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RESUME

Lébav nement de | a multicellularit®, une f o
chez les eucaryotes, a permis un niveau de complexité qui a facilité la colonisation
déenvironne me n tlevivant neus ldissanepenser geaas jours, que trés peu
de conditions extrémes seraient u n frein au d®vel oppement d
r ®c emment et encor e dans | 6esprit de beauc
multicellulaire du vivant est étrangére au monde procaryote. Cependant, nous
observons de plus en plus cette forme doéorga
| 6adaptati on 7 des sdevecatisbuveatcanme fbrmmesde défehsta ci | e
une condition de stress rencontrée dans ces environnements difficiles, voire hostiles a la
vie.

Afin doéo®tudier | a mul ti ceddlabbraaire Isl&n,lanous U
bactérie modele Myxococcus xanthus, bactérie Gram-négatif appartenant a la classedes
U-proteobactéries. Dans des conditions favorables, M. xanthus suit un cycle de vie dit
végétatif ou une cellule initiale se divise et donne deux cellules. En condition
défavorable, M. xanthus a la capacité de suivre un cycle de vie complexe, amenant a la
différenciation de la population de cellules végétatives en trois populations différentes
formant une structure complexe, le corps fructifére. Cette structure complexe permet la
survie a des conditions difficiles, via une des trois populations composant cesstructures

() les spores (i) les cellules en bas du corps fructifere nommé batonnets
périphérique s, et (iii) les cellules glaneuses au bord de la population. Tout ceci est un
exemple clair de multicellularité chez les procaryotes.

Léav nement ddune tell e compl exit® d®pen
important pour divers mécanismes permettant la bonne organisation cellulaire. Les
polysaccharides sont produits par trois types de voies différentes: les systémes
Transporteurs ABC-dépendant, les systemes Wzx/Wzydépendant, et les systemes
synthasesdépendantes. M. xanthus est connu comme possédant une machinerie
Transporteur ABC d ®pendant produit | 6anti g ne O de
machineries Wzx/Wzy-d ® pendant produi sant | une | e pol y:
spore et | 6autre | 6exopolysaccharidee Aucune
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Par une approche bio-informatique , jidéndifié les protéines manquantes des
machineries wzx/wzy pr odui sant | e mant eau du sljpare et
découvert une troisieme voie Wzx/Wzy-dépendant produisant un nouveau
polysaccharide. J6 aaractérisé et identifié son role sur la multicellularité ainsi que dans
| ééat du glycocalyx. J 6 aléterminé la structure de ce polysaccharide nommée
biosurfactant polysaccharide formant une répétition tetrapolysaccharides acétylés
aléatoirement avecdes propriétés biosurfactant. L 6 e x o p o | y s aedbiodurdactantd e et
polysaccharide sont spatialementréguléau sein ddéune col oni e

J 6 atudié la structure de la protéine Wza chez M. xanthus qui méas per mi s
dbobserver | 0ab s ernocaledand & séorétiahaumpmolysaceharide chez es
bactéries. J 6 abservé aussi la présence d in tonneau béta a cété de chaque protéine
Wzapr odui sant | dexopol ysac c letda noueaypolysacchandent e a u
via une étude bioinformatique . Cetonneau béta permet la sécrétion du polysaccharide a
travers la membrane externe.

Mes recherches ontrévélé | 6 i mp aglytocalgxusur la motilité des cellules
individuelle, la capacite d'agrégation des cellules via les connedbns dépendant de
| 6e xopol yaeatlastabiitéat la fdrenation du pilus de type IV au pble.

J 0 eontinué mes études sur le glycocalyx enétudiant | a r el at Etatdu ent r e
glycocalyx et sa capacitéa former un bouclier autour de la cellule. Vi aétude dle la
tolérance a divers antibiotiques et molécules engendrant un stress oxydatif, j dnaontré
icil 6i mp or téahdu glycatayx dlads la tolérance auxmolécules nocives.

Et e nf isolé le lypbpmlysaccharide chez M. xanthus DZ2 et obtenue la
structure et la composition de celui-ci. Jd@weloppé une méthode de marquage
reposant sur [Kdousynihétigue mdrquer,qui & [@u@tne incorporer par la
cellule au niveau du lypolysacchaide afin de marquer la surface cellulaire.

En conclusion, mes travaux ont permis de mieux appréhender la complexité de la
multicellularité bactérienne et le role important des polysaccharides dans cette
organisation. De plus, le nouveau modele pour la machinerie Wzx/Wzy révolutionne

notre compréhension de la production des polysaccharides bactériens.

Mots clés : Myxococcus xanthus, polysaccharide bactérien, machinerie Wzx/Wzy-

dépendante, multicellularité, unicellulaire
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ABSTRACT

The advent of multicellularity, a type of organization that is widespread among
eukaryotes, has allowed a level of complexity that permits the colonization of very
diverse environments by living organisms. Until recently and still in the minds of many
scientists, the multicellular organization of life has remained a concept not typically
associated with the prokaryotic world. However, this form of organization in
prokaryotes is becoming more widely acknowledged as it allows adaptation to more
difficult conditions of life and often as a form of defense against stress conditions
encountered in environments that would normally be hostile to life.

To study multicellularity, in our laboratory we use the model bacterium
Myxococcus xanthus, a Gram-negative U-proteobacterium. Under favorable nutrient
conditions, M. xanthus follows a vegetative life cycle where an initial cell divides and
produces two progenitor cells. In unfavorable conditions, M. xanthus follow s a complex
developmental cycle, leading to the differentiation of the vegetative cell population into
three different subpopulations forming a complex structure, the fruiting body. This
complex structure promotes survival in difficult conditions, via one of the three
populations composing these structures: (i) spores, (ii) peripheral rods at the base of the
fruiting body, and (iii) forager cells that continue outward motility in search of
nutrients. Such differentiated cell function from a common population is a clear
example of multicellularity in prokaryotes.

The advent of such complexity depends on polysaccharides, an important
element for various mechanisms allowing the proper cellular organization.
Polysaccharides are produced by three different pathway schemes: ABC-transporter -
dependent, Wzx/Wzy-dependent, and synthase-dependent.

M. xanthus is known to possess one ABGtransporter -dependent pathways
producing lipopolysaccharide O antigen and two Wzx/Wzy -dependent pathways, with
one producing spore coat polysaccharide and the other producing exopolysaccharide.
No synthase machinery has been foundthus far.

Using a bioinformatics approach, | identified the absent proteins within the

Wzx/Wzy machineries responsible for spore coat and exopolysaccharide production. |



identify a third Wzx/Wzy -dependent pathway producing a novel polysaccharide. |
characterized its role in multicellularity and the glycocalyx state. | elucidated the
structure of this polysaccharide, named biosurfactant polysaccharide, forming a
randomly acetylated tetrapolysaccharide repeat with biosurfactant properties. Both
exopolysaccharide and biosurfactant polysaccharide are spatially regulated within a
colony.

| worked on the structure of the Wza protein in M. xanthus, allowing me to
observe the lack of a crucial domain in bacterial polysaccharide secretion. Furthermore,
| noted the presence of a betabarrel next to each Wza protein responsible for
exopolysaccharide, spore coat, andthe new polysaccharide production through a
bioinformatics study. This beta barrel facilitates the secretion of polysaccharide across
the outer membrane.

My research show the glycocalyx's influence on individual cell motility, the
capacity for cell aggregation through exopolysaccharide mediated connections, and the
stability and formation of the type IV pilus at the pole .

| continued my studies on the glycocalyx by investigating the relationship
between the state of the glycocalyx and its ability to form a shield around the cell. By
studying tolerance to various antibiotics and oxidative stress-causing molecules, |
demonstrated the importance of glycocalyx state in tolerance to harmful molecules.

Finally, | isolated the lypopolysaccharide from M. xanthus DZ2 and obtained its
structure and composition. | developed a labeling method based on the use of a
synthetic Kdo label, which could be incorporated by the cell into the lypopolysaccharide
to label the cell surface.

In conclusion, my work has enabled us to better understand the complexity of
bacterial multicellularity and the important role of polysaccharides in this organization.
Furthermore, the new model for the Wzx/Wzy machinery revolutionizes our

understanding of bacterial polysaccharide production.

Keywords: Myxococcus xanthus, bacterial polysaccharide, Wzx/Wzy- dependent

machinery, multicellularity, single-cell analysis
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1. CHAPITRE 1 : INTRODUCTION

Pour levivant,| 6 a d a patsentenvionnementetlacapaci t® ~ sdadapt
clé & sa survie. Plusieurs catastrophes naturelles sont survenuesl or s de | 6hi sto
notre planéte et la survie des espéces sur cellei dépenddel eur capacit® dobéada
un nouvel environnement et de résister a des conditions difficles. L6 appar i ti on d
multicellularité est une clé ayant permis une plus grande colonisation des différents
environnements et augmenter les endroits ou le vivant se trouve,f o r ma n t certhibeu n e

facon, une intelligence collective.

1.1 MULTICELLULARITE

1.1.1 Généralité

Nous parlons de multicellularité dés lors que nous observons chez une espéce
donnée plusieurs fonctions physiologiques différentes grace a une population cellulaire
différenti ée amenant a la formation de plusieurs sous-populations différentes (Grosberg
& Strathmann, 2007; Shapiro, 1998).
Pour permettre la formation de population s cellulaire s différenci ées les cellules
doivent avoir la capacité a proliférer, se déplacer, faire des échangeset étre spécialisées
(Grosberg & Strathmann, 2007; Herron et al., 2019). Un élément tres important afin
d 6 assur er entredpl@sietraaellyles estla motilité cellulaire ainsi que la matrice
extracellulaire.
Léav nement de | a multicel lawdeindell tO@r &r eu d Ui
vivant comme chez les plantes, les opistokontes, les amibes ou encore lelsétérocontes
(Grosberg & Strathmann, 2007). On voit beaucoup de formes multicellulaire s
complexes chez les eucaryotes issue soit d u mécanisme de développement clonal,
c 0 eslite une multicellularité par division cellulai r e o wmécdnsmed @grégation
cellulaire (Brunet et al., 2017) (Figure 1-1). Mais, depuis peu, le dogme de la
multicellularité comme étant | é&ment appartenant uniquement aux eucaryotes se brise.
Lamul ticellul arit® e@®daryotesisvsa c |10thalsd eori v &t ideers d 6

et structures complexes chez certaines bactéries.
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Figure 1-1: Représentation phylogénétique de la répartition de la multicellularité chez les
Eucaryotes

Arbre phylogénétique montrant la distribution de la multicellularitét c hez di f f ®r étatt s t a x «
de la présence de la multicellularité chez les différents taxons sont schématisés par différents

cercles ou carré. Les taxons schématisés avec unrondsont compos ®s donblar gani s
multicellularité estissued 6un d ®v el o0 p pLesiaxons scf@matisésagar un carré sont

compos ®s d o dontdaanuliicslluterite esti s sue de |(Brunetet@g2017). on



1.1.2 La multicellularité bactérienne

La multicellularité bactérienne e st dohabitude astresses i ®e a
environnementaux. Ce conceptest souvent corrélé™ | a capaci t(®Bond&agr ®g a
Kolter, 2015) et donne la capacittdes ur vi e dbéune esp ce dans un e
ou dans la colonisation de nouveau milieu. L @mergencede la multicellularité chez les
bactéries amene une richesse de structures multicellulaires complexes permises par une
organisation hautement élaborée.

Un des exemplesle plus ancien et dont leréle fut primordial a la vie sur terre sont

les cyanobactéries (Amard & Bertrand -Sarfati, 1997; Schopf et al., 2007). Les
cyanobactéries possedentune grande di ver senfimedi® ourepani sat
colonies. Des fossiles vieux de plus de 2 milliards dé a n n @ee syanobactéries
filamenteu sesfurent découverts (Amard & Bertrand -Sarfati, 1997; Schopfet al., 2007).
On peut voir par exemple chezCyanobacterium anabaena, une formation filamentaire
ou deux types de cellules sont présents, les cellules végétates et les hétérocyste
capables de fixer 16 a z ®n eas de carencepour le mettre a disposition de la
communauté (Figure 1-2A) (Fukushima & Ehira, 2018).

Il 'y a aussi les streptomycetes, premieres bactéries reconnues comme étant
multicellulaire s (Waksman & Henrici, 1943). Streptomyces coelicolor (Figure 1-2B) a la
capacité de former des colonies composéed liyphes aériens, de sporesmais aussi
potentiell ement des cell ul es s prici murlebades pr o
développement de la bactérie(Zacharia & Traxler, 2017).

Un autre exemple de cette complexité étudiée au sein du laboratoire Islam est
Myxococcusxanthus, une bactérie que je vais décrire plus en détail dans la suite de cette
introduction. Cette bactérie est capable en condition de stress environnemental de
former des structure s d'ordre supérieur, nommé corps fructiféres (Figure 1-2C) (Kaplan
& Plamann, 1996). Ceci permet a la communauté bactérienne de survivre au stress
environnemental nocif a son développement optimal par exemple, une carence nutritive
(Lyons & Kolter, 2015).



Figure 1-2: Exemples de multicellularité bactérienne

(A) Image de cellules de Cyanobacterium anabaena montrant les cellules végétatives et un
hétérocyste (Adapté de Fukushima & Ehira, 2018).

(B) Une colonie de Streptomyces coelicolor avec la présence de spore en gris et des hyphes
a®rien blanchotr e, ai nsi gue des gopartStreptbnetes
coelicolor (Adapté de Zacharia & Traxler, 2017).

(C) Image montrant les corps fructiféres produits par M. xanthus (Adapté de Islam et al., 2020b).



1.1.21 Biofilms

Les biofilms, terme énoncé pour la premiére fois en 1978 par Costerton, sont une
organisation basée sur un maillage polysaccharidique inter-bactérien permettant la
construction doéune mat r i c edisgemsabieapoue lalsurnlieai r e b
bactérienne (Costerton et al., 1978).

Nous observons les premiers biofilms bactériensily a13. 5 mi | | i assrds do
(Westall et al., 2001; Westall & Walsh, 2000). Les biofilms bactériens sont des
structures complexes permettant la survie bactérienne dans des conditions de vie tres
difficile.

Les biofilms peuvent agir comme un bouclier contre des molécules de stress
telles que les antibiotiques ou les molécules de stress oxydatif ou nitrosatif(Flemming &
Wingender, 2010; Lyons & Kolter, 2015). Les biofilms sont aussi un important probléeme
de santé publique participant a 16 a p p a rde tplusode bactéries résistantes aux
antibiotiques et amenant a des infections nosocomiales de plus en plus nombreuss
(Sharma et al., 2019).

Un élément structurant des biofilms sont les polysaccharides bactériens qui en
raison de leur propriété physico-chimique ou de leur r6le de barriere, empéchent la
pénétration de molécules nocives pour les bactéries. Les polysaccharides bactériens sont
le second composantaprées| es cel |l ul es bact®riennes dans
(Bogino et al., 2013; Flemming, 1993).

Ces polysacharides permettent la structuration bact érienne en formant un
maillage comme observé chez M. xanthus (Figure 1-3), et sont essentiels a la
complexification du vivant gracealdbav nement dodéune mdAemminge extr
& Wingender, 2010; Sutherland, 2001).

1.2 POLYSACCHARIDES BACTERIENS

Les polysaccharides bactérienssont des molécules sécrétéesindispensables a la
formation de la matrice extracellulaire (Sutherland, 2001) grace a laquelle les bactéries
communiquent, se déplacent et s6borgani sent . Lsers soipol y s ac

homopol ysac c h aadiredung ch@ne composesd 0 u regétitian du méme



sucre reliée par une liaison osidique, soit h ®t ®r opol ysacc-aairiai quéij |l s
sont formés de plusieurs monosaccharides différents reliés par une liaison osidique.
Il existe chez les bactériesune panoplie tres diversifiée de mécanisme de motilité
individuell e ou de imgartanie pdeersitéasiructerale dg hidilms.e
Cette diversité se repose sur une variété polysaccharidique importante qui est due ades
parametres physico-chimiques variés amenant a des propriétés différentes (Flemming &
Wingender, 2010; Mostowy & Holt, 2018) . Les polysaccharidessont produits par trois
machineries différentes : les systemes ABC (ATP-binding cassette)-transporteur -
dépendants, les systemessynthasesdépendants, et les systemesWzx/Wzy -dépendants
(Whitney & Howell, 2013) (Figure 1-4 et Figure 1-5).



Figure 1-3: Biofilm bactérien

Exemple de biofilm bactérien observé par microscopie électronique a balayage. On observe un
maillage bactérien important fait par | 6 e x o p o | y <ler onk saudhel sauvage de M.
xanthus et permettant de structurer| 6 a ma s b(Adapte®le Sakliret al., 2021).



1.3 VOIE TRANSPORTEUR ABC-DEPENDANTE

Les transporteurs ABC sont des machineries présentes autant chez les eucaryotes
gue les procaryotes(Giuliani etal.,, 2011)Ces syst mes utilisent | 6h
énergiser le transport de molécules a travers des membranes. lls sont utiles pour
| 6i mport de nutri ment ai nsi gue pour | "' expo
c o mp o senveloppd céllulaire. L6 export des polysaccharides |
par des machineriestransporteurs ABC-dépendantes (Willis & Whitfield, 2013) .

Chez Escherichia coli (E. coli) ainsi que M. xanthus, la voie dépendante des
transporteurs ABC produit | 6 a@PS).glereS et du I
composéd 6 u n el iensuitelducore, qudéon peut di vi ;neercoren deux
e t outer@ore et enfin | adtigene @0boligosaccharidique.

Un élément particulier dans la partie d e | 6 ol i g mreracore éslé a adlded e
deoxy-D-manno-oct-2-ulosonique (« Kdo »). Ce « Kdo »peut étre présent en 1 a 4
exemplaires dépendant des différentes espécedle bactéries a Gram négatif (Silipo &

Molinaro, 2010) . La « cytidine monophosphate (CMP)-Kdo synthase » KdsB permet

| 6acti veKtlo»pmarduw 6aj out de afGomM&iqué dulKdo pprmettant i o n
| i ncor po«Kdd»iaa sein dwLPS en voix de synthése(Dotson et al., 1995;
Goldman et al., 1986; Goldman & Kohlbrenner, 1985).

