 sequences.  GUNC  works  on  prokaryotic  genomes,  whereas  BASTA  can  handle  both 

 prokaryotic and eukaryotic genomes (Kahlke and Ralph 2019; Orakov et al. 2021). 
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 Figure  24.  Overview  of  algorithms  (from  Cornet  and  Baurain  2022).  “The 

 algorithms  are  clusterized  based  on  their  operating  principles,  as  described  in  the 

 section  “Contamination  detection  algorithms”.  Squares  on  the  top  of  the  figure 

 represent  specific  features  of  the  algorithms.  Non-redundant  means  that  the  software 

 can  detect  contaminant  genes  without  equivalent  in  the  surveyed  genome. 

 Intra-species  means  that  the  algorithm  can  detect  contamination  at  the  species  level. 

 Inter-domain  means  that  the  algorithm  can  detect  prokaryotic  and  eukaryotic 

 contamination  simultaneously.  Database  features  show  that  the  algorithm  can  use 

 the  GTDB  Taxonomy  and/or  a  moderately  contaminated  reference  database. 

 Expected  organism  indicates  whether  the  algorithm  can  detect  the  main  organism  by 

 itself  and/or  if  the  user  can  specify  it.  Additional  functionalities  list  interesting  peculiar 

 functions  of  the  programs,  such  as  outputting  the  completeness  of  a  genome, 

 cleaning  a  genome  from  its  contaminants,  filtering  reads  based  on  their  taxonomy 

 (positive  filtering),  or  enriching  Multiple  Sequence  Alignments  (MSAs)  in  orthologous 
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 sequences  while  controlling  the  taxonomy”.  (*)  The  Physeter  algorithm  is  discussed 

 in detail at Chapter 1 of the Results section. 
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 1.5. Objectives and outline of the thesis 
 As  introduced  above,  one  of  the  dichotomies  that  distinct  the  two  prokaryotic 

 domains,  Bacteria  and  Archaea,  lies  in  their  cell-wall  composition.  Although  they  may 

 exhibit  different  architectures  (e.g.,  monoderm,  diderm),  almost  all  bacterial  cell  walls 

 bear  a  mesh-like  polymer  called  peptidoglycan  (or  murein).  In  contrast,  the 

 paracrystalline  S-layer  is  the  most  commonly  encountered  cell-wall  in  Archaea,  even 

 if  some  lineages  of  Euryarchaeota  do  have  a  polymer  in  their  cell  wall.  Among  those, 

 Methanopyrales  and  Methanobacteriales  feature  the  so-called  pseudomurein,  a 

 structural analogue of the peptidoglycan. 

 This  thesis  is  a  part  of  the  research  line  initiated  during  the  PhD  work  of  Raphael 

 Léonard,  entitled  "Bacterial  cell-wall  architecture:  from  automated  genome  selection 

 to  evolution  of  genes  and  traits”,  of  which  I  am  a  co-author  of  the  article  “Was  the 

 Last  Bacterial  Common  Ancestor  a  Monoderm  after  All?”  (see  Annexes  )  published 

 in  Genes  (Basel)  on  the  18th  February  2022.  In  this  article,  we  inferred  the  cell-wall 

 composition  of  the  last  bacterial  common  ancestor  (LBCA)  and  proposed  a  scenario 

 for  bacterial  cell-wall  evolution  based  on  phylogenomics,  phenotypic  data  and 

 single-gene  phylogenies  of  the  genes  lying  in  the  dcw  cluster  and  those  associated 

 with the formation of the outer membrane. 

 In  the  present  thesis,  we  further  investigate  the  evolution  of  prokaryotic  cell  walls. 

 More  precisely,  we  aim  to  elucidate  the  genetic  commonalities  between  Bacteria  and 

 the  pseudomurein-containing  Archaea  (i.e.,  Methanopyrales  and 

 Methanobacteriales)  that  might  have  driven  the  evolution  of  the  pseudomurein  cell 

 wall  in  the  latter.  For  this  purpose,  public  genomic  data  from  the  NCBI  RefSeq 

 database  will  be  mined,  in  particular  to  study  the  phylogeny  of  different  protein 

 families involved in cell-wall biosynthesis. 

 1.5.1.  Chapter  1  -  Contamination  in  Reference  Sequence 

 Databases: Time for Divide-and-Rule Tactics 

 As  only  public  data  will  be  used  during  this  work,  it  is  fundamental  that  our 

 phylogenetic  interpretation  is  not  driven  by  potential  genomic  contamination. 
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 Although  NCBI  RefSeq  was  built  as  a  non-redundant  and  high-quality  sequence  and 

 genome  database,  it  has  been  suggested  that  it  is  not  completely  devoid  of 

 contamination.  In  this  chapter,  we  developed  Physeter  ,  a  reference 

 database-dependent  contamination  detection  algorithm  and  then  applied  it  to 

 thousands  of  RefSeq  genomes.  On  this  occasion,  we  confirmed  that  about  0.9%  of 

 the  complete  genomes  in  RefSeq  are  contaminated  by  foreign  sequences.  Since 

 Physeter  relies  on  a  reference  database  itself  derived  from  public  repositories,  we 

 implemented  a  leave-one-out  strategy,  which  allows  us  to  reduce  the  impact  of 

 potentially contaminated genomes in the reference database. 

 The  manuscript  corresponding  to  this  chapter  entitled  “Contamination  in  Reference 

 Sequence  Databases:  Time  for  Divide-and-Rule  Tactics”  was  published  on  the  22th 

 October 2021 in  Frontiers in Microbiology  . 

 The  first  version  of  Physeter  was  also  used  in  the  article  of  Javier  Cordoba  published 

 in  Genes  (Basel)  on  the  29th  May  2021  (see  Annexes  ,  of  which  I  am  also  a 

 co-author)  to  detect  contamination  in  a  transcriptome  meta-assembly  of  the  complex 

 green  alga  Euglena  gracilis  .  A  revised  pipeline  of  Physeter  was  then  integrated  into 

 the  Nextflow  workflow  CRACOT  ,  which  simulates  contamination  events  to  evaluate 

 the  accuracy  of  different  contamination  detection  tools  (one  of  these  being  Physeter  ). 

 The  bioRxiv  version  of  the  latter  manuscript  submitted  to  Genome  Biology 

 (  https://doi.org/10.1101/2022.11.14.516442  ),  of  which  I  am  a  co-author,  is  presented 

 in the  Annexes  of this thesis. 