La production des polysaccharides batériens sous cette voe commence au
niveau cytoplasmique ou la chain e pol ysacchari di qndecaprengli ni t i e
phosphate av e c un all ongement Vi a | 6@ dnei foisrle des g
polymeére final construit, celui -ci est sécrétéa travers la membrane interne v i a&ABCl 06
transporteur composeé de deux protéines,Wzm et Wzt, et est ensuite pris en charge par
le canal formé par la protéine polysaccharide co-polymérase (PCP) et « Outer
Membrane Polysaccharide Export » (OPX) permettant de traverser la membrane

externe (Figure 1-4).
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Figure 1-4: Modele de machineries de productions polysaccharidiques bactériennes

Schéma de la machinerie transporteur ABC-dépendante a gauche, permettant le passage du

polysaccharide complétement polymérisé du cytoplasme au p ®r i pl asme Vvi a | 6ac
transporteur ABC. Le schéma de droite représente une machinerie synthase-dépendante via
|l aguell e I a synth se et ontlliéuede pnaniete codtimue fAddptg slea c c har i

Whitney & Howell, 2013).



1.4 VOIE SYNTHASE-DEPENDANTE

Pour les polysaccharides empruntant la voie synthasedépendante, la synthése
peut se faire avec ou sans un undecaprenypyrophosphate (UndPP) (Cartee et al., 2001;

Hubbard etal.,2012).La producti on du pol ysadecohcart i de et

La premiere étape implique une synthase, une protéinelocalisée a la membrane
interne et possédant un domaine appartenant a la famille glycosyltransférase
permettant | a pol ym®r i sation ainsi gue | 6export
périplasme (Figure 1-4). Certaines espéecesbactériennes possedent une machinerie de
synthaseoul 6acti vit® de polepan@rrécaptedrc-di-GMReglitiele ®gul ®
messager secondairec-di-GMP et g u i a pour ef fet | activatio
polysaccharides(Whitney & Howell, 2013) .

Une fois le polysaccharide situé dans le périplasme, la sécrétion a travers la
membrane externe se fait via un tonneau béta. Les protéines avec des domaines de
tetratricopeptide répétés (TPR) protégeraient le polysaccharide situé au périplasme et
interviendrai ent indirectement dans la formation du tonneau béta en favorisant
| 6i nt er atorineao béta cavec des protéines importantes pour sa formation
(Achesonet al., 2019; Whitney & Howell, 2013).

1.5 VoOIE Wzx/ WZzY-DEPENDANTE

Pour la machinerie impliquée dans la voie Wzx/Wzy-dépendante, la
polymérisation du polysaccharide commence par la synthése des sous-unités au niveau
cytoplasmique fixé sur un UndPP intégré dans la membrane interne, via des
glycosyltransférases (Figure 1-5) (Islam & Lam, 2013b). Ensuite, une flippase, Wzx,
permet a la sous-unité fixée sur le UndPP de passer du été périplasmique a travers la

membrane interne (Islam et al., 2012; Islam & Lam, 2013b).
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Wzx/Wzy-Dependent
Polymer Assembly
& Secretion

oM

Periplasm

Cytoplasm

Figure 1-5: Modéle de la machinerie de production polysaccharidique
Wzx/Wzy-dépendante

Modéle de la machinerie Wzx/Wzy-dépendante montrant le début de Ila
pol ym®risation du polysaccharide au n
celui-ci a travers la membrane externe (Adapté de Saidi et al., 2022c). La flippase,
Wzx, prend en charge le précurseur et le fait passer du co6té périplasmique de la
membrane interne. Ensuite, Wzy, la polymérase lie les précurseurs entre eux pour
former le polymére dont la longueur est contr6lée par Wzc, la polysaccharide-
copolymérase, formant un octamere via le contr6le de son état de phosphorylation
par la protéine Wzb.

11



Aprés la prise en chargepar Wz x , l a pol ym®rase Wzy
polymere en fixant les sous-unités entre elles (Islam et al., 2013b; Islam & Lam, 2014;
Woodward et al., 2010). La longueur du polymeére est contrdlée par la polysaccharide
co-polymérase (PCP), Wzc, possédant undomaine tyrosine autokinase et formant un
octamere. Parfois, ce domaine est distinct de la protéine Wzc, dans ce cas, le domaine
seul formera la protéine nommée Wze (Islam & Lam, 2014; Islam et al., 2020b;
Whitfield et al., 2020).

Ensuite, la protéine Wzb, une tyrosine phosphatase contréle | 6 ®t a't

phosphorylation du domaine tyrosine kinase de Wzg influengant ainsi la formation de
la structure octamérique de Wzc. Cette configuration octameérique de Wzc permet ainsi
| 6i nt er act i dommant le ecanal Wzlea membrane externe par lequel les
polysaccharides bactériens sont sécrétés a travers Ipériplasme et la membrane externe
(Mori etal., 2012).

La protéine Wza est composée de trois domaines (Figure 1-6A). Le premier
domaine est le domaine en N-terminale, le domaine Poly-export. Ce domaine est suivi
par un domaine soluble ligand-b i n d i-gragp (8LBB), domaine qui peut étre retrouvé
en pl us do urCutleberisan et a,i 2009; Sande et al.,, 2019). Et enfin, le
dernier domaine, qui est le domaine Wza_C (Figure 1-6B) formant une hélice alpha qui,
une fois polymérisé en octamére forme un pore a la membrane externe par lequel passe

le polysaccharide (Dong et al., 2006; Nesper et al., 2003b).
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A) B)

WzaEc
(PDB 2J58)

Wza_C _|
domain

SLBB _|
D3 domain

SLBB _|
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Poly_export _|
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(PDB: 2J58)

Figure 1-6: Structure de la protéine Wzad 6 E. fatsant partie de la voie de biosynthese
de capsule de Groupe 1

Structure cristallographiqgue (A)d e | 6 oct a m E. eoli doatraWesadondaimes composant
de Wza (D1 : domaine Poly_export, D2 et D3 : domaines SLBB, D4 : domaine Wza_C).
(B) Structure monomérique de Wza Wza_C. (Adapté de Saidi et al., 2022c).
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1.6 PROPRIETES DES POLYSACCHARIDES BACTERIENS

L6i mpl ides polysaccharides bactériens dans diverses motilités et la
formation des bi of i | nsarplbseews derdeure preprietesd Beuxp ui e nt
propriétés doivent étre mises en évidence ici: Les propriétés émulsifiantes et les
propriétés tensio-actives de certains polysaccharides(Uzoigwe et al., 2015).

Ces propriétés sont trés recherchées d an s | 6 i n dalirsentaire eet agr
pharmaceutique. Ces polysaccharidessont aussi utilisés dans la biorem®d i at i eéen, c 6 e ¢
dire la dépollution des zones contaminées comme les sols via une méthode biologique
non polluante (Mulligan, 2005; Vishwakarma, 2020) . La recherche et ledéveloppement
seconcentrent beaucoup sur | 6i denti fication, ula car
niveau industriel de polysaccharides bactériens possédant une de ces deux propriétés.

Caractériser et produire des polysaccharides avec ces propriétés et isss du
monde bactérien est trés intéressant, car ceux-ci possedent une faible toxicité et sont

biodégradables contrairement aux moléculessynthétiques.

1.6.1  Emulsifiant

La propriété émulsifiante des polysaccharides bactériens constitue la possibilité
pour un polysaccharide de stabiliser une émulsion entre deux phases différentes non
miscibles, c-&dire, une émulsion entre une phase huileuse et une phase aqueuse
(Uzoigwe et al., 2015). Les bio-émulsifiant présentent une diversité de composition
chimique incluant des polysaccharides des glycoprotéines, des lipopeptides. On peut
citer par exemple| 6 e mu | s a nétéropolgsaccharpe htilis é dans la fabrication du

fromage ou de la creme glacédAlizadeh-Sani et al., 2018).

1.6.2 Tensioactif

Certains molécules amphiphiles possédentla capacité defavoriser la formation et
stabiliser une émulsion, mais aussiune capacité a diminuer une tension de surfaceentre
deux phases différentes (Uzoigwe et al., 2015). Plusieurs molécules possédant des
propriété s tensioactives sont produites par des microorganismes, regroupées sous le
nom de biosurfactant. Ces derniers englobent une variété de classes comme les

glycolipides ou encore des lipopeptides. Contrairement a certains surfactants
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synthétiques, | es bi osurfactant sont mo i nes sort o x i que
biodégradables. Les biosurfactant ont des propriétés tensioactives trés intéressantes

pour certaines applications, telle la surfactine (Rahman & Gakpe, 2008). On peut citer

aussi les rhamnolipide s (Abdel-Mawgoud et al., 2010). On peut avoir des biosurfactants

avec des activités antibactériennes ou antifongiques comme c 6 est dow lac as
surfactin e (Krishnan et al., 2019; Meenaet al., 2020).

1.7 Myxococcus XANTHUS

Myxococcus xanthus est la bactérie modeleutilisée au sein du Laboratoire Islam .
M. xanthus est une bactérie & Gram-négatif de la classe des deltaproteobactérie et
appartenant a l'ordre des MyxococcalesC6est une bact®ri e du sol (
contre plusieurs bactéries, autant Gram-négatif que Gram-positif comme Caulobacter
crescentus, Salmonella Typhimurium ou encore Bacillus subtilis (Seefet al., 2021).
Sa capacité de prédation repose sur une organisation particuliere des cellules
entre elles nommeée «rippling ». Cette organisation des cellules, alignés les unes aux
autres et formant des vagues leur permet de se nourrir de leur proie efficacement
(Berleman et al., 2006).
Elle est utilisée comme bactérie modele du fait de son mode de vie social. Au-dela
déun cycl e di {adire @oe®tllald mdre, donaed dewsxtcellules filles, M.
xanthus a la capacité de suivre un cycle de vie dit complexe dans des conditions
environnementales non propices a un développement végétatif (Figure 1-7) (Burchard,
1975; Campos & Zusman, 1975)
Lors de | 6émewment du cycle complexe, ) p ane tcallule indidduelle, les
cellules forment des amas par agrégation,p u i ergarssént afin de former des corps
fructiferes. Ces corps fructiferes sont composés de trois populations cellulaires
différentes : (i) les cellules basalespermettant | a fixation du corps sur la surface basale
(i) les sporescomposant le bulbe du corps fructifere (qui per met t r ont ) | 6 a\
recoloniser des nouveaux milieux avec unegermination quand cela sera plus propice, et
@) l es cellules p®riph®riques qui sont expl or

| 6environnement dEiguretc-0.r ps fructif re
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Structurellement, le corps fructif ére est composé de trois populations cellulaires

différentes tout issuesd 6 u n e m° me et

bactérie M. xanthus comme capable dedifférentiation .
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Figure 1-7: Cycle de développement de M. xanthus

Le cycle de vie posséde deux parties distinctes. Un cycle de vie végétatif commun aux
bactéries de maniére générale. Sdéensuit en cas de stress
vecompl exe menant ) | a f or mave imalticelluthitey le €orps
fructifere (Adapté de Zusman et al., 2007).
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L &vénement de cette structure repose sur la capacité deM. xanthus de se
déplacer de deux manieres différentes et sur une matrice extracellulaire composée de

plusieurs polysaccharides.

1.7.1 La motilité chez M. xanthus

La motilité bactérienne est indispensable chezM. xanthus, car sans motilité, il y a
une perte doéorganisationMeaeanthusademprnet té@uvpe ®d ¢
(REFERENCE???)
M. xanthus possédent deux types différents de motilité lui permettant de se
développer de maniere propice. La motilité de type «glidin g» et la motilité dépendant
du pilus de type IV (Islam et al., 2023; Treuner-Lange etal., 2020a).

1.7.1.1 La motilite de type « Gliding »

La motilité de type « gliding » ou motilité dite aventuriere est une motilité
utilisée par les cellules individuelles afin de se déplacer (Figure 1-8). Cette motilité
d®pend doéun praéneslfamaat urt emachinerie subdivisée en plusieurs
parties.

Tout déabor d, | a partie C Yy esh ponreecémiag u e de
cytosquelette de la cellule bactérienne MreB via une protéine pseudo-régulatrice de
réponse AglZ, et une protéine G MglA (Figure 1-8B) (Treuner-Lange et al., 2015).
Ensuite, il y a la partie située a la membrane interne avec le moteur a proton AgIRQS
per met alimentationl &ergétique de la machinerie (Mignot et al.,, 2007). Et
finalement, nous arrivons a la partie périplasmique et la partie a la membrane externe
qui elle, permet la fixation sur un substrat produit par la bactérie, composé de divers
polysaccharides et de protéinesnommeé «slimee per mettant | a cr ®ati on
focale bactérienne (bFA) (Figure 1-8A) (Faure et al., 2016; Luciano et al., 2011) Cette
adh®si on focale permet ~ |l a cellule bact®ri en
Agli Glt se retrouve au pole arriére, ell e se dissocavastavedunese r1 ef
nouvelle formation bFA.

Le contrdle de la locdisation au pble avant ce fait par le systeme chimosenseur

Frz (Guzzoet al., 2015). Une étude récente montrel 6 i mp o detCglBsurda motilité
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de Myxococcus xanthus (Islam et al., 2023) . Celle-ci révéle que CgIB, une lipoprotéine
de la membrane externe, est une adhésine essentielle du complexe de glissement (Glt) a
bFAs (Islam et al., 2023). Cette protéine est recrutée par le module a la membrane
externe du complexe Glt, composé de GItA, GItB, GltH, GItC et GItK, et permet la
régulation de I'exposition de surface a bFAs. Ces résultats montrent comment les forces
contractiles exercées par les moteurs de la membrane interne sont transduites a travers

I'enveloppe cellulaire jusqu'au substrat (Islam et al., 2023).
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Figure 1-8: Représentation de la machinerie de la motilité de type « gliding »

(A) Schéma du mécanisme de la motilité de type «gliding». La machinerie Agli Glt se fixe au
cytosquelette MreB et adhere au slime, formant une adhésion focale au péle avant. Celle-ci
suivant la structure hélicale de Mr eB jusquobau p? | a laanachinerier est

désassemblée.

(B) Schéma de la machinerie Agli Glt divisé en quatre parties : une partie dans le cytoplasme,
une partie a la membrane interne (IM), une partie périplasmique et une partie a la membrane

externe OM)( Adapt ® doél sl am and Mignot, 2015).
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1.7.1.2 La motilite dépendant du pilus de type IV

La motilité dépendant du pilus de type IV est une motilité dite sociale qui permet
le mouvement des cellules en groupe reposant sur deux éléments indispensables qu
sont | e pi | uexopdlgsacthgrideesEPH Y et | 6

Le pilus de type IV est composé de plusieursprotéines. PilC forme la base du
pilus dont la formation est activéep ar | 6 AT Raples esPcoristBué de plusieurs
sous-unités de la pilin e majeure, la protéine PilA. L6 e x t r ®mi t eBt canposégdel u s
guatre pilin es mineures ainsi que PilY1 (Treuner-Lange et al., 2020b). Le pilus au
niveau périplasmique passea travers le pore forméd 6 abor d par Pil O/ N/ P
membrane externe via PilQ formant un pore a travers celle-ci stabilisée par la protéine
TsaP (Figure 1-9) (Chang et al., 2016; Treuner-Lange et al., 2020a). La rétractation du
pilus est possible grace a une ATPaseytoplasmique, PilT (Jakovljevic et al., 2008b) .

L e pil us s e f or me maj oritairement "’ | 6 ex
localisation régulée par le systeme chimiosenseur Frz. Il peut y avoir un seul ou
plusieurs pili se formant au pble de lacelluleeUne f oi s | e pilus assembl
pilus se fixe “ |l a surface dolunetrétoaetiondul e adj
pilus a sa base et le rapprochement des deux corps cellulaires créanune cohésion
cellulaire qui forment cette motilité de groupes (Figure 1-10).

La cible a la surface des cellules de M. xanthus e s t let dereaiBs articles
établissent aussi que la cible du pilus peut étre protéique (Treuner-Lange et al., 2020a;
Xue et al., 2022). De récentes étudesontmont r ® | a p rp@eigenRil¥ etdld u n e
pilin esmineuresal 6 émité du pilus (Treuner-Lange et al., 2020a). Trois exemplaires
différents de la protéine PilY1sont produits qui fixerai ent la matrice extracellulaire pour
la version de PilY1.1, lesprotéines a la surface des cellules présergs dans la matrice
extracellulaire pour la protéine PilY1l.3 (Figure 1-10). Leurs productions seraient
contrblées par un systemerégulateur a deux composante HsfBA régulant positivement
PilY1.1 et négativement PilY1.3(Figure 1-10) (Treuner-Lange et al., 2020a; Xue et al.,
2022). Le role exact de PilY1.2este inconnu (Xue et al., 2022).