 1.5.2.  Chapter  2  -  An  Extended  Reservoir  of  Class-D 

 Beta-Lactamases in Non-Clinical Bacterial Strains 

 The  cell-wall  peptidoglycan  plays  a  crucial  role  in  the  survival  of  bacteria.  Indeed,  it 

 helps  them  to  maintain  their  cell  shape  and  protect  them  from  internal  turgor 

 pressure.  Moreover,  it  mediates  the  interactions  between  the  cell  and  its 

 environment.  Therefore,  peptidoglycan  is  one  the  main  targets  of  antimicrobial  drugs, 

 such  as  beta-lactam  antibiotics.  In  response,  bacteria  have  developed  resistance  to 

 beta-lactam  antibiotics  by  synthesizing  enzymes  (i.e.,  beta-lactamases)  that  inhibit 

 the  action  of  these  antimicrobial  agents.  This  chapter  focuses  on  the  study  of  the 
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 class-D  beta-lactamases.  Here,  we  have  mined  more  that  80,000  RefSeq  genomes 

 to  assess  the  real  distribution  of  the  class-D  beta-lactamases  among  the  bacterial 

 domain and study the phylogenetic relationships within the class-D family. 

 The  first  purpose  of  this  chapter  was  to  perform  a  pilot  phylogenetic  study  of  a 

 protein  family  for  which  the  nomenclature  was  doubtful,  in  order  to  set  up  analytical 

 guidelines  to  be  applied  to  the  different  protein  families  discussed  in  Chapter  3,  in 

 particular  with  respect  to  handling  of  sequence  redundancy.  The  corresponding  work 

 was published on the 21th March 2022 in  Microbiology  Spectrum  . 

 1.5.3.  Chapter  3  -  Origin  and  Evolution  of  Pseudomurein 

 Biosynthetic Gene Clusters 

 The  pseudomurein  cell-wall  is  an  oddity  within  the  archaeal  domain.  Indeed, 

 although  some  Euryarchaeota  also  possess  a  cell-wall  polymer,  only  the 

 pseudomurein  is  structurally  similar  to  the  bacterial  peptidoglycan.  Furthermore, 

 some  genomic  studies  have  shown  that  homologs  of  certain  genes  involved  in 

 peptidoglycan  biosynthesis  are  also  found  in  the  genomes  of  Methanopyrales  and 

 Methanobacteriales.  In  this  chapter,  we  try  to  address  the  main  question  of  this 

 thesis:  do  peptidoglycan  and  pseudomurein  have  a  common  origin?  More  precisely, 

 are  the  genes  involved  in  their  biosynthesis  genuinely  similar  and,  if  so,  what  events 

 have led to their current diversity and distribution? 

 This  chapter  corresponds  to  the  bioRxiv  version  of  a  manuscript 

 (  https://doi.org/10.1101/2022.11.30.518518  )  that  has  just  been  submitted  to 

 Molecular Biology and Evolution  . 
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 3.1. On sequence mining of public databases 

 3.1.1. Contamination of public databases 

 Although  RefSeq  hosts  high-quality  genomes  compared  to  GenBank,  some  issues  of 

 RefSeq  still  need  to  be  addressed,  notably  regarding  contamination.  In  Chapter  1  of 

 the  Results  section  (Lupo  et  al.  2021),  we  have  demonstrated  the  presence  of 

 mis-affiliated  genomes  in  NCBI  RefSeq.  This  is  problematic  for  comparative  genomic 

 or  phylogenomic  studies,  because  researchers  often  download  genomes  from  public 

 repositories  based  on  their  assigned  taxonomy.  Obviously,  inclusion  of  unwanted 

 organisms  can  lead  to  aberrant  results  and  wrong  conclusions  (Cornet  and  Baurain 

 2022).  Theoretically,  Physeter  is  the  only  contamination  detection  tool  able  to  detect 

 mis-affiliated  genomes  by  comparing  the  main  detected  organism  and  the  associated 

 taxonomy  from  NCBI  (Schoch  et  al.  2020)  or  GTDB  (Parks  et  al.  2018).  However,  it 

 is  difficult  to  distinguish  between  mis-affiliated  genomes  and  these  two  cases:  1)  the 

 expected  taxon  is  very  scarce  due  to  the  heavy  contamination  of  the  genome  and,  2) 

 when  assessing  contamination  of  rare  genomes  with  no  close  representative  in 

 reference  databases  (Cornet  and  Baurain  2022).  Interestingly,  these  two  cases  are 

 the  same  that  cause  the  singletons  to  appear  in  genome  deduplication  (see  section 

 3.1.4.).  Furthermore,  RefSeq  is  often  used  as  a  reference  database  for 

 database-dependent  tools  designed  for  the  detection  of  genomic  contamination. 

 Presence  of  issues  such  as  mis-affiliated  or  contaminated  genomes  in  those 

 reference  databases  can  lead  to  false-positive  or  false-negative  results  (Cornet  and 

 Baurain  2022).  Physeter  minimizes  the  effects  of  contaminated  genomes  in 

 reference  databases  by  using  a  leave-one-out  approach  (Lupo  et  al.  2021). 

 Nevertheless,  this  strategy  is  successful  only  if  the  database  is  rich  enough  to 

 maintain  its  taxonomic  diversity  during  the  leave-one-out  step  (Cornet  and  Baurain 

 2022).  Altogether,  these  issues  show  the  need  to  maintain  high-quality  and 

 contamination-free reference databases. 

 3.1.2. Horizontal gene transfer and contamination 

 The  distinction  between  contamination  and  horizontal  gene  transfer  (HGT)  events  is 

 a  challenging  issue  that  needs  to  be  addressed  in  the  future.  HGTs  have  played  an 
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 important  role  during  the  evolution  of  prokaryotes.  Indeed,  it  has  been  shown  that  the 

 majority  of  bacterial  genes  have  been  transferred  at  least  once  across  organisms 

 (Dagan  and  Martin  2007;  Dagan  et  al.  2008).  Moreover,  HGT  events  have  been 

 reported  in  gut  microbiota  and  thus  affect  metagenomic  samples  (Eme  et  al.  2017; 

 Frazão  et  al.  2019).  Interestingly,  HGT  involving  bacteria  and  eukaryotes  have  also 

 been  reported  (Keeling  and  Palmer  2008;  Schmitt  and  Lumbsch  2009;  McDonald  et 

 al.  2012;  Soucy  et  al.  2015;  Kominek  et  al.  2019;  Yubuki  et  al.  2020),  although  some 

 of  them  turned  out  to  be  the  result  of  genomic  contamination,  such  as  in  the 

 tardigrade  (Arakawa  2016;  Delmont  and  Eren  2016;  Koutsovoulos  et  al.  2016)  or 

 human  genome  (Salzberg  2017).  This  can  be  explained  by  the  contamination 

 background  noise,  which  affects  the  identification  of  HGT  events.  Oppositely, 

 “genuine”  HGT  can  complicate  the  detection  of  contaminants.  Consequently,  a 

 foreign  sequence  within  an  organism  is  so  far  considered  either  as  a  contaminant  or 

 the  product  of  a  HGT  event,  depending  on  the  purpose  of  the  software  used, 

 whereas  it  could  be  genuinely  one  or  the  other  or  even  both  at  the  same  time 

 (Cornet and Baurain 2022). 

 3.1.3. Facing sequence suppression in public databases 

 NCBI  sequence  databases  receive  a  tremendous  amount  of  data  from  direct 

 submission  by  individual  laboratories  or  batch  submission  by  high-throughput 

 sequencing  centers  (Bouadjenek  et  al.  2017;  Sayers  et  al.  2022).  Moreover, 

 international  collaborations,  such  as  the  INSDC  (Arita  et  al.  2021),  increase  the 

 number  of  the  available  sequences  in  those  databases.  To  provide  access  to  newly 

 added  sequences  to  the  worldwide  community,  the  NCBI  regularly  performs  new 

 releases  of  its  databases.  For  instance,  GenBank  and  RefSeq  database  releases 

 occur  every  two  months  (  https://www.ncbi.nlm.nih.gov/genbank/  Accessed  30 

 November  2022;  https://ftp.ncbi.nlm.nih.gov/refseq/release/release-notes/archive/ 

 Accessed  30  November  2022).  Each  new  release  is  accompanied  by  a  list  of 

 nucleotide  or  protein  sequences  that  have  been  removed  from  the  corresponding 

 database  between  two  releases  (  https://ftp.ncbi.nlm.nih.gov/refseq/README 

 Accessed  30  November  2022).  A  sequence  is  manually  suppressed  when  curators, 

 submitters  or  a  third  party  report  an  error.  It  has  been  estimated  that  it  takes  on 

 average  1  month  between  the  submission  and  the  deletion  of  a  suspicious  sequence 
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 (Bouadjenek  et  al.  2017).  The  suppression  of  incorrect  or  dubious  sequences  is  a 

 critical  point  for  the  quality  and  accuracy  of  public  databases.  However,  these 

 suppressions  of  sequences  are  problematic  for  studies  spread  over  several  years. 

 During  the  study  of  the  class  D  beta-lactamases  (see  Chapter  2  of  the  Results 

 section),  we  have  faced  sequence  suppression  (Lupo  et  al.  2022).  Indeed,  from  the 

 3510  unique  OXA-domain  family  sequences  that  we  had  identified,  763  are  now 

 tagged  as  “Removed  record”  from  the  NCBI  RefSeq  database.  More  surprisingly, 

 408  of  the  763  removed  sequences  are  representative  sequences  used  to  compute 

 the  phylogenetic  tree.  The  suppressed  sequences  are  not  problematic  for 

 reproducibility  studies,  since  removed  records  are  still  accessible  through  old  release 

 versions  of  the  public  databases  (  https://ftp.ncbi.nlm.nih.gov/refseq/removed/ 

 Accessed  30  November  2022).  However,  suppressions  are  questionable  regarding 

 the  interpretation  of  the  results,  particularly  for  the  phylogenetic  tree,  in  which  about 

 30%  of  the  sequences  are  probably  incorrect  (or  at  least  not  genuine  in  terms  of 

 organism  source).  Consequently,  during  the  process  of  sequence  selection  for  wet 

 lab  validation,  we  had  to  ensure  the  presence  of  the  ten  selected  protein  sequences 

 in the last RefSeq database. 

 3.1.4. Divergent sequences and rare genomes 

 The  1413  representative  OXA-domain  family  sequences  have  been  selected  by  the 

 clustering  program  CD-HIT  (Fu  et  al.  2012)  from  the  3510  unique  sequences.  In 

 addition  to  improving  the  performance  of  subsequent  analyses  (Fu  et  al.  2012), 

 sequence  deduplication  can  mechanically  bring  out  sequences  that  are  more 

 divergent  (i.e.,  singletons)  than  other  sequences  of  a  dataset  (Evans  and  Denef 

 2020).  The  difference  between  divergent  sequences  and  other  sequences  can  be 

 real  and  due  to,  e.g.,  fast  evolution,  or  due  to  artifacts  (e.g.,  sequencing  errors  or 

 mispredictions  of  coding  regions)  (Di  Franco  et  al.  2019),  like  our  potentially  incorrect 

 OXA-domain  family  removed  sequences.  Similar  observations  have  been  done  for 

 genome  assembly.  Indeed,  an  aggressive  deduplication  of  bacterial  genomes 

 showed  that  a  genome  can  be  considered  as  a  singleton  for  two  reasons:  1)  the 

 genome  is  truly  different  and  forms  a  singleton  cluster  during  deduplication  (Léonard 

 et  al.  2021;  Léonard  2021),  or  2)  the  genome  is  so  heavily  contaminated  (i.e., 

 chimeric)  that  this  makes  it  look  very  different  from  the  other,  genuinely  related, 
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 genomes  (Cornet  and  Baurain  2022).  However,  it  is  very  difficult  to  assess  the 

 contamination  level  for  a  rare  genome  when  there  is  no  close  representative  in 

 reference  databases  (Cornet  and  Baurain  2022).  In  Chapter  3  of  the  Results  section, 

 we  have  discussed  the  phylogeny  of  the  gene  murT  .  In  this  phylogenetic  tree,  we 

 have  observed  that  MurT,  along  with  its  partner  GadT  (Münch  et  al.  2012;  Nöldeke  et 

 al.  2018),  is  found  in  some  bacterial  lineages  and  exclusively  in  Methanobacteriales. 

 In  contrast,  an  homologue  of  MurT,  termed  MurT-like,  is  only  found  in 

 Methanobacteriales  and  also  in  the  single  Methanopyrales  of  our  dataset.  However, 

 to  assert  that  MurT  is  really  absent  from  all  Methanopyrales  is  adventurous  at  best, 

 because  only  one  Methanopyrales  genome  (i.e.,  Methanopyrus  sp.  KLO6)  was 

 available  in  RefSeq  at  the  beginning  of  this  study.  Thus,  this  absence  of  the  gene 

 murT  could  instead  result  from  artifacts  affecting  only  this  specific  strain.  To  confirm 

 or  refute  our  observation,  we  have  used  the  Forty-Two  software  package  (Irisarri  et 

 al.  2017;  Simion  et  al.  2017)  to  mine  potential  MurT  homologues  in  two  additional 

 Methanopyrus  genomes  from  RefSeq  and  one  from  GenBank.  This  control  analysis 

 confirmed  the  absence  of  MurT  and  the  presence  of  MurT-like  in  all  four 

 Methanopyrus  species.  This  also  showed  that  GenBank  is  useful  to  validate 

 observations  made  for  rare  genomes  of  RefSeq,  not  by  using  the  entire  genomes 

 due to their lower quality compared to RefSeq but by mining individual sequences. 