LOEPS, est un pol ysacc Maxanthue. Il sentdlé sigjee n s a b |
déancrage du pil us dB#.xanthgsé€Xud eval.,,’202; Zhasgetral,ac e de
2012). Léabsence de pr oihaun téfaot de ladneotilite Géeedant dun t r a
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pilus de type |V avec une perte doéorganisat:i
dans le développement se traduisant par | iricapacité pour M. xanthus de former des

corps fructiféres.
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AT ADP+Pi

Figure 1-9: Modele architecturale du pilus de type IV chez M. xanthus

Le modéle de gauche représente la machinerie du pilus de type IV rétracté. Le modéle de droite
représente la machinerie du pilus de type IV avec un pilus étendue (Adapté de Treuner-Lange

etal., 2020a). L6assemblage du pilus se fait par |06
des sous-unitées de pilines majeures PilA. Les quatre pilines mineures ainsi que PilY1 se forme
avant | 6assembl ageded®i pAl e$ o e @pitedupiouunefois’que
celui-ci est assemblé. Les flechesrepr®s ent ent | dacti on do6as sctatiob
par | 6ATPase PilB ou T respectivement. Les
lettre.
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Figure 1-10: Modele de la motilité dépendante du pilus de type IV chez M. xanthus

Le pilus de type |V sbassemble et se fdjageate.
La fixation se fait par | 6éinterm®diaire so
peut se fixer sur les protéines de la matrice. Le systéme régulateur a deux composantes régule
positivement PilY1.1 et négativement PilY1.3. La fixation du pilus de type IV entraine une
rétractation basale du pilus de type IV permettant le rapprochement des cellules entre elles. Les
protéines Pil sont désignées ici avec une lettre. MNOP désigne les protéines PilM, PilN, PilO,
PilP (Adapté de Xue et al., 2022).
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1.8 LESPOLYSACCHARIDES CHEZ M. XANTHUS

M. xanthus posséde trois différents polysaccharides indispensables au bon

développement de la bactérie.

1.8.1  Antigene O du lipopolysaccharide

Le premier, |l a partie distale e$topmodut pamorie®c ul e
machinerie ABC transporteur -dépendante (Figure 1-4). L @bsenced e antigéne O chez
les mutants ne le produisant plus entraine un défaut de développement des corps
fructiferes (PérezBurgos et al., 2019). L 6 a n t O gst aussi indispensable a la motilité
dépendant du pilus de type IV et celle de type« gliding » (PérezBurgos et al., 2019).

La formation de ce polysaccharide de la partie antigeneO se fait intégralement au

niveau cytoplasmique sur un undecaprenyl diphosphate. Léal l ongeniegent de
pol ysaccharidique se fait via | 6i sEmsuite,ent i on
polym re passe 7 travers | ansporeeunbomposéede deaxt e r n e

protéines, Wzm et Wztgraceal 6 hydr ol yse dO6ATP.

Pour finir, le polymére est sécrété a travers la membrane externe via un canal
composé de deux protéines organisés en homooligomere qui sont la protéine PCPet la
protéine OPX (Figure 1-4).

1.8.2 Manteau de la spore

Le polysaccharide du manteau de la spore (MASC) est un polysaccharide qui
d®pend doéungemnescadant gour urd systéme Wzx/Wzy -dépendante. Celui-ci
permet la protecion de | a spore ~ | 6envaamengaasafoenation di f f i ¢
comme la chaleur, la dessiccation,les rayons ultraviolets et la sonication.

Une autre machinerie joue un réle dans la formation du manteau. | | somgi t de
machinerie Nfs composée de NfsA a NfsH et énergisée par AgIRQS (Holkenbrink et al.,
2014). C6est wune machinerie paral oguegldimg chea machi
M. xanthus. NfsA-H permet la répartition du manteau polysaccharidique autour de la
spore, la fixation des polysaccharides produits par la machinerie Wzx/Wzy et
permettrai t ainsi la bonne formation compacte du manteau de la spore (Wartel et al.,
2013).
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Le polysaccharide formant le manteau de la spore est composé d 6-atetyl-
galactosamine, de glucose et de glycine Sa structure exacte reste inconnue pour

|l 6i nstant .

1.8.3 L exopolysaacharide

L éxopolysaccharide EPS est un polysaccharidei mpor t ant pour
macroscopique de M. xanthus. Il joue un réle indispensable dans la motilité de type
sociale et lors de la formation des corpsfructiferes ou son absenceengendre des corps
fructiferes dit immature s(Yanget al., 2000) .

LOEPS est produit par -dépeedantms esthréguolée par le
systeme chimiotactique nommé Dif ( « Defect in fruiting body »). Le systeme Dif est
composé du chimiorécepteur DifA associé a la protéine DIfC e t histidide kinase DifE
qui phosphoryle EpsW qui est le régulateur de réponse(Bellenger et al., 2002; Black et
al., 2015; Yanget al., 2000). DifD est un régulateur de réponse agissant négativement
sur | a producti on BlacE®Yanga204)i v® par Dif G

L 6 E BsE sécrété et formerat le glycocalyx autour de la cellule, permettant la
f or mat unobouclier Grotecteur pour la cellule bactérienne M. xanthus. Il agit

comme activateur de la formation du pilus, et la machinerie du pilus de type IV agit elle

Wz x /[ V

comme activatrice du systtmeDi f amenant ° plus (@Blackgtalpduct i c

2006). Il existe unemu | t i t u d<efactéudsaégulantd a pr oducti on
le systéemeDif comme FrzS ou encore les régulateurs transcriptionnel s de typeNtrC-like
(Caberoyet al., 2003; Lancero et al., 2005).

'y a aussi la présence d 6 u pretéine Wza codée par le géne Mxan_ 1915

permettant potentiellement la sécréetiond 6 un e x o p o | yagee oefaira partiel e

d6EPS

s 6

d @ucune des machineries Wzx/Wzy pr odui sant | 6 EDu&etetal., 2082). MASC

Cette prot®i ne ordanslaprodruec tn @inn tdedrawiceunfbuget | y s ac c

etal., 2012).
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1.9 PROBLEMATIQUE

Chez M. xanthus, nous S a vewistes deux] unadhiheries Wzx/Wzy -
dépendante produisant deux polysaccharides différents: | 6 EPS et CépendamA S C.
ces deux machineries Wzx/Wzy-dépendante sont partiellement connues, car plusieurs
protéines appartenant a ces deux machineriesn 6 ojamais été identifié es. De plus, le
gene mxan_1915 codant pour une proteine Wza ne fait pas partie d@es machineries
produisant le MASC et EPS (Ducret et al., 2012; Holkenbrink et al., 2014; Kimura et
al., 2012) .Cette prot®i ne forme normal ement -l e <car
dépendante, mais ici, aucune autre protéine qui ne puisse former avec cette protéine
orpheline une troisieme machinerie ne fut identifié e.

Cette protéine orpheline q u i nor mal ement f amadhieeriepar t i e
Wzx/Wzy -dépendante, me permet d @mettre | hgpothesede| 6 e x i d 6 e trosiéme
voie produisant un nouveau polysaccharide jamais identifié. Ce nouveau polysaccharide
serait potentiellement important auni veau de | @azrosgapique snaid aussin
unicellulaire. J 6 aussi obsené la présence, a chaquecluster de géne codant pour une
machinerie Wzx/Wzy chez M. xanthus, déun g ne codant pour une
tonneau béta juste aprés le géne produisant le canal Wza et dont la fonction est
inconnue. L'emplacement dug ne moaémethteel 6hypoth se que ces
béta sontimportants pour la sécrétion des polysaccharides.

Mon ¢ objectif consistait a compléter les deux machineries connues produisant
| 6 EPSMASE. | e

Mon 2¢ obijectif visait a décrire une nouvelle machinerie produisant un nouveau
polysaccharide avec une étudeapprofondie de sonrdle sur I'organisation de M. xanthus
au ni veau ma c r o0 saboadp et gaussi étudieru la comhgbsition de ce
polysaccharide et sa structure.

Mon 3¢ objectif ® t a étudierdadpossibilité que les tonneaux béta identifié s pour
chaque cluster de génes puissent étre le pore permettant la sécrétion des
polysaccharidesatravers la membrane externe chez M. xanthus.

Mon 4¢ objectif a été de comprendr e comment | 6abse
polysaccharide produit par la potentielle nouvelle machinerie, affecte M. xanthus au

niveau unicellulaire et le rGle que cet impact joue au niveau multicellulaire.
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Mon 5¢ objectif visait & mieux comprendre 16 e fdfee t| 6 ®t a't du gl ycoc:

protection quodil conf re contre des mol
molécules induisant un stress oxydatif. J 6 ®t u ¢iilebriamp a c t de | a
glycocal yx en | Gpalysaxaharides le dotnposant dug $a capacité de
protection contre les antibiotiques ou le stress oxydatif .

Et finalement, mon 6¢ objectif a pour but le développement d'une technique de
marquage de la membrane en utilisant un Kdo synthétique lié a une molécule

fluorescente pour marquer la surface cellulaire en marquant le LPS.

28

®cul ec

d®st a



2. CHAPITRE 2: MODULATION OF BACTERIAL
MULTICELLULARITY VIA SPATIO -SPECIFIC
POLYSACCHARIDE SECRETION

Titre de 1l 6article

Modulation of bacterial multicellularity via spatio -specific polysaccharide secretion

Auteurs

Salim T. Islam?!. 2, 3drael Vergara Alvarez A Fares Saidil. 2; $hnick Giuseppis,
Evgeny Vinogradovt, Gaurav Sharmée6, Leon Espinose, Castrese Morrone?, Gael
Brasseur?, Jean-Frangois Guillemot?, Anais Benaroucheé, Jean-Luc Bridotég,
Gokulakrishnan Ravicoularamin 1, Alain Cagn&, Charles Gauthierl, Mitchell Singers>,
Henri -Pierre Fierobe3, Tam Mignot3, Emilia M. F. Mauriello 3*

A These authors contributed equally to this work

* : Corresponding Autors

1 Armand Frappier Health & Biotechnology Research Centre, Institut National de la
Recherche Scientifigue, Université du Québec, Institut Pasteur International
Network, Laval, Québec, Canada

2 PROTEO, the Quebec Network for Research on Protein Function, Engineering, and
Applications, Université Laval, Québec, Canada

3 Laboratoire de Chimie Bactérienne, CNRS Université Aix -Marseille UMR, Institut de
Microbiologie de la Méditerranée, Marseille, France

4 Human Health Therapeutics Portfolio, National Research Council of Canada, Ottawa,
Ontario, Canada

5 Department of Microbiology and Molecular Genetics, University of Californiai Davis,
Davis, California, United States of America

6 Institute of Bioinformatics and Applied Biotechnology, Electronic City, Bengaluru,

Karnataka, India

CNRS Institut de Microbiologie de la Méditerranée, Marseille, France

Teclis Scientifidcranc€i vri eux dO6éAzergue,

o N

Détails bibliographiques

Revue: PLOS Biology

Volume : 18

Edition: 6

Pages: e3000728

DOl : 10.1371/journal.pbio.3000728
Date de soumission: 17fevrier 2020
D at accaptation: 21 mai 2020
Date depublication : 9 juin 2020

29



Contribution s des auteurs

L6i nv e s & étgnenée pan Salim T. Islam, Israel Vergara Alvarez, Fares Sa idi,
Annick Guiseppi, Evgeny Vinogradov, Gaurav Sharma, Castrese Morrone, JeanlLuc
Bridot, Gokulakrishnan Ravicoularamin, Henri-Pierre Fierobe, Emilia M. F. Mauriello.

L 6 a n adegyrésaltats a éte faite par Salim T. Islam, Israel Vergara Alvarez, Fares

Saidi , Annick Guiseppi, Evgeny Vinogradov, Gaurav Sharma, Leon Espinosa, Castrese

Morrone, Gael Brasseur, Jean Frangois Guillemot, Anais Benarouche, JeanLuc Bridot,
Henri -Pierre Fierobe, Emilia M. F. Mauriello.

La méthodologie a été élaboeepar Salim T. Islam, Israel Vergara Alvarez, Fares Sa idi,
Evgeny Vinogradov, Gaurav Sharma, Leon Espinosa, Gael Brasseur, Jeatfrancois
Guillemot, Jean-Luc Bridot, Henri -Pierre Fierobe, Emilia M. F. Mauriello.

La validation a été conduite par Salim T. Islam, Israel Vergara Alvarez, Fares Sa idi,
Annick Guiseppi, Evgeny Vinogradov, Gaurav Sharma, Leon Espinosa, Gael Brasseur,
Anais Benarouche, JeanLuc Bridot, Gokulakrishnan Ravicoularamin, Charles Gauthier,
Henri -Pierre Fierobe, Tam Mignot, Emilia M. F. Mauriello.

La conceptualisation a été construite par Salim T. Islam, Leon Espinosa, Gael Brasseur,
Jean-Francois Guillemot, Anais Benarouche, JeanLuc Bridot, Henri -Pierre Fierobe,
Tam Mignot, Emilia M. F. Mauriello.

L6 ®l ab or adgiciesnont été daite par Gaurav Sharma, Leon Espinosa, Jean
Francois Guillemot.

Léadministrati on ébpar $alinoT. lslam, Bam ®ligr®t, Emdian M. F.
Mauriello.

Léacquisition de étégdredpadSalimrTelsameBvgetye/inagradov,
Alain Cagna, Mitchell Singer, Tam Mignot, Emilia M. F. Mauriello.

Salim T. Islam, Leon Espinosa, JeanLuc Bridot, Charles Gauthier, Mitchell Singer, Tam
Mignot, Emilia M. F. Mauriello étaient les responsables de la supervision.

Léarticl e or i dgalimd.llslam,ares®aidi | Evgempya/inogradov, Emilia
M. F. Mauriello.

Le revue et | 0®di ti on o dres 8did®, HeraitPteree Fierabe,
Tam Mignot, Emilia M. F. Mauriello.

In vestigation Analyse

Article 1 Fig2/Fig3/Fig5ab/S2 Figl/Fig2/Fig3/Fig5ab/Fig
6/S2/S3b.c.d/S5

30

Sal



2.1 ABSTRACT

The development of multicellularity is a key evolutionary transition allowing for
differentiation of physiological functions across a cell population that confers survival
benefits; among unicellular bacteria, this can lead to complex developmental behaviours
and the formation of higher -order community structures. Herein, we demonstrate that
i n t he -prataobaetdrium UMyxococcus xanthus, the secretion of a novel
biosurfactant polysaccharide (BPS) is spatially modulated within communities,
mediating swarm migration as well as the formation of multicellular swarm biofilms and
fruiting bodies. BPS is a type IV pilus (T4P)-inhibited acidic polymer built of randomly -
a c et y |-limkectetrasaccharide repeats. Both BPS and exopolysaccharide (EPS) are
produced by dedicated Wzx/Wzy-dependent polysaccharide assembly pathways distinct
from that responsible for spore coat assembly. While EPS is preferentially produced at
the lower-density swarm periphery, BPS production is favoured in the higher-density
swarm interior; this is consistent with the former being known to stimulate T4P
retraction needed for community expansion, and a function for the latter in promoting
initial cell dispersal. Together, these data reveal the central role of secreted

polysaccharides in the intricate behaviours coordinating bacterial multicellularity.
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2.2 | NTRODUCTION

Multicellularity is denoted by the differentiation of physiological functions across
a contiguous cell population, with its development regarded as a key evolutionary
transition (Grosberg & Strathmann, 2007). To attain this level of organizational
complexity, cells generally must be able to proliferate, specialize, communicate, interact,
and move, with these behaviours promoting an increase in the size of a cell collective
and the development of higher-order structures (Abedin & King, 2010). Though
typically associated with metazoan organisms, multicellular physiology is also displayed
by bacteria, with the best-studied examples being the formation of biofilms and fruiting
bodies (Claessenet al., 2014; Shapiro, 1988; Shapiro, 1998; van Gestekt al., 2015b).

Secreted longchain polysaccharides are an important mediator of
multicellularity as they serve to retain and organize cells as well as to physically and
biochemically buffer the community within the context of an extracellular matrix
(Stavolone & Lionetti, 2017), thereby enhancing survival and fithess. Monospecies
bacterial biofilms have thus been intensively studied with respect to their effects on
inter -cell communication, leading to differences in gene regulation and changes in
matrix polysaccharide production. However, in -depth knowledge of the mechanisms
used by bacteria to modulate multicellular physiology in such communities is limited.

Due to its complex social lifecycle, the Gram-n e g a t iproteobacterium
Myxococcus xanthus has emerged asa leading model system in which to simultaneously
study multiple factors contributing to organizational complexity. This soil bacterium is
capable of saprophytic feeding on products derived from predation of other bacteria

(Keane & Berleman, 2016). Two forms of motility are required for this complex

physiology: type IV pilus (T4P)-d ependent group (i . &hangesab,ci al 0O

2016; Wu & Kaiser, 1995) on soft surfaces, and singlec e | | gliding (i
[A]) motility on hard surfaces mediated by directed transport and substratum coupling

of the Agli Glt trans-envelope complex(Faure et al., 2016; Islam & Mignot, 2015). Upon
local nutrient depletion, cells initiate a developmental cycle resulting in aggregation and
fruiting body formation within 72 h, generating three differentiated cell subpopulations:

(i) cells that form desiccation -resistant myxospores in the centre of the fruiting body, (ii)

those that remai n at t he base of the fruitdi

32

. e.

n

—



forager cells that continue their outward motility away from the fruiting body
(Konovalova et al., 2010).

M. xanthus produces several known longchain polysaccharides that are central
to its complex lifecycle. In addition to the O -antigen polymer that caps its LPS and is
implicated in motility (Bowden & Kaplan, 1998; Fink & Zissler, 1989; PérezBurgos et
al., 2019), M. xanthus bi osynt hesi zes a poorly characteriz
facilitates adhesion of the Glt gliding motility complex proteins to the substratum, and is
deposited in trails behind surface-gliding cells (Ducret et al., 2013; Ducret et al., 2012).
Exopolysaccharide (EPS) is a specific secreted polymer of this bacterium that is
important for T4P -dependent swarm spreading; it is also crucial for biofilm formation
as it constitutes a large portion of the extracellular matrix in stationary M. xanthus
biofilms and connects cells via a network of fibrils (Li et al., 2003; Palsdottir et al.,
2009; Smaldone et al., 2014). The production of EPS requires the presence of a T4P
(Black et al., 2006), which affects the Dif chemosensory pathway (reviewed elsewhere
(Konovalova et al., 2010). Finally, cells undergoing sporulation synthesize the major
spore coat (MASC) polymer that surrounds myxospores (Kottel et al., 1975; Wartel et
al., 2013).