 3.1.5.  Public  databases  as  a  means  to  preserve  biological 

 diversity 

 Despite  the  aforementioned  limitations,  public  databases  offer  researchers  the  ability 

 to  get  their  hand  on  large  amounts  of  sequences  and  genomes.  Such  dataset 

 collections  also  allow  to  preserve  biological  diversity  (Mahilum-Tapy  2009),  even 

 more  than  microorganism  collections,  where  contaminated  or  unpreserved  cultures 

 can  be  definitely  lost  (Sharma  et  al.  2019).  Owing  to  these  data,  researchers  can 

 directly  identify  interesting  sequences  during  genome  mining  analyses  (Albarano  et 

 al.  2020),  clone  or  synthesize  the  corresponding  genes  into  vectors  and  express 

 them  in  heterologous  competent  cells.  In  this  respect,  our  study  of  class  D 

 beta-lactamases  perfectly  illustrates  a  complete  analysis,  going  from  bioinformatic 

 analyses  of  public  sequence  data  to  wet  lab  validation  of  candidate  protein 

 sequences.  Such  an  analytical  workflow  can  certainly  be  applied  to  other  protein 
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 families.  In  addition,  those  public  sequence  data  can  be  used  in  synthetic  biology,  a 

 field  of  biology  that  attempts  to  create  new  living  organisms  from  synthetic 

 components  (Benner  and  Sismour  2005).  A  few  application  examples  of  synthetic 

 biology  are  given  in  the  review  of  Venter  et  al.  2022,  among  which  the  use  of 

 synthetic  genomics  to  recover  non-cultivable  viruses.  This  strategy  was  applied  in 

 the  recent  pandemic  of  SARS-CoV-2  (i.e.,  a  single-stranded  RNA  virus),  where 

 commercially  synthesized  DNA  were  reassembled  in  the  yeast  Saccharomyces 

 cerevisiae  and  then  transcripted  into  infectious  RNA  to  rescue  viable  viruses  (Thi 

 Nhu Thao et al. 2020). 

 3.2. Cell-wall polymers, antibiotics and cell division 

 3.2.1. Other functions of the peptidoglycan 
 The  peptidoglycan  (PG)  is  a  ubiquitous  polymer  found  in  the  cell  wall  of  almost  all 

 bacterial  species  (Pazos  and  Peters  2019).  Most  of  the  genes  involved  in  PG 

 biosynthesis  lie  in  the  division  and  cell-wall  synthesis  (  dcw  )  cluster,  of  which  the 

 gene  order  and  composition  are  relatively  well  conserved  across  the  different 

 bacterial  lineages  (Tamames  2001;  Mingorance  and  Tamames  2004;  Real  and 

 Henriques  2006).  Recently,  it  has  been  shown  that  the  last  bacterial  common 

 ancestor  (LBCA)  was  already  a  complex  organism,  with  PG  and  a  complete  dcw 

 cluster  consisting  of  17  genes:  mraZ  ,  mraW  ,  ftsL  ,  ftsI  ,  murE  ,  murF  ,  mraY  ,  murD  , 

 ftsW  ,  murG  ,  murC  ,  murB  ,  murA  ,  ddlB  ,  ftsQ  ,  ftsA  and  ftsZ  (Léonard  et  al.  2022).  In 

 addition  to  acting  as  a  protective  layer,  PG  has  an  important  role  in  bacterial  division, 

 which  is  initiated  by  the  formation  of  the  FtsZ  (i.e.,  a  cytoskeletal  protein  homologue 

 to  the  eukaryotic  tubulin)  septal  ring  (McQuillen  and  Xiao  2020).  Indeed,  even 

 species  from  the  PVC  group  (e.g.,  Planctomycetes,  Chlamydiae)  once  thought  to 

 lack  PG,  actually  exhibit  a  thin  layer  of  PG,  which  is  notably  synthesized  during 

 septal  division  (Liechti  et  al.  2014;  Jeske  et  al.  2015;  Packiam  et  al.  2015;  van 

 Teeseling  et  al.  2015;  Liechti  et  al.  2016).  Only  Mollicutes,  which  are  strict 

 intracellular  parasites  including  Mycoplasma  spp,  are  the  only  known  bacteria  to  lack 

 a  cell  wall  (Trachtenberg  1998).  These  bacteria  have  a  reduced  dcw  cluster  that  is 

 limited  to  a  maximum  of  four  genes:  mraZ  ,  mraW  ,  ftsA  (i.e.,  cytoskeletal  protein 

 homologue  to  the  eukaryotic  actin)  and  ftsZ  (Martínez-Torró  et  al.  2021;  Léonard  et 
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 al.  2022).  The  mechanism  of  division  of  these  cell-wall-less  bacteria  is  poorly 

 understood,  but  some  results  suggest  that  FtsZ  plays  an  important  role  in  their  cell 

 division  (Martínez-Torró  et  al.  2021).  Interestingly,  there  exist  many  bacteria  able  to 

 switch  into  a  cell-wall-less  state  named  “L-form”  (Allan  et  al.  2009).  This  state  can  be 

 achieved  through  genetic  mutation  or  chemical  inhibition  of  the  enzymes  involved  in 

 PG  biosynthesis.  Without  a  protective  layer  of  PG,  L-form  bacteria  require  an 

 osmoprotective  growth  medium  for  survival  (Osawa  and  Erickson  2019).  Despite 

 having  no  cell  wall,  L-form  bacteria  still  have  the  ability  to  grow  and  proliferate 

 (Errington  2017).  It  was  shown  that  L-form  Escherichia  coli  cells  do  not  completely 

 lack  PG  but  have  7%  of  the  normal  amount,  which  allowed  them  to  perform  septal 

 division  (Joseleau-Petit  et  al.  2007).  However,  a  L-form  of  Bacillus  subtilis  with  no 

 cell  wall  and  knocked-down  for  the  ftsZ  gene  proliferates  in  a  strange  manner,  which 

 does  not  follow  the  classical  binary  fission.  Hence,  the  cell  grows  until  the  cell 

 membrane  forms  a  protrusion,  followed  by  the  eruption  of  multiple  progeny  (Leaver 

 et  al.  2009;  Errington  2017).  Interestingly,  even  though  Chlamydia  species  use  PG 

 for  division,  they  lack  the  two  cytoskeletal  proteins  FtsZ  and  FtsA.  Thus,  it  was 

 proposed  that  another  cytoskeletal  protein,  MreB,  acts  as  a  substitute  for  FtsZ 

 (Ouellette  et  al.  2020).  This  latter  protein  has  also  been  proposed  as  the  substitute 

 for  FtsZ  in  the  L-form  B.  subtilis  mutant  (Leaver  et  al.  2009).  Although-cell  wall-less 

 bacteria  can  still  divide,  the  small  amount  of  PG  found  in  PVC  group  species,  notably 

 during  division  suggests  that  PG  is  required  for  the  classical  septal  division,  while  the 

 function  of  FtsZ  can  be  fulfilled  by  other  cytoskeletal  proteins.  Therefore,  it  looks  like 

 PG  has  appeared  so  early  in  bacterial  evolution  that  it  is  indissociable  from  the 

 division  complex  (Pende  et  al.  2021).  Thus,  beyond  its  protective  role  the  other 

 function of PG is to scaffold the cell-division machinery. 

 3.2.2.  Environmental  bacteria  as  a  reservoir  of  antimicrobial 

 resistance genes 

 The  bacterial  cell  wall  is  so  important  for  cell  survival  that  it  is  the  target  of  many 

 antimicrobial  compounds,  such  as  beta-lactam  antibiotics  (Bhattacharjee  2016).  For 

 protection  against  those  antibiotics,  bacteria  have  developed  different  strategies  of 

 resistance,  notably  the  production  of  specific  hydrolases  termed  beta-lactamases 

 (Bush  2018).  In  our  study  of  class  D  beta-lactamases,  we  have  emphasized  the  idea 
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 that  environmental  bacteria  that  have  never  been  exposed  to  the  pressure  of  human 

 and  veterinary  antibiotic  therapy  can  constitute  a  reservoir  of  new  beta-lactamases. 

 In  natural  habitats,  microorganisms  live  in  communities  as  a  multi-cellular  network. 

 When  ressources  begin  to  deplete,  organisms  start  to  secrete  secondary 

 metabolites,  of  which  antibiotics,  that  give  a  competitive  advantage  to  producers.  In 

 response,  non-producer  organisms  developed  antimicrobial  resistance  (AMR) 

 mechanisms,  and  it  has  been  documented  that  antibiotics  could  also  act  as  signaling 

 molecules  between  organisms  of  a  microbial  community  (Sengupta  et  al.  2013). 

 Although  there  are  still  a  lot  of  new  antimicrobial  compounds  to  be  isolated  from 

 naturally  producing  organisms  (Adam  et  al.  2018),  we  can  speculate  that  AMR 

 mechanisms  already  exist  for  these  compounds  that  are  still  to  be  discovered,  due  to 

 the  evolutionary  arms  race  between  producer  and  non-producer  organisms.  We 

 have  to  be  mindful  that  even  if  new  antimicrobial  compounds  are  released  for  human 

 health  therapy,  an  overuse  of  these  antibiotics  could  increase  the  spread  of  the 

 associated AMR. 

 3.2.3. Antimicrobial resistance in Archaea 

 In  2020,  Diene  et  al.  (Diene  et  al.  2020)  have  identified  in  archaeal  genomes  genes 

 coding  for  putative  class  B  and  class  C  beta-lactamases.  They  cloned  and 

 expressed  two  sequences  of  Methanosarcina  into  E.  coli  ,  and  showed  that  both 

 sequences  exhibit  a  weak  beta-lactamase  activity.  Since  no  PG  is  found  in  archaea, 

 and  thus  no  penicillin  binding  proteins  (PBPs)  either,  we  can  question  the  use  for 

 such  beta-lactamases  in  archaeal  species.  Two  hypotheses  might  explain  the 

 presence  of  beta-lactamases  in  some  archaea.  First,  we  can  speculate  that  those 

 archaeal  enzymes  are  actually  not  beta-lactamases  but  far  related  archaeal 

 homologues  with  a  hydrolase  activity  profile  similar  to  bacterial  beta-lactamases  but 

 playing  a  different  role  in  archaea  (Colson  et  al.  2020).  Second,  these  enzymes 

 would  have  been  acquired  through  HGT  from  bacteria.  Consequently,  the  AMR 

 genes  were  only  maintained  in  archaea,  probably  because  the  corresponding 

 antibiotics  can  target  an  undetermined  transpeptidase  in  the  archeal  cell.  Yet, 

 detecting  AMR  gene  in  archaeal  species  is  not  problematic,  at  least  so  far.  Indeed, 

 no  pathogenic  archaea  have  been  identified  to  date,  even  though  archaea  do 

 possess  characteristic  of  pathogens  (e.g.,  interaction  with  eukaryotic  cells, 
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 production  of  toxins)  (Gill  and  Brinkman  2011).  However,  Methanobrevibacter  smithii  , 

 a  commensal  methanogenic  archaeon  notably  found  in  human  gut  (Borrel  et  al. 

 2020),  is  often  co-cultured  along  with  pathogenic  bacteria  during  different  infections 

 (Collin  et  al.  2011;  Grine,  Lotte,  et  al.  2019;  Grine,  Drouet,  et  al.  2019;  Djemai  et  al. 

 2021;  Rasmussen  and  Collin  2021).  Thus,  we  should  reconsidered  these 

 methanogenic  archaea  as  opportunistic  pathogens  (Hassani  et  al.  2020),  and 

 therefore  search  for  anti-archaeal  compounds,  since  several  antibiotics  (e.g., 

 beta-lactams,  glycopeptides)  that  target  bacteria  are  not  effective  against  archaea 

 (Khelaifia  and  Drancourt  2012).  Nevertheless,  M.  smithii  and  other 

 pseudomurein-containing  archaea  are  sensitive  to  two  endoisopeptidases  isolated 

 from  phages,  PeiW  and  PeiP.  Both  enzymes  cleave  the  isopeptide  bond  Ala-ε-Lys  in 

 the  stem  peptide  of  the  pseudomurein  (PM),  which  leads  to  the  lysis  of  the  cell 

 (Schofield  et  al.  2015).  Such  enzymes  might  thus  be  considered  as  archaeal 

 antibiotics in case of future need. 