The most widespread polysaccharide biosynthesis paradigm is the
flippase/polymerase (Wzx/Wzy) -dependent pathway (Whitfield, 1995). It is used by
Gram-negative and Gram-positive bacteria as well as Archaea to produce a wide range
of secreted and/or cell surface-associated polymers (Rendueles et al., 2017) including
capsular polysaccharide, adhesive holdfast polymer, spore-coat polymer, O-antigen,
and exopolysaccharide (Lam et al., 2011; Toh et al.,, 2008). Wzx/Wzy-dependent
polysaccharide assembly is a complex procesglslam & Lam, 2014) involving a suite of
integral inner -membrane (IM) proteins containing multiple U-helical transmembrane
segments (TMS) (Islam et al., 2010). At the cytoplasmic leaflet of the IM, individual
polysaccharide repeat units are built on an undecaprenyl pyrophosphate (UndPP)
carrier. UndPP-linked repeats are then translocated across theinner membrane (IM) by
the Wzx flippase (Islam & Lam, 2013b; Liu et al.,, 1996) via a putative antiport
mechanism (Islam et al., 2013a; Islam et al., 2012). Defects in this step, resulting in a
buildup of UndPP -linked repeat units for a given pathway, can have adverse effects on
cell growth as well as polysaccharide synthesis by other pathways in the same cell, all
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dependent on UndPP-linked sugars (Hong et al., 2018). Once in the periplasmic leaflet
of the IM, repeat units are joined together by two key periplasmic loops of the Wzy
polymerase (Islam et al., 2011; Islamet al., 2013b; Taylor et al., 2016; Woodward et al.,
2010), resulting in polymer extension at the reducing terminus of the growing chain
(Robbins et al.,, 1967) Repeatpolymerization defects in a given pathway requiring
UndPP may also affect other pathways requiring UndPP due to sequestration of the
cellular UndPP pool. Associated polysaccharide cepolymerase (PCP) proteins
determine the modal lengths for the growing polymer; these proteins typically contain
two TMS with a large intervening coiled -coil periplasmic domain. Wzc proteins of the
PCP-2A class (typically from Gram-negative species) further contain a cytosolic bacterial
tyrosine autokinase (BYK) domain fused to the 2nd TMS of the PCP, whereas PCR2B
Wzc proteins (largely from Gram -positive species) are phosphorylated by a separately
encoded Wze tyrosine kinase(Cuthbertson et al., 2009). For Gram-negative bacteria,
once a polymer has been synthesized in the periplasm, it is then secreted outside the cell
through the periplasm -spanning Wza translocon embedded in the outer membrane
(OM) (Dong et al., 2006; Nickerson et al., 2014) (Figure 2-1). Wzc proteins have also
been implicated in polymer secretion likely through contacts formed with their cognate
Wza translocon (Cuthbertson et al., 2009).
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Figure 2-1: Wzx/Wzy-dependent polysaccharide biosynthesis pathways encoded by M.
xanthus

(A) Schematic representation of the three Wzx/Wzy-dependent polysaccharide assembly
pathways in M. xanthus D Z 2 . The genomic AMXANO | ocus
gene (black) has been indicated below the specific protein name (white).

(B) Gene conservation and synteny diagrams for EPS, MASC, and BPS clusters in M. xanthus
DZ2 compared to the evolutionarily-closest genome containing a contiguous cluster (see Figure
2-2). Locus tags highlighted by pale blue boxes correspond to genes such as enzymes
involved in monosaccharide synthesis, modification, or incorporation into precursor repeat units
of the respective polymer. White circles depict the presence of a homologous gene encoded

elsewhere in the chromosome (but not syntenic with the remainder of the EPS/MASC/BPS
biosynthesis cluster).
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The M. xanthus genome encodes proteins that constitute multiple, yet
incompletely annotated, Wzx/Wzy -dependent polysaccharide assembly pathways. The
first of these pathways is responsible for EPS biosynthesis(Lu et al., 2005; Youderian &
Hartzell, 2006) , while the second synthesizes the MASC polymer that surrounds
myxospores (Holkenbrink et al., 2014; Kimura et al., 2011; Muller et al., 2012; Ueki &
Inouye, 2005). Disparate Wzx/Wzy-dependent pathway proteins seemingly not
involved in either EPS or MASC biosynthesis have also each been studied in isolation
(Ducret et al., 2012; Holkenbrink et al., 2014; Kimura et al., 2012), hinting at the
possibility of a third such assembly pathway in M. xanthus for which the product, as
well as the importance of its interplay with other polymers, are entirely unknown.

Herein, we describe the constituents of a newlyidentified Wzx/Wzy -dependent
polysaccharide assembly pathway in M. xanthus, as well as previouslyunknown
(Holkenbrink et al., 2014; Kimura et al., 2011; Luet al., 2005; Muller et al., 2012; Ueki
& Inouye, 2005; Youderian & Hartzell, 2006) EPS and MASC-pathway components;
this new third pathway is revealed to synthesize a T4Rinhibited novel biosurfactant
polysaccharide (BPS) that exerts direct effects on swarmlevel M. xanthus behaviours.
Spatio-specific modulation of EPS and BPS pathways within M. xanthus communities is
shown to be important for migration and development. This illustrates the importance
of differentially -regulated polysaccharide production for complex, coordinated

multicellular behaviours in bacteria.
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2.3 RESULTS

2.3.1 M.  xanthus encodes three complete Wzx/Wzy-dependent
polysaccharide biosynthesis pathways

To identify the core assembly-and-export constituents of each pathway, proteins
with Pfam domains attributed to Wzx (domain: Polysacc_synt), Wzy (domain: PF04932
[Wzy]), Wzc (domain: PF02706 [Wzz]), and Wza (domain: Poly export) were first
identified in the M. xanthus genome (Goldman et al.,, 2006a). Protein hits and other
cluster constituents were further subjected to fold -recognition comparisons against
existing protein structures in the Protein Data Bank (PDB). These data, combined with
TMS predictions and intra -protein pairwise alignments, were used to annotate the core
components of each of the three assembly pathways(Figure 2-1A and Tableau 2.1).
Genes in the EPS assembly pathway and developmental MASC assembly pathwa§
(re)named according to longstanding convention (Aanensen et al., 2007; Reeveset al.,

1996) and given suffixes fAxXpolysacohdridefaBdospore @oatd enot e

respectively 8 were detected in clusters, in-line with previous reports (Lu et al., 2005;
Muller et al., 2012) (Figure 2-2A and Figure 2-2B). Consistent with the high molecular-
weight polysaccharide-assembly function of Wzx/Wzy-dependent pathways in Gram-
negative and Gram-positive bacteria, numerous predicted glycosyltransferase (GTase
proteins were also found encoded in the immediate vicinity of the identified polymer

assembly proteins (Figure 2-1B and Tableau 2.2).  In addition to the EPS and MASC
assembly clusters, we further identified a novel third gene cluster encoding Wzx/Wzy-
dependent pat hway protei ns Hiogurfactan, see udloiw)
(Figure 2-2C). Similar to the EPS and MASC clusters, this third cluster was also highly
enriched for genes encoding potential GTases(Tableau 2.2), consistent with this third

Wzx/Wzy -dependent pathway also producing a high molecular-weight polysaccharide
(Figure 2-1A). As Wzx proteins are exquisitely-specific to the structure of individual

UndPP-linked repeats (Hong et al., 2018; Islam & Lam, 2013b), the identification of

three distinct Wzx flippases (along with their respective GTase-containing gene clusters)
is indicative of the production of three structurally -distinct high molecular -weight

polysaccharides by such assembly pathways irM. xanthus.
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Figure 2-2: Gene conservation and synteny diagrams for M. xanthus Wzx/Wzy-
dependent pathway clusters

(A) EPS, (B) MASC, and (C) BPS cluster evolution: Core assembly and export constituents
of each biosynthesis pathway were identified using PFAM domain scanning and BLAST-
based homology searches. Based on the genomic locations of core and other neighborhood
genes in M. xanthus, clusters were generated and their binary distribution was further
mapped on to the phylogenetic tree generated via aligning and concatenating thirty
housekeeping proteins as shown in this figure. Red arrows represent the uninterrupted
presence of genes in a cluster. Locus tags highlighted by pale blue boxes correspond to
genes such as enzymes involved in monosaccharide synthesis, modification, or
incorporation into precursor repeat units of the respective polymer. White circles depict the
presence of a homologous gene encoded elsewhere in the chromosome (but not syntenic
with the remainder of the EPS/MASC/BPS biosynthesis cluster). Bootstrap values are
provided on the tree nodes.
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Tableau 2.1:

Gene nomenclature and annotation analyses for M. xanthus EPS, MASC,
and BPS Wzx/Wzy-dependent pathway proteins.

Former

Protein

Fold

ﬁaer?]i Name | Locus Tag Length|T M § Recognition NHaOnr:on); PUEB Probability (%) E-value
[Ref] (aa) Hit (PDB)* 9
woxx| 1 |mxan_741 490 | 14 | sT77 A | MOMamly lipid i 100 13831
- - flippase MurJ
Peptidoglycan
wzyX| sgnH1]|mxan_744 508 | 12 6BAR_A | glycosyltransferag 98.66 3.3E6
RodA
wzex| PV [mxan_ 744 507 | 2 | awLy x | Polysaccharidec 99.9 1.3E24
[1,2] - - polymerase Wzzl
Tyrosingrotein
wzeX| 1 mxan_744 186 T 3CIO_D |kinase Etk,€rming 99.41 9.1E14
Wzc domain
wzaX|epsY[1]|mxan_74Y] 219 T 2J58 B O_ute*membrane 100.0 1.3E32
lipoprotein Wza
wzxS|exoM3] mxan 326 506 | 14 | sT77 A | MOMamiy lipid Il 100 2.9E33
flippase MurJ
Peptidoglycan
wzyS| exoJ3]| mxan_302 426 12 6BAR_A | glycosyltransferag 98.75 6.2E7
RodA
wzes|exod4]|mxan322] 465 | 2 | awia x | Pobsaccharidecq 99.93 7.0E27
- - polymerase Wzzl
btkA[5] Nucleotidbinding
wzeS mxan_324 231 T 3LA6_D | domain of Tprotein 99.9 9.3E24
exoD6] .
kinase Wzc
fdgA7]
wzaS| exoA |mxan 324 190 | 1 205 g | Outemembrane 100.0 4.4E32
- - lipoprotein Wza
[4.6]
wzxB| 7[4] |mxan 10d s06 | 14 | sT77 A | MOMamiy lipid Il 100 1.8633
flippase MurJ
Peptidoglycan
wzyB| 1 mxan_102 486 12 6BAR_A | glycosyltransferag 98.89 2.7E7
RodA
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Former Protein Fold

Sj::z Name | Locus Tag Length{T M § Recognition NHaonr]:o(I)(:gF:JZB Probability (%) Evalue
[Ref] (aa) Hit (PDB)*
i) aa 2 391:| i) Polysaccharide ¢ i) 99.88 '
wzcB| bikgig] |mxan_104 710 | 2 | #WLLX | polymerase Wzzg ) 6.2E24
ii) aa 432 i) T¥r03|npr0te|n i) 99.92 ii) 6.7E26
697: 3CIO_| kinase Etk
wzaB| T1[9] |mxan_191] 204 1 2J58 B Outetmembrane 99.95 1.1E29

lipoprotein Wza

AConsensus of OCTOPUS and TMHMM analyses. *Output from HHpred

[1] Youderian P, Hartzell PL. Transposon inserigslla# that impair social gliding motilityyococcus xanth
Genetics. 2006. 172(3):41290.

[2] Lu A, Cho K, Black WP, DiarLx R, Yang Z, Kaplan HB, Zusman DR, Shi W. Exopolysaccharide biog
required for social motilitfyixococcus xanthikl. Microbiol. 2005. 55(12206

[3]PérezBurgos M, Gardtmmero |, Valvano MA, Sggsaddrsen L. Identification of the Wzx flippase, Wzy |
and sugamodifying enzymes for spore coat polysaccharide biosyvthasiscicus xanthidol. Microbiol. 2(
(advance online). DOI: 10.1111/mmi.14486.

[4] Maller FD, Schink CW, Hoiczyk E, Cserti E, Higgs Pl. Spore Kyrutomeua xanthastied to cytoskele

functions and polysaccharide spore coat deposition. Mol. Microbiol. 2&05. 83(3):486

[5] Kimura Y, Yamashita S, Mori Y, Kitajima Y, Takelygwwadécéus xanthaterial tyrosine kinase, BtkA, is r
for the formation of mature spores. J. Bacteriol. 2011. 19%%30):5853

[6] Holkenbrink C, Hoiczyk E, Kahnt J, Higgs PI. Synthesis and assembly of a novislygigcaodayewintispores
J. Biol. Chem. 2014. 289(46):32378.

[7] Ueki T, Inouye S. Identification of a gene involved in polysaccharide export as a transcription targéll
factor faMyxococcus xanthievelopment. J. Biol. Chem. 2005. 280(373228279

[8] Kimura Y, Kato T, Mori Y. Function analysis of a bacterial tyrosine kikgs@cBtkBs iranthe&EMS Microb
Lett. 2012. 336(1)516

[9] Ducret A, ValignatPMMouhamar F, Mignot T, Theodoly -Surifleenhanced ellipsometdntrast microsc
identifies slime as a major adhesion factor during bacterial surfawee niddilityAcad. Sci. USA. 2012. 109(25)
10041.
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Tableau 2.2: Function prediction via fold-recognition analysis of EPS, MASC, and BPS

synthesis cluster proteins.

(Color schemes match those in Figures 2.1 and 2.2)

Locus Tag Potential Function Based on FBlgcognition Analysis
MXAN_7415 WbaP Gal/GlundP transferase
[ WeNaewa WX

MXAN_7417 (WzaX Wzax
MXAN_7418 exosortase EpsH/L
MXAN_7420 DNAbinding response regulator

MXAN_7421 (WzcX WzcX
MXAN_7422 UndPGTase2
MXAN_7423 Antiviral toxkantitoxin response regulator
MXAN_7424 DNA interactioelated
MXAN_7425 hypothetical protein, DUSAM domain
MXAN_7426 potential interacting with-DINéing protein, toxin/antitoxin
MXAN_7430 transposase, DDE domain
MXAN_7431 transposase orfA, IS5 family
MXAN_7433 scaffolding + SEG2£llusomal
MXAN_7435 hydrolase, U/b fol

MXAN_RS37275 unknown

MXAN_7436 outermembrane metal ion efflux (CzcC)
MXAN_7437 heavy metal efflux pump (CzcA)
MXAN_7438 heavy metal resistance protein
MXAN_7439 sensory box histidine kinase
MXAN_ 7440 G54+dependent response regulator
MXAN_7441 GTasel

MXAN_7442 (WzyX| WzyX
MXAN_7443 Mg*transporter
MXAN_7444 hybrid sensor kinase + response regulator
MXAN_ 7445 GTasel, WcalL

| MXAN744T(Wzex|  Waecdeminalyrosinekinase

MXAN_7448 GTase2
MXAN_ 7449 serineacetyltransferase
MXAN_ 7450 putative glycosyl hydrolase
MXAN_7451 GTase, WecB
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Locus Tag Potential Function Based on FBkelcognition Analysis
MXAN_3024 GTPbinding protein
MXAN_3025 hypothetical protein{Ntansport)

MXAN_3026 (WzyS WzyS
MXAN_3027 GTasel

MXAN_3225 (WzaS WzaS
MXAN_3226 exosortase EpsH/L

MXAN_3227 (WzcS WzcS

| WXAN 3228(Wzes|  wzes |

MXAN_3229 WcaJ UDBlucose:UndP glucdgehosphate transferase
MXAN_3230 2-phosphd-lactate transferase
MXAN_3231 FemABXeptidyltransferase
MXAN_3232 WecE dTDRamine4,6dideoxygalactose transaminase
MXAN_3233 FemABX peptidyltransferase
MXAN_3234 NrfG cytochromype biogenesis protein
MXAN_3235 NrfFcytochrometgpe biogenesis protein
MXAN_3236 MPH2' macrolidepBosphotransferase
MXAN_3237 hypothetical protein
MXAN_3238 OafAPG/LPS @cetylase, acyltransferase and $@dblase domaing
MXAN_3239 2-oxoglutarate and i@pendent oxygenase domains
MXAN_3240 transcriptional regulator
MXAN_3241 hypothetical protein
MXAN_3242 phosphatase and DiNAding
MXAN_3243 antitoxin component of famiitoxin module
MXAN_3244 hypothetical protein
MXAN_3245 replicaiton machinery recruitement factor
MXAN_3247 peptidase
MXAN_3248 peptidase
MXAN_3249 PGhbinding, L;Danspeptidase
MXAN_3250 sugar lactorlactonase
MXAN_3251 hypothetical protein with zinc ribbon domain
MXAN_3252 thioldisulphide oxidoreductase
MXAN_3253 cytochrome C biogenesis factor CcmF
MXAN_3254 cytochrome C biogenesis factor CcmE
MXAN_3255 heme exporter protein CcmD
MXAN_3256 heme exporter protein CcmC
MXAN_3257 heme exporter protein CcmB
MXAN_3258 ABCtype polar amino acid transporter
MXAN_3259 polysaccharideddacetylase
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Locus Tag Potential Function Based on FBkelcognition Analysis
MXAN_3261 WcaF @cetyltransferase
MXAN_3262 GTasel (Wcal)
MXAN_3263 Gtase 1 (Wcal), exosorts®ciated

Locus Tag Potential Function Based on FBkelcognition Analysis

MXAN_1025 (WzcB) | WzcB

MXAN_1026 GTasel

MXAN_1027 GTasel

MXAN_1028 (WzyB) | WzyB

MXAN_1029 GTasel

MXAN_1030 GTasel

MXAN_1031 GTasel

MXAN_1032 GTasel

MXAN_1033 GTase

MXAN_1034 GTase

[Pl e

MXAN_1036 GTase2

MXAN_1037 GTase2

MXAN_1038 hypothetical protein

MXAN_1039 glucokinase

MXAN_1040 phosphoglycerol transferase

MXAN_1041 O-acetyltransferase, WecH

MXAN_1042 GTasel

MXAN_1043 WecA initial UndP transferase

MXAN_1045 aminoglycoside nucleotidyltransferase

MXAN_1046 lectin + Kike adhesin

MXAN_1047 aminoglycosidecleotidyltransferase

MXAN_1048 WecC, UDglucose-@iehydrogenase

MXAN_1049 WecH, surface polymercétyltransferase

MXAN_1050 hypothetical protein

MXAN_1051 potential poferming toxin NheA

MXAN_1052 Oglycosylation ligase

MXAN_1913 thiol:disulphide interchange protein DBSE

MXAN_1914 inositol monophosphate, hydrolase

MXAN_1915 (WzaB) | WzaB

MXAN_1916 OM porin

MXAN_1917 hypothetical protein
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Though Wzx/Wzy-dependent pathway proteins are typically encoded in
contiguous gene clusters(Lam et al., 2011; Liu et al., 2014), each of the three assembly
pathways in M. xanthus is encoded at a minimum of two separated chromosomal loci.
However, homology studies of related genomes revealed syntenic and contiguous
clusters in related bacteria, helping to reconcile the various insertions. The M. xanthus
EPS cluster was found to contain an 18.739 kbp insertion separating the upstream half
(encoding WzxX, WzaX, and WzcX) from the downstream half (encoding WzyX and
WzeX); however, a contiguous version of this cluster was detected in the genome of
Labilithrix luteola (Figure 2-1B and Figure 2-2A). Even larger insertions were found in
the M. xanthus MASC cluster, with the tract encoding WzyS separated from the tract
encoding WzaS, WzcS, and WzeS by 223.323 kbp; a 25.729 kbp insertion was also
identified between the tract encoding WzxS and the WzaSWzcSWzeSencoding
segment. Yet, a contiguous MASC assembly cluster lacking the intervening genes was
detected in Anaeromyxobacter sp. Fw109-5 (Figure 2-1B and Figure 2-2B).