 3.2.4. Advantages to acquire pseudomurein cell-wall 

 Unlike  bacteria,  there  is  not  a  cell  wall  or  a  cell  wall  polymer  that  is  ubiquitous  in 

 archaea.  Yet,  the  S-layer  is  the  most  commonly  observed  cell  wall  in  the  different 

 archaeal  lineages.  Thus,  it  was  suggested  that  S-layer  was  the  most  ancient 

 archaeal  cell  wall  structure  to  evolve  (Klingl  et  al.  2019;  Meyer  and  Albers  2020). 

 However,  a  recent  study  suggests  multiple  independent  evolutionary  origins  for  the 

 S-layer  (Bharat  et  al.  2021).  Beside  this  S-layer  cell  wall,  some  lineages  of 

 Euryarchaeota  are  characterized  by  the  presence  of  a  cell  wall  polymer: 

 Methanopyrales  and  Methanobacteriales  have  PM,  Methanosarcina  have 

 methanochondroitin,  whereas  Halobacteria  have  halomucin,  glutaminylglycan  or 

 heteropolysaccharides.  This  taxonomic  distribution  suggests  that  cell  wall  polymers 

 have  appeared  independently  during  archaeal  evolution.  Based  on  these 

 observations,  we  speculate  that  the  last  archaeal  common  ancestor  (LACA)  had  no 

 cell  wall.  Knowing  that  some  modern  euryarchaeotal  species  do  survive  in  extreme 

 environments  without  any  cell  wall,  what  would  be  the  advantages  of  acquiring  a 

 cell-wall  polymer  other  than  acting  as  a  simple  protective  layer?  Indeed,  some 

 cell-wall-less  Thermoplasmata  species  (e.g.,  Thermoplasma  ,  Ferroplasma  )  can 

 thrive  in  thermophilic  (around  60°C)  and  acidophilic  (pH  ≤  2)  environments 
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 (Golyshina  and  Timmis  2005;  Reysenbach  2015).  Instead  of  a  bilayered  membrane, 

 these  euryarchaeota  have  a  monolayered  membrane  to  which  are  attached 

 glycoproteins  and  lipoglycans,  which  confer  them  a  resistance  to  hydrolysis  (Klingl  et 

 al.  2019).  This  cell-wall-less  state  is  analogous  to  Mollicutes  in  Bacteria.  However,  as 

 the  LBCA  probably  already  had  PG  and  Mollicutes  have  a  reduced  dcw  cluster,  the 

 absence  of  a  cell  wall  in  Mollicutes  is  not  an  ancestral  state  and  must  be  the  result  of 

 a  secondary  simplification  due  to  its  parasitic  lifestyle  (Martínez-Torró  et  al.  2021). 

 Above,  we  have  argued  that  PG  in  Bacteria  seems  to  be  mandatory  for  the  classical 

 septal  division.  Therefore,  does  the  acquisition  of  a  cell-wall  polymer  could  enhance 

 the  FtsZ-dependent  septal  division  in  Archaea?  Despite  a  few  exceptions,  the  cell 

 division  (cytokinesis)  in  Bacteria  is  mainly  mediated  by  the  cytoskeletal  protein  FtsZ. 

 In  eukaryotes,  the  cell  division  involves  actin  and  proteins  of  the  E  ndosomal  S  orting 

 C  omplex  R  equired  for  T  ransport  (ESCRT),  the  latter  notably  mediating  membrane 

 abscission  (i.e.,  separation  of  daughter  cells)  during  cytokinesis.  In  Archaea,  two 

 division  mechanisms  are  found,  the  FtsZ-  and  Cdv-based  systems.  Interestingly, 

 some  proteins  of  the  Cdv-based  division  are  homologous  to  the  eukaryotic 

 ESCRT-III  sorting  complex  and  are  found  in  the  TACK  superphylum  and  the  Asgard 

 (Lindås  et  al.  2008;  Caspi  and  Dekker  2018;  Pende  et  al.  2021;  Ithurbide  et  al. 

 2022).  In  addition,  while  most  Archaea  possess  two  homologues  of  FtsZ,  namely 

 FtsZ-1  and  FtsZ-2,  Methanopyrales  and  Methanobacteriales  are  the  only  cell-wall 

 polymer  containing  organisms  to  contain  only  one  homologue  of  FtsZ.  Moreover, 

 they  are  the  only  archaeal  species  to  possess  a  MreB  homologue,  a  cytoskeletal 

 protein  involved  in  cell  elongation  in  Bacteria  (Pende  et  al.  2021;  Ithurbide  et  al. 

 2022).  In  the  majority  of  bacteria,  FtsZ  is  anchored  to  the  cytoplasmic  membrane 

 through  FtsA  (Mura  et  al.  2017),  whereas  SepF  is  the  anchor  of  FtsZ  in  Archaea. 

 The  SepF  protein  is  also  found  in  some  Terrabacteria  lineages  and  has  an 

 overlapping  role  with  FtsA.  In  contrast,  FtsA  has  been  identified  in  Methanopyrales 

 and  is  completely  absent  from  the  other  archaeal  lineages.  Furthermore, 

 evolutionary  analyses  have  shown  that  both  SepF  and  FtsZ  date  back  to  the  last 

 universal  common  ancestor  (LUCA)  (Pende  et  al.  2021;  Ithurbide  et  al.  2022). 

 Unfortunately,  these  observations  do  not  suggest  any  correlation  between  the 

 acquisition  of  a  cell-wall  polymer  and  the  FtsZ-dependent  septal  division.  Yet,  it 

 highlights  similar  cell-wall-related  genetic  determinants  between  PM-containing 

 Archaea  and  Bacteria.  Indeed,  both  divide  through  a  FtsZ-based  system  relying  on 
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 only  one  copy  of  the  ftsZ  gene,  indicating  that  PM-containing  Archaea  have  lost  one 

 copy  of  ftsZ  during  their  evolution.  Moreover,  they  have  a  mreB  gene,  which  was 

 probably  acquired  by  HGT  from  Bacteria  (Ithurbide  et  al.  2022).  Beside  protection 

 and  cell  division,  a  third  incentive  for  acquiring  a  rigid  cell-wall  polymer  could  consist 

 in  conferring  a  better  resistance  to  phage  entry  and  exit  from  the  cell  (Buchmann  and 

 Holmes 2015). 