Genes encoding assembly proteins WzcB, WzyB, and WzxB were located close to
each other on the M. xanthus chromosome, interspersed with putative GTase genes,
denoting the presence of a potential BPS cluster; however, no gene encoding a WzaB
protein to complete this new pathway could be found in close proximity, either
upstream or downstream, to the BPS cluster. The only unassignedwza gene in the
chromosome was the orphanlike mxan_1915 (Ducret et al., 2012), separated from the
BPS cluster by 1.015930 Mbp (Figure 2-1B and Figure 2-2C). Remarkably though,
homology and synteny studies of related genomes revealed the gene encoding
MXAN_1915 (now WzaB) to be contiguous with the genes encoding the other BPS
assembly pathway members (i.e. WzcB, WzyB, and WzxB) in the genome of
Sandaracinus amylolyticus (Figure 2-1B and Figure 2-2C), suggesting that MXAN_1915
may be functionally -linked with the BPS pathway.

Thus, the EPS, MASC, and BPS clusters all encode putative Wzx, Wzy, Wzc, and
Wza proteins, despite the presence of large insertions between certain genes in theM.
xanthus chromosome. While WzcB from the BPS pathway is a PCP2A protein (i.e.
contains a fused Wzelike C-terminal cytoplasmic BYK domain), both WzcX and WzcS
(from the EPS and MASC pathways, respectively) lack such a fusion and are PCRB
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proteins; instead, the EPS and MASC pathways encode stanehlone BYK proteins (WzeX
and WzeS, respectively)(Figure 2-1A).
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2.3.2 EPS and BPS directly affect community organization and behaviour

To better understand the functions of the EPS, BPS, and MASC assembly
pathways, deletion-mutant strains were constructed for each pathway (Tableau 2.3). In
agreement with a previous report (Lu et al., 2005), all EPSpathway mutants were
severely compromised for swarm expansion and fruiting body formation (Figure 2-3A
and B), confirming the central role of EPS in the M. xanthus life cycle. Additionally,
MASC' cells displayed WT-like group motility and fruiting body formation (Figure 2-3A
and B), consistent with MASC pathway expression only during developmental phases
(Muioz-Dorado et al., 2019). To limit the scope of this project to vegetative cell
physiology, minimal additional characterization of the MASC pathway is reported
herein.
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A T4P-Dependent Swarm Spreading

Swarm Surface Area (mmz)
g
i
i
HilH

AwzxX (7416) | AwzyX (7442) | AwzcX (7421) | AwzeX (7447) | AwzaX (7417) sza \(3225)

L Jk & Ik AE 3F

AwzxB (1035) | AwzyB (1028) = AwzcB (1025) AwzcBgyk AwzaB (1915) AwzaB AwzcB
BPS

T4P-Dependent Motility

Fruiting Body Formation

AwzaB (1915) | AwzaB AwzcB

Figure 2-3: Physiological defects due to loss of EPS vs. BPS

(A) Box plots of the swarm surface obtained on 0.5% agar from T4P-dependent motility after 48
h. The lower and upper boundaries of the boxes correspond to the 25" and 75" percentiles,
respectively. The median (line through centre of boxplot) and mean (+) of each dataset are
indicated. Lower and upper whiskers represent the 10" and 90" percentiles, respectively; data
points above and below the whiskers are drawn as individual points. Asterisks denote datasets
displaying statistically significant dataset differences (p < 0.05) compared to WT, as determined
via 1-way analysis of variance (ANOVA)wi t h Tukey6s mul tiple con
biological replicate values were obtained, each the mean of 3 technical replicates. Raw values
and detailed statistical analysis are available (S1 Data).

(B) EPS-, MASC-, and BPS-pathway mutant swarm physiologies. Top: T4P-dependent motility
after 48 h (scale bar: 2 mm). Bottom: Fruiting body formation after 72 h (main panel, scale bar:
1 mm; magnified inset, scale bar: 400 um).
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Tableau 2.3: Bacterial strains and plasmids used in this study

Strain . ] Source or
Strain Genotype Construction
Code Reference
Myxococcus xant i Laboratory
TM108 wild type - )
Dz2 collection
TM108 + pEM4¢4iBJ113 )
EM606 qvzxX gmxan_7416 This work
gmxan_7416)
TM108 + pEM470 (pB3113 _
EM616 qwzy X gmxan_7442 This work
gmxan_7442)
TM108 + pEM441 (pBJ113 )
EM572 qwvzeX gmxan_7421/epsV This work
gmxan_7421)
TM108 + pEM468 (pBJd113 _
EM614 qwzeX gmxan_7447 This work
gmxan_7447)
TM108 + pTM211 (pB3114
TM469 qwvzaX gmxan_7417/epsY [1]
gmxan_7417)
TM108 + pTM210 (pB3114
TM484 qwzaS gmxan_3225/exoA/fdgA [1]
gmxan_3225)
TM108 + pEM471 (pBJ113 )
EM619 qwzxB gmxan_1035 This work
gmxan_1035)
TM108 + pEM4{#BJ113 _
EM618 oqwzyB gmxan_1028 This work
gmxan_1028)
TM108 + pEM462 (pBJ113 )
EM588 qwzcB gmxan_1025/btkB This work
gmxan_1025)
TM108 + pEM469 (pBJ113 )
EM615 owzcByk gmxan_1025 1392001BYK domain) This work
gmxan_102f6om aa 46697)
TM108 pTM212 (pBJL14
TM529 qwzaB gmxan_1915 [1]
gmxan_1915)
EM596| qwzcXqwzaX gmxan_741dmxan_7421 TM469 + pEM441 This work
EM592| qwzaXgwzaB genxan_741gmxan_1915 TM469 + pTM211 This work
EM591| qwzcBogwzaB gmxan_102fmxan_1915 TM529 + pEM462 This work
EM651| qwzaBywzaS gmxan_191&mxan_3225 TM529 + pTM210 This work
TM488| qgwzaXqwzaS gxan_741dmxan_3225 TM469 + pTM210 This work

50




Strain . ) Source or
Strain Genotype Construction
Code Reference
zaXgwzaB xan_741Gmxan_1915 TM488 + pTM2(#BJ114
TM530 qrza qxan_ralqmxan_ P B This work
qwzaS gmxan_3225 gmxan_1915)
. . ] . Laboratory
TM293 Y pilA Tetracycline resistance cass TM108 pilA::tetTer )
collection
TM493| qwzaXy pilA gmxan_741Y pilA TM469 ¥ pilAchromosomal DN|  This work
TM540| qwzaBY pilA gmxan_1918pilA TM529 ¥ pilAchromosomal DN/  This work
TM469 + pSWUABMPIlDOMss _
EM693|qwzaXOMsssfGFH gmxan_7417 OMSGFP This work
sfGFP
qwzaBMss TM529 + pSWUASMPIlAMss )
EM691 gmxan_1915 IMse&Cherry This work
mCherry mCherry
PepssfGFP + TM108 + pSWUADMWzxXfGFP )
EM709 WTPepsSfGFP +d2smCherry This work
PspsmCherry promWzcBiCherry
Escherichia col - Laboratory
EC393 F lambdailvG rfb50 rpkL - )
MG1655 collection

[1] Ducret A, Valigna® MMouhamar F, Mignot T, Thedd@iesurfacenhanced ellipsometric contrast micros
identifies slime as a major adhesion factor during bacterial surffaoe.miatlithcad. Sci. USA. 2012. 109(25):
10041.

51




Cells deleted for BPSc | ust er genes displayed Afuzzyo

T4P-dependent swarm spreading (Figure 2-3A). Fruiting body formation in the absence
of BPS also required lower cell densities(Figure 2-3B and Figure 2-4A), suggesting the
BPS cells aggregate more easily. This higher aggregative capacity may also help explain
why BPS swarms are compromised for T4P-dependent surface spreading(Figure 2-3A
and B). Neither BPS nor EPS was required for predation, as mutants defective in either
pathway were still able to invade and digest a colony of preyE. coli cells (Figure 2-4B) on
a hard substratum. Prey invasion is typically followed by the formation of ripples (i.e.
synchronized waves of coordinated cells)(Figure 2-4B), a phenomenon that increases the
efficiency of prey cell lysis (Berleman et al., 2006). While both BPS and EPS cells
were still able to invade the E. coli colony, only BPS swarms displayed WT-like rippling,
whereas EPS swarms did not ripple (Figure 2-4B). This suggests that (i) EPS may be
required for rippling, and if so (ii) BPS T cells may still elaborate cell-surface EPS.

Importantly, the mxan_1915 (now wzaB) mutant displayed identical phenotypes
to those of the other BPSpathway mutants (Figure 2-3),despite the 1.015930 Mbp
separation of the gene from the rest of the BPS biosynthesis clusterFigure 2-1B), further
supporting the notion that mxan_1915indeed encodes for the BPSpathway Wza (Figure
2-1A). I n support o f mxarh 1985 §WwzgBodouble engtantsdjsplaged §
phenotypes similar to those of the respective single mutants, consistent with mxan_1915
(now wzaB) and wzcB encoding proteins that belong to the same (i.e. BPS) pathway
(Figure 2-3A and B).
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Resuspension Density (ODgq)
1.5 2.5 50 _ 10.0

Figure 2-4: Effects of EPS and BPS deficiencies on M. xanthus predatory and density-
dependent developmental outcomes

(A) Fruiting body formation phenotypes at different cell densities after growth at 32 °C for 72 h.
(B) EPS' ( gmaX) and BPS' ( gmaB) cells from exponentially growing cultures were
resuspended in buffer to a final concentration of ODggo 10. Samples were then spotted on
developmental media next to an E. coli colony and imaged after 48 h. The first row contains
images of the entire swarm; the second row presents a medium-magnification view of the prey
invasion step; the third row presents a high-magnification view of the ripples at sites
corresponding to the small boxes on the second row.
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2.3.3 BPS is not bound to the cell surface

The (i) hyper-aggregative character and (ii) rippling phenotype during predation

of BPS cells (Figure 2-4) suggested the presence of EPS on the surface of these cells. To

address these observations, we set out to better understand the nature of the surface
associated polysaccharide layer in BPScells. As retention of the hydrophilic dye Trypan
Blue has long been used as a readout for production of cellsurface EPS inM. xanthus
(Black & Yang, 2004), we obtained dye-binding profiles for all EPS - and BPS pathway
mutant strains. For all proposed EPS-pathway mutants, Trypan Blue binding was
drastically reduced compared to wild type (WT) cells (Figure 2-5A), consistent with
previous descriptions of EPS deficiencies(Black & Yang, 2004). However, BPSpathway
mutants exhibited divergent Trypan Blue -binding profiles: (i) mutants unable to flip or
polymerize UndPP-l i nk e d BPS r epewkB anndiwzy) displayes .
significantly lower dye binding than WT cells (Figure 2-5A), consistent with reduced EPS
production in these backgrounds. The likeliest explanation is that mutant strains in
which UndPP-linked oligosaccharide repeat units for a particular pathway may build up
can manifest polysaccharide synthesis defects in other pathways also requiring UndPR
linked units (Burrows & Lam, 1999). (ii) Conversely, M. xanthus BPS pathway mutants
with the capacity for periplasmic polymerization of the BPS chain, but compromised for
BPS secr etwzaBn wicBsvk,e WiRH a nmdaB gwzcB) did not display
reduced Trypan Blue-binding relative to WT cells (Figure 2-5A). Compared to BPS
p at h wwazgB, the dye-binding profile of the EPS- and BPS pathway double mutant
gwzaX gwzaB matched that of the EPSp at h wwzgX sihgle-mutant (Figure 2-5A).
These genetic results reinforce the notion that the EPS and BPS biosynthesis pathways
are independent of each other.
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A EPS Detection via Trypan Blue Dye-Binding
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Figure 2-5: Analysis of BPS properties

(A) Boxplots of Trypan Blue dye retention to indicate the levels of surface-associated
polysaccharide production in various strains relative to WT. The lower and upper boundaries of
the boxes correspond to the 25" and 75" percentiles, respectively. The median (line through
centre of boxplot) and mean (+) of each dataset are indicated. Lower and upper whiskers
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represent the 10" and 90" percentiles, respectively; data points above and below the whiskers
are drawn as individual points. Asterisks denote datasets displaying statistically significant
differences in distributions (p < 0.05) shifted higher (**) or lower (*) than WT, as determined via
Wilcoxon signed-r ank test performed relative to fA1000.
(B) Real-time clearance of hexadecanei CYE supernatant emulsions from BPS* and BPS'
strains; values are the mean of 3 biological rep
(ODsgo) values were normalized to their first registered values, whereas registered time points
are displayed at their actual occurrence. Inset: Scanning time (post-mixing) for a given cuvette
(containing a culture supernatanti hexadecane emulsion) until a first absolute value for ODsoo
could be registered by the spectrophotometer, for samples with(out) BPS (n = 3). Asterisk (*)
denotes statistically-significant difference in mean value compared to pilA mutant (p = 0.0031),
as determined via-tasthpaired Student és t

(C) Time course of normalized surface tension values (via digital drop tensiometry) from
representative submerged-culture supernatants. Surface tension values across all time points
were normalized against the initial surface tension value (t = 0) for each respective strain
(Figure 2-6C). Strains tested: WT, MASC' (gwzaS), BPS' MASC' (cqwzaB wzaS), EPS'
MASC' (covzaX gwzaS), EPS' BPS' MASC' (gwzaX gqwzaB gowvzaS). Inset: Slope values from
biological replicate time courses (each represented by a different shape) for each strain. Slopes
were calculated by fitting the time-course curves with a fourth-degree polynomial function.

(D) T4P-dependent swarm spreading in the presence of exogenous di-rhamnolipid-Ci4-Ci4
biosurfactant from Burkholderia thailandensis E264. The lower and upper boundaries of the
boxes correspond to the 25" and 75™ percentiles, respectively. The median (line through centre
of boxplot) and mean (+) of each dataset are indicated. Lower and upper whiskers represent the
10" and 90™ percentiles, respectively. Asterisks denote datasets displaying statistically
significant differences in mean values (p < 0.05) compared to WT swarms, as determined via
one-samplett est performed relative to A1000.

(E) Real-time clearance of hexadecanei CYE supernatant emulsions from T4P* and T4P' BPS-
producing strains; values are the mespwluasivered bi ol o
normalized to their first registered values, whereas registered time points are displayed at their
actual occurrence. Inset: Scanning time (post-mixing) for a given cuvette (containing a culture
supernatanti hexadecane emulsion) until a first absolute value for ODego could be registered by
the spectrophotometer, for samples with(out) a functional T4P (n = 4). Asterisk (*) denotes
statistically-significant difference in mean value compared to gwzaX (p = 0.0265), as
determined via utegtai red Studentds t
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Since the Trypan Blue-binding assay permits the detection of cell-associated
polysaccharides as part of a contiguous surface matrix, the observation that dye binding
by BPS cells was notreduced compared to WT cells suggests three possible scenarios:
(i) BPS is surface-associated but does not bind Trypan Blue, (ii) BPS is instead secreted
to the extracellular milieu, or (iii) the BPS -pathway machinery does not produce a
polysaccharide and instead has a novel alternative function. The latter possibility is
unlikely considering the abundance of putative GTase genes in the BPS clustefTableau
2.2). The hypothesis that BPS is not cellassociated (and instead likely secreted) is
supported by the results of monosaccharide analysis of celtassociated polymers from
surface-grown WT and BPS submerged cultures; these analyses revealed that the major
cell-associated sugar species are analogous in both composition and quantity between
WT and BPS strains (Figure 2-6A), indicating that Trypan Blue is binding to the same
polysaccharide target in each strain. Therefore, since WT and BPS cells elaborate
comparable levels of EPS and do not display differences in surfaceassociated sugar
content, we conclude that BPS does not remain attached to the cell surface.
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Figure 2-6: Analyses of cell-associated versus secreted characteristics related to BPS
deficiency

(A) High-performance anion-exchange chromatography coupled with pulsed amperometric
detection for monosaccharide standards vs. monosaccharides isolated from submerged culture
supernatants. Strains tested: WT and BPS' (qwzaB).
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(B) Boxplots of Trypan Blue dye retention to indicate the levels of EPS production in various pilA

mutant strains relative to WT. The lower and upper boundaries of the boxes correspond to the

25" and 75™ percentiles, respectively. The median (line through centre of boxplot) and mean (+)

of each dataset are indicated. Lower and upper whiskers represent the 10" and 90™ percentiles,

respectively; data points above and below the whiskers are drawn as individual points.