 3.2.5. HGT has triggered the evolution of pseudomurein 

 In  Chapter  3  of  the  Results  section,  we  have  discussed  HGTs  of  some  genes 

 involved  in  PG  biosynthesis  that  occurred  between  Bacteria  to  a  common  ancestor 

 of  Methanopyrales  and  Methanobacteriales.  Moreover,  recent  studies  have  shown 

 that  Bacteria  and  PM-containing  Archaea  have  a  similar  set  of  cytoskeletal  proteins, 

 of  which  at  least  two  (i.e.,  MreB,  FtsA)  have  been  acquired  through  HGT  (Pende  et 

 al.  2021;  Ithurbide  et  al.  2022).  These  results  indicate  that  several  HGTs  from 

 Bacteria  could  have  driven  the  evolution  of  PM  in  the  ancestor  of  Methanopyrales 

 and  Methanobacteriales.  Since  only  a  small  fraction  of  the  genes  involved  in  PG 

 biosynthesis  were  transferred,  their  ancestor  had  to  complete  the  missing  steps  for 

 PM  biosynthesis  by  its  own  set  of  genes.  In  relation  to  this,  we  do  not  know  whether 

 this  organism  had  a  simpler  cell-wall  polymer  prior  to  the  transfers,  which  then 

 evolved  into  modern  PM  following  the  acquisition  of  bacterial  genes,  or  whether  it 

 used  the  acquired  genes  along  with  repurposed  pre-existing  genes  to  synthesize  the 

 PM from scratch. 

 3.2.6. From modern traits to ancestral organisms 

 When  phylogeny  is  used  to  retrace  ancestral  traits  based  on  those  of  modern 

 organisms  (top-down  approach),  the  reconstructed  ancestors  often  exhibit  complex 

 features.  For  example,  the  LBCA  was  inferred  to  already  have  PG  with  a  complete 

 dcw  cluster  (Léonard  et  al.  2022)  while  the  last  eukaryotic  common  ancestor  (LECA) 

 has  been  modeled  as  having  a  mitochondrion,  a  nucleus,  a  complex  endoplasmic 

 membrane  system  etc  (Lane  2015).  Moreover,  all  “intermediate”  organisms  (i.e., 

 organisms  exhibiting  traits  that  would  reflect  the  transition  from  LUCA  to  LBCA  and 

 LECA  or  from  prokaryote  to  eukaryote)  have  been  lost  during  evolution  (i.e.,  they 

 were  stem  groups  now  extinct).  Because  of  their  basal  position  in  the  eukaryotic  tree, 
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 some  scientists  have  thought  that  Archezoa  (i.e.,  eukaryotes  that  lack  mitochondria) 

 were  a  missing  link  of  the  transition  between  prokaryotic  and  eukaryotic  state 

 (Cavalier-Smith  1987).  However,  it  was  subsequently  shown  that  the  basal  position 

 of  Archezoa  was  due  to  the  long  branch  attraction  artifact.  Thus,  this  “primitive”  state 

 of  Archezoa  actually  results  from  secondary  simplification  induced  by  the 

 environment  (Brinkmann  and  Philippe  2007),  like  Mollicutes  in  Bacteria 

 (Martínez-Torró  et  al.  2021).  In  addition,  the  high  rate  of  HGT  that  occurs  between 

 Bacteria  and  Archaea  creates  a  background  noise  that  complicates  the  phylogenetic 

 reconstruction  of  ancestral  traits  (Dagan  and  Martin  2007;  Dagan  et  al.  2008).  Extinct 

 stem  groups,  leading  to  complex  LCAs,  make  the  top-down  approach  uninformative 

 about  the  order  of  acquisition  of  traits  of  interest  and  their  evolutionary  advantage  at 

 that  time.  Another  approach,  termed  bottom-up,  is  advocated  in  the  book  of  Nick 

 Lane  entitled  “The  Vital  Question:  Why  is  life  the  way  it  is?”  (Lane  2015),  where  the 

 author  uses  knowledge  of  present-day  chemistry  to  imagine  the  prebiotic  chemistry 

 that  has  led  to  LUCA.  Although  some  of  his  hypotheses  could  in  principle  be  tested 

 in  the  laboratory,  this  approach  also  has  limitations.  For  example,  it  assumes  that 

 prebiotic  chemistry  is  identical  to  present-day  chemistry.  Moreover,  even  if  the 

 predicted  results  are  observed  ,  nothing  ensures  that  the  original  events  really 

 happened in this manner. 

 3.2.7. Complexification or secondary simplification? 

 For  the  layman  audience,  “evolution”  often  equates  to  “progress”,  in  the  form  of 

 progressive  complexification.  This  inaccurate  yet  popular  view  finds  its  iconic 

 representation  in  the  Great  chain  of  beings  (or  Scala  Naturae  )  (Ragan  2009), 

 especially  when  it  comes  to  the  “evolution  of  Man”,  going  from  crawling  monkeys  to 

 upright  Western  males  wearing  office  suits.  According  to  S. J.  Gould  (1941–2002), 

 such  a  misconception  stems  from  the  fact  that  “people  are  storytelling  creatures” 

 who  are  fond  of  so-called  “trends”.  Moreover,  it  is  true  that,  at  geological  scales,  the 

 maximal  level  of  organismic  complexity  is  on  the  rise  from  the  very  beginning. 

 However,  the  maximum  can  be  a  very  poor  measure  to  describe  a  statistical 

 distribution  (as  can  be  the  mean),  especially  a  long-tail  distribution.  At  a  planetary 

 scale,  Life  has  always  been  (and  always  will  be)  dominated  by  microbes  (Gould 

 1996).  Even  when  some  criterion  is  chosen  to  order  extant  organisms  on  a 
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 complexity  scale,  it  is  very  difficult  to  determine  the  direction  of  the  evolutionary 

 process:  towards  an  ever  more  complex  state  or  back  to  a  (much)  simpler  state, 

 following  a  path  of  secondary  simplification?  A  good  illustration  of  this  is  the  case  of 

 the  RNA  polymerase  in  eukaryotic  mitochondria,  which  has  been  secondarily 

 simplified  by  the  recruitment  of  a  phage  enzyme  early  in  eukaryotic  evolution, 

 whereas  the  other  RNA  polymerases  increase  in  complexity  from  Bacteria  and 

 Archaea  to  the  nuclei  of  Eukaryotes  (Forterre  and  Philippe  1999).  When  repeatedly 

 observing  a  complex  feature  scattered  across  multiple  lineages  of  the  Tree  of  Life,  a 

 common  argument  for  secondary  simplification  is  parsimony:  it  would  be 

 “unparsimonious”  to  assume  multiple  independent  gains  (i.e.,  convergent  evolution) 

 of  complex  features,  and  thus  one  has  to  postulate  a  single  origin,  followed  by 

 multiple  independent  losses.  This  line  of  thought  underpinned  a  lot  of  the  work  of  T. 

 Cavalier-Smith  (1942–2021),  in  particular  his  hypotheses  about  the  evolution  of 

 eukaryotic  organelles,  such  as  the  chloroplast  (Cavalier-Smith  1999;  Cavalier-Smith 

 2003).  However,  it  is  known  today  that  most  of  the  multiple  examples  of  “complex 

 plastids”,  once  thought  to  trace  back  to  only  one  or  two  events  of  “secondary 

 endosymbiosis”,  are  actually  the  result  of  a  much  more  complex  evolution  involving 

 lateral  transfers  of  organelles  across  distant  eukaryotic  lineages  (Petersen  et  al. 

 2014;  Sibbald  and  Archibald  2020).  Altogether,  this  brief  argumentation,  which  could 

 have  been  much  longer  considering  the  numerous  examples  of  convergent 

 complexification,  e.g.,  in  protists  (Lukes  et  al.  2009),  and  secondary  simplification, 

 suggests  that,  for  any  feature  displaying  a  patchy  distribution  across  a  group  of  given 

 organisms,  it  is  impossible  to  decide  a  priori  whether  that  feature  is  the  product  of 

 convergent  complexification  of  secondary  simplification.  Only  proper  data  collection 

 and model-based analysis can help. 

 In  our  article  “Was  the  Last  Bacterial  Common  Ancestor  a  Monoderm  after  All?” 

 (Léonard  et  al.  2022),  we  tried  to  determine  the  ancestral  state  of  the  bacterial  cell 

 envelope  (i.e.,  monoderm  or  diderm)  using  statistical  models.  Indeed,  there  are  two 

 major  hypotheses  that  are  discussed  regarding  the  cell  envelope  architecture  in  the 

 LBCA:  “diderm-first”  (Cavalier-Smith  2006)  and  “monoderm-first”  (Lake  2009;  Gupta 

 2011).  The  first  hypothesis  assumes  a  diderm  LBCA  with  multiple  losses  of  the  outer 

 membrane  (OM)  (i.e.,  secondary  simplification),  whereas  the  second  hypothesis 

 assumes  the  opposite  (i.e.,  convergent  complexification).  Our  results  indicate  that 

 292 



 the  LBCA  was  a  monoderm  organism,  equipped  with  a  complete  dcw  cluster,  thus 

 indicating  that  modern  diderm  bacteria  have  arisen  multiple  times  through 

 complexification  from  a  monoderm  ancestor.  Although  a  recent  study  supports  our 

 views  regarding  the  dcw  cluster  (Megrian  et  al.  2022),  other  studies,  using  a 

 parsimony-inspired  approach,  support  the  “diderm-first”  hypothesis  entailing 

 secondary  simplification  (Antunes  et  al.  2016;  Witwinowski  et  al.  2022).  In  section 

 3.2.5,  we  discussed  that  the  acquisition  and  subsequent  tinkering  of  bacterial  genes 

 by  a  common  ancestor  of  Methanopyrales  and  Methanobacteriales  had  led  to  the 

 complexification  of  its  cell  envelope,  through  the  acquisition  of  PM.  Moreover,  we 

 argued  in  section  3.2.4  that  both  S-layers  and  archaeal  cell-wall  polymers  have 

 appeared  independently  in  different  archaeal  lineages.  Finally,  diderm  archaea  are 

 observed  in  distantly  related  lineages,  thereby  suggesting  convergent 

 complexification  is  at  work  in  the  archaeal  domain  too  (Rachel  et  al.  2002;  Baker  et 

 al. 2006; Comolli et al. 2009; Dridi et al. 2012). 

 Even  though  this  point  was  not  the  initial  impetus  for  our  thesis  work,  research  on 

 Archaea  has  been  recently  revivified  by  the  discovery  of  eukaryotic-like  archaeal 

 lineages  in  metagenomic  data  obtained  from  marine  sediments  of  Scandinavia 

 (Spang  et  al.  2015;  Zaremba-Niedzwiedzka  et  al.  2017).  Depending  on  the  rooting  of 

 the  Tree  of  Life  considered  (Gouy  et  al.  2015),  these  intermediate  lineages  can  either 

 be  taken  as  transitional  on  the  path  from  a  prokaryotic  LUCA  (Krupovic  et  al.  2020) 

 to  Eukaryotes,  following  a  “fusion”  between  an  archaeon  and  at  least  one  bacterium 

 (Embley  and  Martin  2006),  or  as  an  intermediate  stage  in  the  simplification  of  a 

 complex  (i.e.,  eukaryotic-like)  LUCA  into  the  simpler  “akaryotes”  that  are  regular 

 Archaea  and  Bacteria  (Gouy  et  al.  2015).  According  to  Nick  Lane  (Lane  2015),  the 

 acquisition  of  the  mitochondrion  by  an  ancient  prokaryotic  cell  was  the  key  to 

 increasing  complexity.  Indeed,  an  average  eukaryotic  cell  is  15,000  fold  larger  than  a 

 prokaryotic  cell.  Thus,  a  larger  cell  requires  much  more  energy  for  protein  synthesis. 

 In  eukaryotic  cells,  energy  is  supplied  by  mitochondria.  In  addition,  he  argued  that  a 

 large  bacterium  would  require  numerous  copies  of  its  chromosome  to  efficiently 

 translate  the  genes  involved  in  the  production  of  ATP  required  for  protein  synthesis. 

 Recently,  very  large  bacteria  (up  to  2  cm)  were  described  (Angert  et  al.  1993; 

 Volland  et  al.  2022).  These  organisms  exhibit  extreme  polyploidy  and  thus  support 

 Lane’s  predictions.  In  their  way,  Thiomargaritales  further  blur  the  lines  between  the 
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 three  domains  of  Life,  as  did  the  Asgard  Archaea  and  other  lineages  with 

 eukaryotic-like  features,  such  as  Planctomycetes  in  the  bacterial  domain  (PVC 

 group)  (Devos  and  Reynaud  2010).  In  conclusion,  despite  recent  and  exciting 

 progress,  the  jury  is  still  out  with  respect  to  the  rooting  of  the  Tree  of  Life  and  the 

 nature  of  LUCA  (Gouy  et  al.  2015),  including  the  architecture  of  its  cell  envelope. 

 Some  authors  even  suggest  that  the  three  domains  might  actually  form  a  single 

 domain,  in  which  Archaea  and  Eukaryotes  are  two  parallel  experiments  from  a 

 PVC-like  common  ancestor  (Devos  2021),  showing  that  cellular  complexity  is  not 

 easily mapped on a linear scale. 
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 4.1. Was the Last Bacterial Common 
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