Asterisks denote datasets displaying statistically significant differences in distributions (p < 0.05)

shifted higher (*) than WT, as determined via Wilcoxon signed-rank test performed relative to

An1000 (i .e. WT); stars denote datasetspt*®0d) are n
as determined via Wilcoxon signed-r ank t est performed relative to #f
(C) Time course of raw surface tension values (via digital drop tensiometry) from representative
submerged-culture supernatants. Strains tested: WT, MASC' (gwzaS), BPS" MASC' (qovzaB

gwzaS), EPS' MASC' (covzaX qpvzaS), EPS' BPS' MASC' (cpvzaX cpvzaB qwzaS).

(D) Representative images of T4P-dependent motility for WT, EPS' (qwzaX), BPS' (qwzaB),

and MASC' (gwzaS) strains in the presence/absence of di-rhamnolipid-C14-C14 produced by

Burkholderia thailandensis E264 (scale bar: 4 mm). Top: Samples spotted (5 pL of ODggo 5.0

resuspension in TPM buffer) on a 0.5% CYE agar plate, grown for 72 h in the absence of

rhamnolipid. Bottom: Samples treated analogously to those in top portion of the panel, but

grown for 72 h on a 0.5% CYE agar plate pre-treated with rhamnolipid. Analysis of these data

(Figure 2-5D).
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2.3.4  BPS s a secreted biosurfactant inhibited by the T4P

Given the (i) aggregative phenotypes of BPS cells during in vivo fruiting body
formation (Figure 2-4A), (ii) compromised swarm spreading on surfaces (Figure 2-3A and
2B), and (ii) lack of cell-associated sugar differences(Figure 2-6A), we reasoned that
BPS may be a secreted surfacactive biopolymer with emulsifying and/or surfactant
properties that should therefore be found in the extracellular environment. We thus
employed two independent methods to probe the surface-active properties of secreted
BPS. The first approach takes advantage of the ability of both emulsifiers and
surfactants to stabilize emulsions of two immiscible phases (Uzoigwe et al., 2015). As
pilA mutations reduce clumping of M. xanthus cells in liquid culture due to reduction
(not elimination) of EPS production (Zhou & Nan, 2017) (Figure 2-6B), these mutant
strains can thus be grown to higher overall cell densities than piliated variants; we used
this approach to naturally maximize the concentration of secreted polymers in our
cultures. Enriched (agueous) supernatants from dense cultures were thus extracted,
fillered, and tested for the ability to stably mix with the hydrocarbon hexadecane
(Cooper & Goldenberg, 1987; Smithet al., 2016); light transmission through samples in
cuvettes was then monitored in real-time via spectrophotometry to monitor emulsion
breaking. = Whereas BPS supernatants demonstrated rapid phase separation,
supernatants from BPS* cultures formed more stable emulsions with hexadecane
(Figure 2-5B); the latter samples even required 1.6x more time to simply allow any
detectable light to pass through the sample from the start of attempted ODsoo readings
until the first registered value (Figure 2-5B, inset). BPS thus possesses emulsion
stabilizing properties, a feature of both emulsifiers and surfactants.

In addition to increasing the stability of two immiscible phases (i.e. possessing
emulsifying properties), to be considered a surfactant a given compound must also be
able to reduce the surface/interfacial tension between two phases(Uzoigwe et al., 2015).
We thus also probed differences in surface tension between supernatants from
submerged WT, EPS, and BPS swarms using a highly-sensitive dynamic drop
tensiometer.  This method revealed a higher surface tension in BPS colony

supernatants compared to supernatants from WT and EPS colonies that are still able to

60



secrete BPS(Figure 2-5C). These data are consistent with surfactant properties of
culture supernatants in strains with an intact BPS biosynthesis pathway.

To further test the function of BPS as a biosurfactant, we sought to rescue the
motility phenotype of BPS' swarms through addition of an exogenous biosurfactant, di-
rhamnolipid -C14-C14 produced by Burkholderia thailandensis E264 (Dubeau et al.,
2009). This biosurfactant is not synthesized via a Wzx/Wzy-dependent polysaccharide
assembly pathway; it is instead produced in the cytoplasm of its native bacterium
requiring a 3-gene rhl cluster (Dubeau et al., 2009). This renders rhamnolipid
chemically distinct from high molecular weight biopolymers, while able to reduce
surface tension through its strong surfactant properties. As reported, relative to WT
swarms, EPS or BPS strains were severely compromised for T4R-dependent swarm
spreading, while MASC' swarms displayed no significant differences (Figure 2-3A).
However, upon pre-treatment of the agar surface with exogenous rhamnolipid
biosurfactant, BPS' swarms regained nearWT-like spreading (while EPS and MASC
swarms displayed the same phenotypes as those in the absence of rhamnolipid)Figure
2-5D and Figure 2-6D). Exogenous biosurfactant addition is thus able to complement
BPS deficiencyin trans .

As EPS production has long been known to require the presence of a T4RBlack
et al., 2006; Wu & Kaiser, 1995) (Figure 2-6B), we used the abovedescribed hexadecane
based bioemulsifier assay and highdensity cultures to test the T4P-dependence of
surface-active BPS production. For supernatants from EPSdeficient BPS* cultures
encoding a T4P, gradually-breaking emulsions were observed for samples encoding a
functional T4P; however, inactivation of the T4P in this parent strain gave rise to culture
supernatants with remarkably -extended abilities to stabilize emulsions (Figure 2-5E).
From the beginning of attempted OD s00 readings until the first detected value, the latter
samples took 3.6x as long just to allow any detectable light to pass through the cuvette
(Figure 2-5E, inset). Thus, as opposed to EPS production which requires a T4RBlack et
al., 2006), the presence of a T4P may have an inhibitory effect on the production of

surface-active BPS.
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2.3.5 BPS s a randomlyacetylated repeating ManNAcArich tetrasaccharide

We thus set out to characterize the structure and composition of the novel
secreted BPS molecule. Given the strong surfaceactive properties in enriched
supernatants from BPS* gwzaX YpilA cultures (Figure 2-5E), and lack thereof from
BPS gwzaB Y pilA enriched supernatants (Figure 2-5B), we studied the differences in
polysaccharide content between these samples. Protein/nucleic aciddepleted samples
were first analyzed via 1D proton nuclear magnetic resonance(NMR), revealing a cluster
of peaks in the BPS enriched supernatant near 2 ppm that were not present in the BPS
sample (Figure 2-7A). Samples were then separated via gel chromatography, revealing
the presence of an acidic polysaccharide in the BPS sample (Figure 2-8A). Anion
exchange chromatography followed by H1 13C heteronuclear single quantum correlation
(HSQC) NMR analysis of the isolated polysaccharide revealed a complicated NMR
spectrum due to random acetylation (Figure 2-8B). However, subsequent HSQC analysis
of a deacetylated sample revealed welldefined resonances(Figure 2-7B and Tableau 2.4).
In the spectrum of the O-deacetylated polysaccharide, four spin systems were observed,
each a pyranose sugar with a NHAc group at carbon 2,dentified by 13C signal position
between50-6 0 p p m. Al l s 1mgnaag-configliatiom, hsadgrdified véa total
correlation spectroscopy (TOCSY) and nuclear Overhauser effect spectroscopy(NOESY)
signal patterns, and agreement with13C signal positions (Tableau 2.4). One
monosaccharide (residue A) contained a CHOH group at carbon 6, and was thus
designated N-acetyl-mannosamine. The remaining three sugars (residues B, C, and D)
displayed no further correlations from hydrogen 5 and thus were classified as N-acetyl-
mannosaminuronic acids, designations which were confirmed by the mass spectrum
(Figure 2-7C). The sequence of the monosaccharides was identified based omuclear
Overhauser effect (NOE) detection between nuclei A1:D3, B1:A4, C1:B4, D1:C4Figure
2-7B). Due to signal overlap, it was not possible to fully differentiate the latter two NOEs

(Figure 2-7B), but this did not affect monosaccharide sequence designation.
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Figure 2-7: Analysis of BPS composition and structure

(A) 'H NMR spectra of concentrated supernatants from BPS* gwzaX Y pilA and BPS' qwzaB

Y pilA cultures.

(B) Hi13C HSQC spectrum of deacetylated acidic polysaccharide originally isolated from

gwzaX YpilA supernatant.
colours: black, Ci H; green, Ci H..

(C) Negative mode high cone voltage (180 V) electrospray ionisationi mass spectrometry (ESI-
MS) of deacetylated acidic polysaccharide from qwzaX Y pilA supernatant. RU = repeating unit.

Analysis was performed at 27 °C, 500 MHz. Resonance peak

(D) Chemical structure of the BPS polymer tetrasaccharide repeating unit.
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Tableau 2.4: *H and **C NMR data (i, ppm, D20, 27 °C, 500 MHz) for the deacetylated
polysaccharide from gqowvzaX Y pilA concentrated supernatant.

Sugar Nucleus H/IC 1 H/C 2 H/IC 3 H/IC 4 H/IC5 H/C 6
4-b-D-ManNA¢residue
A 1H 4.90 4.36 3.90 3.67 3.47 3.74; 3.86
13C 97.2 53.9 71.8 77.6 75.9 61.2
4-H-p-ManNAcA
. 1H 4.83 4.55 3.86 3.74 3.74
(residue B)
13C 100.4 53.8 71.6 78.9 77.3
4-b-D-ManNAcA
) 1H 4.70 4.45 3.83 3.74 3.74
(residue C)
13C 99.8 54.0 71.6 78.9 77.3
3b-D-ManNAcA
_ 1H 4.66 4.57 3.96 3.58 3.68
(residue D)
13C 99.7 51.1 78.4 68.6 77.6

NAc signals (@H2.02/23.2; 2.02/23.2; 2.05/23.3; 2.06/23.3 ppm
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Using the information above, we were able to revisit the spectrum annotation for
the untreated polysaccharide. The original polymer was found to be partially acetylated
at position 3 in residues A, B, and C(Figure 2-8B). For residue D, oxygens 4 and 6 were
capable of being acetylated, but no appropriate signal was visible; instead, positions 4
and 6 in residue D yielded the same signals as those detected in the deacetylated
polysaccharide (Figure 2-7B and Figure 2-7C). For residues A, B, and C, only oxygen 3
was free to be acetylated, thus agreeing with the signal position. Three OAc signals were
present in the HSQC spectrum: 2.02/21.6; 2.04/21.6; 2.10/21.6 ppm, although there
may be overlaps(Figure 2-8B).

Taken together, these analyses revealed BPS to be a heteropolysaccharide built of
the following repeating unit: Y 3)-D-ManNAcA-( aY14)-D-ManNAcA-( &Y14)-D-
ManNAcA-( &aY14)-D-ManNAc-( &Y1(Figure 2-7D). Each tetrasaccharide repeat is thus
j oi nedY 3linkagesitd another, with each repeating unit composed of a proximal
neutral N-acetyl-a-D-mannosamine (D-ManNAc) sugar, followed by three distal charged
N-acetyl-a-D-mannosaminuronic acid (D-ManNAcA) sugars; a random acetylation
pattern at position 3 was detected for the first three residues of the tetrasaccharide
(Figure 2-7D). Therefore, the product of the Wzx/Wzy-dependent BPS assembly
pathway (Figure 2-1A) is indeed a high molecular-weight biosurfactant polysaccharide
(BPS) built of randomly -acetylated mannosaminuronic acid -rich tetrasaccharide repeat
units (Figure 2-7D).
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Figure 2-8: Isolation and NMR analysis of natively-acetylated polysaccharide isolated
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(B) B¢ HSQC NMR spectrum of acidic p wiay ¥ pila
supernatant. Analysis was performed at 25 °C, 500 MHz. Resonance peak colours: black, Ci H;
green, Ci H,.
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2.3.6 BPS and EPS polymers are shared differently within the swarm
community

Given the compromised nature of T4P-dependent swarm spreading for both EPS
and BPS strains (Figure 2-3), we mixed populations of both strains together to test the
ability of each polysaccharide to crosscomplement deficiency in the other and restore
swarm motility on soft agar. Mixture of the two strains at a 1:1 ratio restored T4P-
dependent swarm expansion to wild-type levels (Figure 2-9A and 5B), indicating an in
trans -complementation of a motility defect. We next explored the spatial distribution of
the two strains at a 1:1 ratio via fluorescence microscopy of EPScells with a superfolder
green fluorescent protein (sfGFP)-labelled OM and BPS cells elaborating a mCherry-
labelled IM (Ducret et al., 2013) (Figure 2-9C). While both EPS-pathway (green) and
BPSpathway (red) mutant cells were detected in the swarm interior as well as at its
edge, the distribution was not homogeneous (Figure 2-9C); BPS cells (red, i.e. cells still
able to produce EPS) were more abundant towards the centre of the swarm, whereas
EPS cells (green, i.e. cells still able to produce BPS) were enriched toward the
periphery (Figure 2-9C). The EPS cells in this mixture were thus able to utilize EPS
produced bytheBPS cel | s, indicating that EPS can
community. On the other hand, BPS' cells remained at the swarm centre, suggesting
that any BPS produced by the EPS cells was not able to rescue the motility defect of the
BPScell s, suggesting that BPS may not be
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Figure 2-9: Cross-complementation of EPS vs. BPS deficiencies via strain mixing

(A) EPS' (gwzaX) and BPS' (gwzaB) cells from exponentially growing cultures were mixed at

the indicated ratios to a final concentration of ODeoo 5.0. Pure and mixed cultures were then

spotted on CYE 0.5% agar and imaged after 48 h at 32 °C.

(B) Swarm areas with temporal tracking of pure and mixed cultures, were treated as described

and imaged at 24, 48, and 72 h. Each data point is the average of four biological replicates and

is displayed +/- SEM. Mixed/pure cultures with statistically-significant differences (p < 0.05) in

mean surface areas (at 72 h relative to WT) are indicated with an asterisk (*), as determined via

lway ANOVA foll owed by Dunnettés multiple compari:
(C) EPS' (gwzaX) Ppia-OMss-sfGFP and BPS' (qavzaB) Ppia-IMss-mCherry cells were mixed at

a 1:1 ratio as in (A), spotted on agar pads, and imaged via fluorescence microscopy after 24 h.

The two images on the right are magnified views of the colony centre and colony edge
approximately indicated by the inset boxes in the
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2.3.7 Expression of BPS vs. EPS is spatially distinct within a swarm

Considering the distinct physiologies of EPS vs. BPS cells and swarms (Figure
2-3, Figure 2-5, Figure 2-4 and Figure 2-6), we set out to examine whether or not EPS and
BPS were differentially regulated by cells in WT swarm communities. To first probe the
spatial distribution of EPS - and BPS pathway cluster expression within a swarm, sfGFP
and mCherry were simultaneously placed under EPS and BPScluster promoter control
(Peps-sfGFP [wzxX promoter] and Psps-mCherry [wzcB promoter], respectively) in the
same WT cell. The spatiospecific expression of the two reporter genes was
subsequently monitored within the swarm via a recently -developed fluorescence
microscopy technique allowing for the acquisition of large-scale images at high
resolution (Panigrahi et al., 2020). While cells plated immediately from liquid cultures
(t = 0) demonstrated homogeneous expression profiles of both reporters across the
population, spatial separation of signals within a swarm was observed already after 24 h
(Figure 2-10). These distinct spatial signal profiles were even more pronounced after 48
h, with the PepssmCherry signal preferentially expressed towards the swarm interior,
whereas Reps-SfGFP signal was more highly expressed around the swarm periphery
(Figure 2-11A). Fruiting bodies that appeared after 72 h indicated signal overlap
between Peps-sfGFP and RspssmCherry expression, suggesting that EPS and BPS
pathways are both active within these multicellular structures; at this time point, P eps-

sfGFP expression was still detectable at the swarm edgéFigure 2-10).
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Pgps-mCherry Composite
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Figure 2-10: Time course analysis of the spatial expression of the EPS and BPS gene
clusters

(A) Dual-labelled (Peps-sfGFP + Pgps-mCherry) WT cells (strain EM709) from exponentially
growing cultures were spotted on developmental media at a final concentration of ODggo 10.0
and imaged at the indicated time points (scale bar: 100 um). Images were scaled as described
in Material and Methods.

(B) Raw, non-normalized data displayed in Panel A.
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Figure 2-11: Analysis of the spatial expression of the EPS and BPS gene clusters

(A) Dual-labelled (Peps-sfGFP + Pgps-mCherry) WT cells (strain EM709) from exponentially-
growing cultures were spotted on developmental media at a final concentration of ODggo 5.0 and
imaged at 48 h. Images were scaled as described in Material and Methods. The two images on
the right are magnified views of the colony centre and colony edge at positions approximately
indicated by the inset boxes in the composite image.

(B) Flow cytometry analysis of WT + Peps-SfGFP + Pgps-mCherry cells harvested from the
colony interior or periphery following incubation for 48 h. Cells were analyzed for intensity of
sfGFP and mCherry fluorescence. Results of three independent experiments are displayed
(1%t experiment, blue lines; 2" experiment, green lines; 3™ experiment, magenta lines).  For
each experiment, a total population of 300,000-500,000 events was used and statistically
analyzed. Differences between fluorescence intensity at the colony center vs. edges are
significant (p < 0.0001) for all experiments except for the first experiment with sfGFP. Errors
bars are set at 1% confidence. Signals obtained with the non-fluorescent wild-type strain were
subtracted from the fluorescence signals of strain EM709.
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To quantify the differential P eps-SfGFP and RspssmCherry expression patterns
observed via fluorescence microscopy(Figure 2-11A), cell samples were collected from
the edges and the centres of swarms after 48 h and analyzed via flow cytometry. While
red fluorescence (from PspsmCherry) was 2x more intense towards the colony interior
compared to the periphery, the inverse relationship was observed for green
fluorescence; Peps-SfTGFP expression was 2x more intense at the periphery versus the
swarm centre (Figure 2-11B). These flow cytometry data directly reinforce the spatial
expression patterns described above(Figure 2-11A).

All together these data indicate that the production of EPS and BPS occurs with a
precise spatial regulation likely reflecting the requirement for the two polysaccharides in
specific cell behaviours within different swarm regions. For example, EPS may be
preferentially required at the lower -density colony edge where T4Rdependent swarm
spreading takes place, whereas BPS is more crucial at the high celtlensity colony centre

to perhaps favour initial cell dispersal.
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2.4 DISCUSSION

Given the extensive genomic, phenotypic, biochemical, and biophysical
characterizations described above, we propose that the product of the BPS assembly
pathway is a novel T4Rinhibited acidic heteropolysaccharide with surface -active
properties. These characteristics enhance swarm expansion. Importantly, these data
directly affect past, present, and future interpretations of M. xanthus physiology
attributed to effects on EPS, which could now be due in part to the differential
regulation of BPS.

In this investigation, we have demonstrated that M. xanthus uses spatially-
distinct polysaccharide production patterns amongst members of the swarm community
to modulate its complex multicellular lifecycle, with differently -localized subpopulations
of cells favoring production of EPS vs. BPS to promote dissemination of the swarm
community. This dynamic thus facilitates the development of complex swarm -level
behaviours requiring more than the activity of a collection of single cells. It is in this
manner that the collective behaviour of M. xanthus cells in swarms leads to the
differentiation of the population into forager cells, peripheral rods, and spore -forming
cells.

There is an unfortunate misconception throughout much of the scientific
community on the topic of biological surface-active agents (Uzoigwe et al., 2015),
wherein the terms fdAbioemulsifiero and A
within the same article, despite strict definitions for what constitutes each. It bears
repeating that (i) a bioemulsifier is a naturally -produced compound capable of
stabilizing an emulsion between two immiscible phases, whereas (ii) a biosurfactant, in
addition to being able to stabilize an emulsion, must also be able to reduce the
surface/interfacial tension between two phases. Therefore, all biosurfactants are also by
definition bioemulsifiers, but not all bioemulsifiers are biosurfactants. Within this
article, we have endeavoured to rigorously apply these definitions, but the overall lack of
precision makes following the relevant scientific literature quite difficult.

The combined importance of secreted polymers and surfaceactive agents for
community expansion and migration may be a common theme for bacteria, especially

for species that display differentiated cell fates. In the model Gram-positive bacterium
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Bacillus subtilis, at least five cell types have been described to date, with each
distinguished via the following phenotypes: protease production, sporulation, motility,
matrix production, and surfactin production (LOpez & Kolter, 2010; Lopez et al., 2009).
(i) Extracellular protease production is correlated with later stages of biofilm formation,
suggesting a role in nutrient acquisition or escape from a biofilm (Marlow et al., 2014).
(i) Sporulation allows for B. subtilis to survive prolonged periods of desiccation and
nutrient scarcity, whereas (iii) motility phases involve synthesis of external appendages
(flagella) for swimming (Lépez & Kolter, 2010). As with numerous other bacteria, (iv)
B. subtilis also biosynthesizes an extracellular polysaccharide that constitutes the bulk
of its biofilm matrix, and which under certain conditions can affect colony expansion.
(v) Finally, B. subtilis also famously produces surfactin, a cyclic lipopeptide with strong
surfactant properties (Arima et al., 1968; Kakinuma et al., 1969a; Kakinuma et al.,
1969b). Recently, the formation of matrix polysaccharide-d e pendent ivan
bundles of B. subitilis cells at the colony edge was shown to be greatly improved in the
presence of nearby surfactinproducing cells; the net effect of this interplay between
matrix polysaccharide and surfactin was thus to determine the rate of colony expansion
(van Gestelet al., 2015b). Intriguingly, each of the differentiating phenotypes describe
above has a direct parallel in M. xanthus. (i) Numerous proteases are released byM.
xanthus cells and are suspected to participate in nutrient acquisition (via predation)
(Berleman et al., 2014), (ii) whereas myxospore formation in fruiting bodies promotes
survival under nutrient -limiting conditions (Konovalova et al., 2010). Though single-
cell gliding maotility does not require any external appendages (Islam & Mignot, 2015) ,
(ii) swarm -level motility is mediated by extension and retraction of T4P appendages;
(iv) this is in conjunction with the requirement of EPS for T4P -dependent swarm
spreading (Konovalova et al., 2010). (v) As reported herein, M. xanthus also produces a
surface-active BPS molecule, in the form of a high molecularweight
heteropolysaccharide polymer, with the effect of BPS on EPS modulating swarnmtlevel
ultrastructure, migration, and the overall developmental cycle of the bacterium.

The production of a secreted polysaccharide with emulsifying properties and its
interaction with cell -surface-associated carbohydrates also has parallels in another wel
studied system. Originally isolated from a mixed culture growing on crude oil (Reisfeld
et al., 1972), Acinetobacter sp. RAG-1 was found to generate a product able to stably
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emulsify hydrocarbons (Rosenberg et al., 1979a; Rosenberget al., 1979b) as well as
reduce interfacial tension (Rosenberg et al.,, 1979b) Termed RAG1 emulsan, this
compound has been extensively tested with respect to environmental applications
including oil spill cleanup and bioremediation of heavy metal pollution (Gutnick & Bach,
2000; Karlapudi et al., 2018). RAG-1 emulsan had been studied for over 35 years
(Reisfeld et al., 1972) before a more rigorous extraction protocol was developed,
revealing that RAG-1 emulsan was in fact a bipartite compound composed of (i) a rough
type LPS and (i) a high molecular-weight secreted polysaccharide (Mercaldi et al.,
2008) . The latter compound, now termed Acinetobacter Polyelectrolytic
Exopolysaccharide (APE (Barnhart et al., 2012), is synthesized via a Wzx/Wzy
dependent pathway (Dams-Kozlowska & Kaplan, 2007; Nakar & Gutnick, 2001) ; it is the
component responsible for the emulsifying properties of RAG-1 emulsan (Mercaldi et
al., 2008), but to our knowledge, the capacity of purified APE to reduce interfacial
tension has never been reported. Thus the role of APE as a true biosurfactant has yet to
be established. As the APE polymer is built from repeating Y 4)-D-GalNAc-6-OAc-
( Ur14)-p-GalNAcA-( Ur13)-D-QuiNAc4NHbD -( Url trisaccharide units (Barnhart et al.,
2012), it is conceivable that the presence of uronic acid and acetyl moieties are able to
contribute hydrophilic and hydrophobic character to APE, respectively. Since M.
xanthus BPS is composed of Y 3)-D-ManNAcA-( &Y14)-D-ManNAcA-( aY14)-D-
ManNAcA-( &aY14)-D-ManNAc-( aY1 repeating units, considerable hydrophilic and
hydrophobic character would again be present due to its high uronic acid content as well
as its N-/O-acetylation levels, respectively. Together, these traits could explain the
emulsifying properties of both APE and BPS (as well as the demonstrated surface
tension-reducing surfactant properties in the latter). Similarly to Acinetobacter and
RAG-1 emul san, physiology connected dirBctly t
xanthus has been studied for over 30 years(Arnold & Shimkets, 1988); however, the
complex physiology of this social bacterium must now be considered within the context
of the interplay between the dedicated EPS polymer on the cell surface and the newly
identified secreted BPS product.

With the identification of BPS and its importance to M. xanthus physiology,

numerous questions have been raised. For instance, given the spatiespecific
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differences in production of the various polymers, by what mechanism is BPS
production regulated in relation to EPS and MASC? The presence of functionally-
important BYK homologues to the production of BPS/EPS/MASC represents an enticing
level of production control for each of the polymers. In addition, the apparent
suppression of BPS production by the presence of a T4P suggests possible links between
BPS and the Dif pathway, with the latter already known to regulate T4P-dependent EPS
expression. As biosurfactants are of immense industrial interest and importance,
further characterization of the chemical properties of BPS are also immediate avenues of
future inquiry.

Ultimately, our investigation reveals that differentiated functions between
distinct cell subpopulations across an entire swarm generates an ecologicallybeneficial,
community -level, higher-order organization. This is a central tenet governing the varied

evolutionary origins of multicellularity in nature.

2.5 MATERIALS AND METHODS

25.1 Bacterial cell culture

The M. xanthus strains used in this study are listed in Tableau 2.3. They were
grown and maintained at 32 °C on Casitone-yeast extract (CYE agar plates or in CYE
liquid medium at 32 °C on a rotary shaker at 160 rpm. The Escherichia coli strains used
for plasmid construction were grown and maintained at 37 °C on lysogeny broth (LB)

agar plates or in LB liquid medium. Plates contained 1.5% agar (BD Difco). Kanamycin

at 100 Tg/mL and gal actose at 2.5% (w/v)

appropriate.

25.2 Plasmid and mutant construction

Plasmids used in this study are listed in Tableau 2.3. To create M. xanthus in-
frame deletion strains, 900 bp upstream and downstream of the gene targeted for
deletion were amplified and fused via PCR, restriction digested, then ligated into pBJ113
or pBJ114 (Moine et al., 2014). The resulting plasmids were then introduced into wild -
type M. xanthus DZ2 via electroporation. Mutants resulting from homologous
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recombination of the deletion alleles were obtained by selection on CYE agar plates first
containing kanamycin, and then containing galactose to resolve the merodiploids.

To fluorescently label the IM or OM of the M. xanthus EPS ( @WzaX) and BPS
( WzaB) strains, cells were electroporated with the integrative vector pPSWU19 encoding
either the OMss-sfGFP or the inner membrane signal sequence(IMss)-mCherry fusion,
respectively, under control of the pilA promoter (Ducret et al., 2013). Strain EM709
was obtained by amplifying 1000 bp upstream of the start codon of genesmxan_7416
and mxan_1025 (https://www.genome.jp/kegg/) and fusing them to the sfgfp or
mcherry coding sequences, respectively. The two gene fusions were then cloned into the
same pSWU19 vector. The recombinant vector was then transferred via electroporation
into M. xanthus DZ2, thus inserting the two gene fusions together at the Mx8 phage-
attachment site in the chromosome (Ducret et al., 2013) and allowing for co-expression

in M. xanthus.

2.5.3 Phylogeny and gene co-occurrence

Forty-order Myxococcales genomes(Chen et al., 2016; Goldman et al., 2006b;
Han et al., 2013; Huntley et al., 2013; Huntley et al., 2012; lvanovaet al., 2010; Li et al.,
2011; Muller et al., 2013a; Muller et al., 2013b; Schneiker et al., 2007; Sharma et al.,
2016a; Sharma et al., 2017; Sharma et al., 2016b; Sharma & Subramanian, 2017;
Stevenset al., 2014; Thomas et al., 2008) were downloaded from NCBI followed by
RAST-based gene prediction and annotation (Aziz et al., 2008). Thirty housekeeping
proteins (DnaG, Frr, InfC, NusA, Pgk, PyrG, RpIC, RpID, RplE, RplF, RplK, RpIL, RpIM,
RpIN, RplP, RplS, RpIT, RpmA, RpoB, RpsB, RpsC, RpsE, Rpsl, RpsJ, RpsK, RpsM,
RpsS, SmpB, Tsf) were aligned, concatenated, and subjected to FastTree 2.1.8 to
generate a maximum likelihood phylogeny with 100 bootstrap values using the Jonesi
Taylori Thornton (JTT) protein substitution model. Functional domains were identified
by scanning all proteomes against the PfamA v29.0 database (Finn et al., 2016)
(downloaded: Oct 26, 2016) using hmmscan (E-value cutoff 1e5) from the HMMER
suite (http://hmmer.janelia.org/)  (Potter et al., 2018) and further parsed using
hmmscan-parser.sh. PFAM domains attributed to Wzx (MXAN_7416; Polysacc_synt),
Wzy (MXAN_7442; PF04932 [Wzy]), Wzc (MXAN_7421; PF02706 [Wzz]), and Wza
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(MXAN_7417; Poly_export) were identified and the protein information was extracted.
Based on the identified proteins and the location in the genome of their coding
sequences, clusters were manually curated. Along with Pfam domain analysis, we used
all protein sequences forming identified clusters to perform Basic Local Alignment
Search Tool (BLASTp) searcheqAltschul et al., 1997)against the predicted proteome of
each organism; as sequence identity and similarity are quite low between homologues of
Wzx/Wzy -dependent pathway proteins (even within the same species) (Islam & Lam,
2014), looser-stringency cut-offs were used for these searches [Evalue of 0.00001, 35%
guery coverage and 35% similarity]. To confirm the participation of identified homologs
(via PFAM and BLAST) in respective clusters, maximum likelihood phylogenetic trees
(JTT Model and 100 bootstrap values using FastTree 2.1.8) were generated of homologs
to MXAN_7416, MXAN_7417, MXAN_7421, and MXAN_7442. Finally, the binary
distribution (Presence/absence), location and cluster information of each cluster was
mapped on the housekeeping protein-based phylogeny. To support protein annotations,
c 0 n s e nlselical TMS prediction (Islam & Lam, 2013a) was obtained via OCTOPUS
(Viklund & Elofsson, 2008) and TMHMM (Krogh et al.,, 2001), followed by fold-

recognition analyses performed using HHpred (Zimmermann et al., 2018).

2.5.4  Phenotypic analysis

Exponentially -growing cells were harvested and resuspended inTris-phosphate-
magnesium (TPM) buffer (10 mM Tris -HCI, pH 7.6, 8 mM MgSO4 and 1 mM KH2POa) at
the final concentration of OD 600 5.0 for swarming assays or ODoo 1.5, 2.5, 5.0, and 10.0
for devel opment al assays. This cell suspensio
or CF 1.5% agar for swarming or developmental (i.e. fruiting body formation) assays,
respectively. Swarming plates were incubated at 32 °C for 48 h and photographed with
a Olympus SZ61 binocular stereoscope. Fruiting body plates were incubated at 32 °C for
72 h and photographed with an Olympus SZX16 binocular stereoscope.Contours of
swarms for T4P-dependent motility quantitation (Figure 2-3A) were defined in FIJI and
analysed for total surface area.

To examine the effect of exogenous biosurfactant on swarming, 100 pL of

Burkholderia thailandensis E264 di-rhamnolipid -Ci14-Ci4 stock solution (300 ppm, 0.2
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pm2-filtered) was first spread on top of a square (15 cm x 15 cm) 0.5% CYE agar surface
and allowed to dry in a biohood prior to inoculation. To amplify spreading differences
between strains complemented or not by rhamnolipid addition, 5 pL of OD 600 5.0 TPM
resuspensions were spotted, followed by incubation at 32 °C for 72 h. For strain-mixing
time course experiments, 10 uL of TPM resuspensions at OB 2.5, 5.0, and 10.0 were
spotted on square CYE 0.5% agar plates, with all four samples for each particular OBoo
spotted on the same plate. Four biological replicates were analyzed for each set of
parameters. Plates were inverted and incubated at 32 °C, with swarm images captured
at 24, 48, and 72 h time points. For rhamnolipid -addition and swarm -mixing assays,
images were captured using an Olympus SZX16 stereoscope with UC90 4K camera,
swarm contours in each image were then defined using cellSens software (Olympus),

followed by calculation of surface area.

255 Fluorescencemicroscopy

For fluorescence microscopy imaging of swarms, we employed a previously
developed approach (Panigrahi et al.,, 2020). Exponentially-growing cells were
harvested and resuspended as pure or mixed cultures in TPM buffer at a final
concentration of ODeoo 5 . O . This cell suspension (1 11L)
CYE 1% agar for swarming assays and CF 1.5% agar for developmental assays. To avoid
the desiccation of the thin agar pads, the agar was poured onto squared adhesive frames
previously pasted on to glass slides. Slides were then incubated at 32 °C for 0, 24, 48
and 72 h, covered with the coverslips and photographed with a Nikon Eclipse TE2000 E
PFS inverted epifluorescence microscope. Slides were imaged with a 10x objective for
the strain-mixing experiments, and with a 100x objective for imaging of the dual -
labelled strain. For each slide, a series of images was automatically captured by the aid
of the Nikon Imaging Software to cover a section of the swarm via tiling and stitching.
The microscope devices were optimized in order to minimize the mechanical movement
and provide rapid autofocus capability (epi/diascop ic diode lightening, piezo-electric
stage) as previously described(Moine et al., 2014). The microscope and devices were
driven by the Nikon-N1' S A J OB S 0 (Maine fett alv,a82014). For analysis of cells
expressing mCherry and sfGFP transcriptional fusions (Figure 2-11A), images were
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scaled as follows: from the raw images, the background fluorescence intensity and mean
fluorescence intensity were subtracted in order to scale the two images to the same
mean value. The fluorescence intensity of each was then divided by its standard
deviation to also scale the intensities of the fluctuations. The described processing was

performed with FIJI software. The raw, untreated images are available (Figure 2-10B).

2.5.6  Trypan blue dye retention

Trypan Blue dye-retention analysis was adapted from a previous report (Black &
Yang, 2004). Cells from overnight cultures were sedimented and resuspended in TPM
buffer to ODeoo 1.0, after which 900 pL of cell resuspension was transferred to a 1.5 mL
microfuge tube; a cell-free blank was also prepared with an identical volume of TPM. To
each tube, 100 uL of Trypan Blue stock solution (100 pg/mL) was added, followed by a
brief 1 s pulse via vortex to mix the samples. All tubes were placed in a rack, covered
with aluminum foil, and incubated at room temperature on a rocker platform for 1 h.
After this dye-binding period, samples were sedimented at high speed in a tabletop
microfuge (16 000 x g, 5 min) to clear supernatants of intact cells. So as not to disrupt
the pellet, only 900 uL of the dye-containing supernatant was aspirated and transferred
to a disposable cuvette. The spectrophotometer was directly blanked at 585 nm (the
absorption peak for Trypan Blue) using the cell-f r ee A TPM + Trypan Bl uce
calibrate the baseline absorbance corresponding to no retention of Trypan Blue dye by
cells. Absorbance values at 585 nm (Ass) were obtained for each clarified supernatant
and normalized as a percentage of the WT Ass reading (i) as an internal control for each
individual experiment, and (ii) to facilitate comparison of datasets across multiple
biological replicates. Negative final values are due to trace amounts of cell debris
detected at 585 nm in individual samples in which absolutely no binding of Trypan Blue

occurred.

2.5.7 Purification and monosaccharide analysis of cell-associated sugars

M. xanthus cell-associated sugars were purified from CYE 0.5% agagrown
cultures as described (Behmlander & Dworkin, 1994) , with the following modifications.

Cell cultures were harvested and resuspended in 25 mL TNE buffer (100 mM Tris pH
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7.5, 100 mM NaCl, 5 mM EDTA). Cells in suspension were then disrupted via sonication
(4 pulses, 15 s each), followed by addition of SDS to a final concentration of 0.1% to
extract cell-associated sugars. To remove DNA from cell samples, lysates were treated
with 20 yL of 10 kU DNase | from LG Healthcare (20 mM Tris -HCI pH 7.6, 1 mM MgClz,
50% v/v glycerol) and incubated at room temperature for 5 min. To obtain protein -free
extracellular sugar samples, 1 mg/mL of Pronase E protease mixture (Sigma Aldrich)
was gently added directly and allowed to incubate at 37 °C (2 h). The extracts were
sedimented (10 min, 7513 x g, 17 °C) and the pellets were washed twice with 25 mL
TNE+SDS. The pellets were then washed twice with 10 mL TNE to remove any
remaining SDS. To remove EDTA, sugar samples were washed twice with MOPS buffer
(20 mM MOPS [pH 7.6], 2 mM MgSO4) and twice with cohesion buffer (10 mM MOPS
buffer [pH 6.8], 1 mM CaCl2 1 mM MgCl). Finally, sugar samples were stored in
cohesion buffer at 180 AC until use.
Cell-associated sugars purified from colonies (50 pL), were mixed with 500 pL of
12 M H2SOs and incubated for 1 h at 37 °C under mild shaking; 20 uL of each sample
were then mixed with 220 uL of distilled water, and the diluted samples were autoclaved
for 1 h at 120 °C. After cooling, 50 pL of 10 M NaOH were added, and the samples were
sedimented (10000 x g, 10 min, room temperature) (Ravachol et al., 2015).
Supernatant (5 pL) was mixed with ddH20 (245 pL), followed by identification and
guantification of the released monosaccharides via high-performance anion-exchange
chromatography coupled with pulsed amperometric detection (HPAEC -PAD),
performed in a Dionex ICS 3000 (Thermo Scientific) equipped with a pulsed
amperometric detector. Sugar standards or EPS hydrolysates (25 pL) were applied to a
Dionex CarboPac PA20 column (3 x 150 mm) preceded by the corresponding guard
column (3 x 30 mm) at 35 °C. Sugars were eluted at 0.45 mL/min with the buffers 0.1 M
NaOH, 1 M sodium acetate + 0.1 M NaOH and ddHO as the eluents A, B and C,
respectively. The following multi -step procedure was used: isochratic separation (10
min, 27% A + 73% C), gradent separation (20 min, 2 i 19 % B + 981 81% C), column
wash (5 min, 100% A) and subsequent column equilibration (10 min, 27% A + 73% C).
Injection of samples containing glucose, rhamnose, N-acetylglucosamine, arabinose,

xylose, mannose, galactose, and glucosamine (SigmaAldrich) at known concentrations
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(ranging from 5 to 100 pM) were used to identify and quantify the released
monosaccharides.

2.5.8 Purification and analysis of secreted polysaccharides

Lyophilized concentrated samples representing 175 mL of original culture
supernatant for each strain were resuspended in ddH20 and treated with 2% acetic acid
(10 min, 80 °C) to precipitate proteins and nucleic acids. Solutions were then separated
via gel chromatography on a Sephadex G15 column (1.5 cm x 60 cm) or Biogel P6
column (2.5 cm x 60 cm), in 1% acetic acid, monitored by refractive index detector
(Gilson).

Anion -exchange chromatography was then performed via sample injection into a
HiTrapQ column (Amersham, two columns x 5 mL each, connected together) in ddH 20
at 3 mL/min. Samples were washed with ddH20 for 5 min, then eluted with a linear
gradient from ddH 20 to 1 M NaCl over 1 h with UV detection at 220 nm. Spot tests were
performed on silica thin-layer chromatography (TLC) plates, developed by dipping in
5% H2SOs in ethanol and heating with heat gun until brown spots became visible.
Samples were desalted on a Sephadex G5 column.

NMR experiments were carried out on a Varian INOVA 500 MHz ( 1H)
spectrometer with 3 mm Z-gradient probe with acetone internal reference (2.225 ppm
for 1H and 31.45 ppm for 130 using standard pulse sequences for gradientselected
correlation spectroscopy (gCOSYj, TOCSY (mixing time 120 ms), rotating frame nuclear
Overhauser effect spectroscopy (ROESY) (mixing time 500 ms), and gradient
heteronuclear single quantum correlation adiabatic (gHSQCAD). Resolution was kept
<3 Hz/pt in F2 in proton -proton correlations and <5 Hz/pt in F2 of H -C correlations.
The spectra were processed and analyzed using the Bruker Topspin 2.1 program.

Monosaccharides were identified by COSY, TOCSY and NOESY cross peak
patterns and 13C NMR chemical shifts. Aminogroup location was concluded from the
high-field signal position of aminated carbons (CH at 45-60 ppm).

Electrospray-ionization (ESI) mass spectrometry (MS) was performed using a
Waters SQ Detector 2 instrument. Samples were injected in 50% MeCN with 0.1 %
TFA.O
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2.5.9 Emulsification testing

Overnight M. xanthus cultures (50 mL CYE in 250 mL flasks) were inoculated at
an initial OD e00 of 0.05 and grown at 32 °C with shaking (220 rpm) to saturation (OD 600
~5.0-7.0). Cultures were transferred to a 50 mL conical tube and sedimented at 7000 x
g (25 min, 22 °C, JA-17 rotor). Supernatants were decanted into a syringe, passed
through a 0.22-micron filter to remove remaining cells, and transferred (4 mL) to a
guartz cuvette, followed by addition of 300 pL hexadecane (Sigma) coloured with Sudan
Black dye (0.1 g of Sudan Black powder per 50 mL of hexadecane). Each ceftee
supernatant sample was vigorously mixed with the coloured hexadecane 250 times over
2 min (via aspiration/ejection with a pl000 micropipette). Cuvettes were then
immediately inserted into a spectrophotometer, with continual, rapid manual attempts
made to obtain an initial OD s00 reading, with this time recorded. After obtaining an
initial OD s00 reading, subsequent ODsoo readings were manually carried out at 20 s
intervals over 10 min to monitor the rate of emulsion clearance. All ODsoo readings for
each time course were normalized with respect to the initial ODeoo value detected for

each sample.

2.5.10  Surface tension testing

The adsorption and interfacial properties as a function of time for supernatants
of the five strains (and their secreted polysaccharides) were analyzed by means of a
digital Tracker Drop Tensiometer (Teclis, Civrieux-d 6 Az e r g u e fLabourdenaenet e )
al., 1994) at room temperature. From digital analysis of a liquid drop or an air bubble
profile collected by a high-speed CCD camera, characteristic parameters (surface
tension, area, volume) were determined in real time. Surface tension was estimated
from the Laplace equation adapted for a bubble/drop. By controlled movements of the
syringe piston, driven by a step-by-step motor, surface area can be maintained constant
during the whole experiment. Before each experiment, cleanliness of material was tested
using ultrapure water, before being dried with argon. For the study of tensioactive
properties of the supernatants, a 10 pL air bubble was formed at the tip of a Jtube
submerged in 5 mL of supernatants for each strain.
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2.5.11  Flow cytometry

The fluorescence intensities of M. xanthus strain EM709 simultaneously
expressing Reps-STGFP and RspssmCherry were measured by flow cytometry with a Bio-
Rad S3E cells sorter. The blue laser (488 nm, 100 mW) was used for the forward scatter
(FSC), side scatter (SSC) and excitation of sStGFP, whereas the green laser (561 nm, 100
mW) for the excitation of mCherry. Signhals were collected using the emission filters FL1
(525/30 nm) and FL3 (615/25 nm) for sStGFP and mCherry, respectively. Cells collected
from the colony edges and centers were suspended in TPM and ran at lowpressure
mode and at a rate of 10,000 particles/s. The threshold on FSC was 0.12 and the
voltages of the photomultipliers were 361, 280, 785 and 862 volts for FSC, SSC, FL1 and
FL3, respectively. The density plots obtained (small angle scattering FSC versus wide
angle scattering SSC signals) were gated on the population of interest and filtered to
remove multiple events. Populations of 300,000 to 500,000 events were used and
analyzed statistically using the FlowJo software. The sfGFP and mCherry signals
obtained with the non-fluorescent wild type cells were subtracted from the signals
obtained with cells of strain EM709. Measurements were carried out three times with

bacteria from different plates.
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3.1 ABSTRACT

Secretion of high-molecular-weight polysaccharides across the bacterial envelope
is ubiquitous as it enhances prokaryotic survival in (a)biotic settings. Such polymers are
often assembled by Wzx/Wzy- or ABC transporter-dependent schemes implicating
outer-membrane (OM) polysaccharide export (OPX) proteins in cell-surface polymer
translocation. In the social predatory bacterium Myxococcus  xanthus,
exopolysaccharide (EPS}pathway WzaX, major spore coat (MASC) pathway WzaS, and
biosurfactant polysaccharide (BPS)-pathway WzaB were herein found to be truncated
OPX homologues of Escherichia coli Wza lacking OM-spanning U-helices. Comparative
genomics across all bacteria (>91,000 OPX proteins identified-and-analyzed),
complemented with cryo-electron tomography cell-envelope analyses, revealed such
Atruncatedo WzaX/ S/ B architecture to be
OPX-protein structural classes independent of periplasm thickness. Fold-recognition
and deep-learning revealed the conservedM. xanthus proteins MXAN_7418/3226/1916
(encoded besidewzaX/S/B , respectively) to be integral OM a-barrels, with structural
homology to the poly-N-acetyl-D-glucosamine synthasedependent pathway porin
PgaA. Such bacterial porins were identified near numerous genes for all three OPX-
protein classes. Interior MXAN_7418/3226/1916 a-barrel electrostatics were found to
match properties of their associated polymers. With MXAN_3226 essential for MASC
export, and MXAN_ 7418 herein shown to mediate EPS translocation, we have
designated this new secretion machinery component"Wzp" (i.e., Wz porin), with the
final step of M. xanthus EPS/MASC/BPS secretion across the OM now proposed to be
mediated by WzpX/S/B (i.e., MXAN_7418/3226/1916). Importantly, these data
support a novel and widespread secretion paradigm for polysaccharide biosynthesis
pathways in which those containing OPX components that cannot span the OM instead

utilize a-barrel porins to mediate polysaccharide transport across the OM.
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3.2 INTRODUCTION

Diverse bacteria associated with biotic and abiotic settings secrete high
molecular-weight polysaccharides across the cell envelope to enhance their survival.
Capsule polysaccharide (CPS) chains are tightly bound to the cell surface and form
hydrated exclusionary barriers to molecule entry, whereas exopolysaccharide (EPS)
polymers form a more loosely surface-associated glycocalyx (Whitfield et al., 2020).
Polysaccharides can also be secreted to the extracellular milieu where they can influence
bacterial physiology (Islam et al., 2020b; Saidi et al., 2022a; Saidi et al., 2021), with
multiple secreted polymers often acting in concert to modulate complex physiology
(Franklin et al., 2011; Lavelleet al., 2021; PérezBurgos & SggaardAndersen, 2020).

Myxococcus xanthus is a social and predatory Gramnegative motile soll
bacterium (Faure et al., 2016; Islam & Mignot, 2015; Mufioz-Dorado et al., 2016).
Under nutrient deprivation, cells in a swarm biofilm form myxospore -filled fruiting
bodies through a developmental program resulting in a differentiated cell community
(Mufioz-Dorado et al., 2016). This intricate multicellular lifestyle is modulated by the
secretion of three polysaccharides (PérezBurgos & SggaardAndersen, 2020). Cells
constitutively produce a glycocalyx of EPS(Saidi et al., 2021) which constitutes the main
matrix component in M. xanthus biofilms (Hu et al., 2013; Smaldoneet al., 2014). A
biosurfactant polysaccharide (BPS) is also synthesized but is instead secreted to the
extracellular milieu (Islam et al., 2020b), where it functionally destabilizes the EPS
glycocalyx, leading to a range of fundamental behavioural and surfaceproperty changes
at the single-cell level (Saidi et al., 2021). Spatiospecific production and synergy
between EPS and BP{Islam et al., 2020b) impact M. xanthus swarm biofilm internal
architecture, as well as their Type IV pilus (T4P)-dependent expansion due to impacts
on T4P production, stability, and positioning (Saidi et al., 2021). Finally, the major
spore coat (MASC) polymer is produced by sporeforming cells to protect nascent
myxospores from environmental stresses (Holkenbrink et al., 2014; Wartel et al., 2013).

Each M. xanthus polysaccharide is produced by a separate Wzx/Wzydependent
pathway (Holkenbrink et al., 2014; Islam et al., 2020b; Pérez-Burgos et al., 2020a;
PérezBurgos et al., 2020d), the components for which have the suffixes X
(exopolysaccharide), B (biosurfactant), or S (spore coat). Therein, Wzx flippases
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translocate undecaprenyl pyrophosphate-linked sugar repeats across the IM (Islam et

al., 2013a; Islam et al., 2012; Islam et al., 2010), followed by polymerization at the
periplasmic leaflet by Wzy (Islam et al., 2011; Islamet al., 2013b), to lengths governed

by the polysaccharide co-polymerase (PCP) Wzc (Figure 3-1A) containing either an
integrated or associated (Wze) tyrosine autokinase (Islam & Lam, 2014; Islam et al.,

2020b; Whitfield et al., 2020). In turn, the Wzb tyrosine phosphatase regulates the

state of PCRassociated phosphorylation (Mori et al.,, 2012). Tyrosine Kkinase
dephosphorylation via Wzb has been proposed to drive Wzc octamerization, in turn

affecting Wzy-mediated polymerization and interaction with the outer-membrane (OM)
polysaccharide export (OPX) Wza protein needed for polymer translocation through the

periplasm and across the OM (Yang et al., 2021) (Figure 3-1A). Such bacterial pathways

are widespread, generating diverse products
antigeno) CPS, as wel |l as col dSande & Wititfied, pol y m
2021), in addition to holdfast (Toh et al., 2008) and xanthan (Becker, 2015). In Group 1

CPS systems, the 18&tranded integral OM A-barrel Wzi (internally occluded by an U-

helical plug domain) is also important as it displays lectin -like characteristics implicated

in capsule structure organization (Bushell et al., 2013).
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Figure 3-1: Conventional Wzx/Wzy-dependent polysaccharide assembly-and-secretion
scheme

(A) Pathway schematic. Inset: The Wzag. X-ray crystal structure octamer (PDB: 2J58) has
been differentially coloured to highlight the position of each chain in the structure. The
Poly_export, SLBB, and Wza_C domains have been indicated, with smooth loops.

(B) Tertiary structure models of M. xanthus EPS-pathway WzaX (aa 51i 212), MASC-pathway
WzaS (aa 32i 190), and BPS-pathway WzaB (aa 38i 202) based on the Wzag structure (aa 22i
376, depicted with a N-terminal lipid anchor). Structures are displayed with smooth loops,
highlighted b-sheets (yellow) and U-helices (red), with the various N- and C- termini indicated.
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Secreted polymers can also be synthesized by an ABC transportedependent
scheme in which UndPP-linked polymers are built by sugar unit addition at the
cytoplasmic leaflet of the IM, with the polymer generated entirely in the cytoplasm.
Subsequent ATP hydrolysis by the transporter drives polymer transport across the 1M,
after which PCP and OPX proteins are needed for the secretion of polymer through the
periplasm and across the OM. These biosynthesis pathways are implicated in the
secretion of polysialic acid Group 2 CPSlike polymers by pathogenic species(Willis &
Whitfield, 2013) . Alternatively, alginate, cellulose, and poly-N-acetyl-D-glucosamine
(PNAG) polymers are produced via synthasedependent schemes in which
monosaccharide addition in the cytoplasm by an integral IM synthase results in export
of the polymer by a similar amount from the cell surface; polymer transport through the
periplasm is mediated by a protein scaffold containing tetratricopeptide repeats
followed by translocation across the OM through an integral OM a-barrel porin
structure (Whitney & Howell, 2013) . While similarities exist between Wzx/Wzy - and
ABC transporter-dependent pathways (e.g. PCP and OPX proteins), no schematic
crossover with synthase-dependent pathway proteins has been identified.

OPX-family proteins in Wzx/Wzy - and ABC transporter-dependent pathways are
portrayed as forming a contiguous oligomeric channel for polymer secretion through the
periplasm and across the OM (Whitfield et al., 2020). All OPX proteins share a
conserved periplasmic N-terminal Poly_export domain (Pfam: PF02563), followed by at
least one copy of asoluble ligand-binding a-grasp (SLBB) domain (Pfam: PF10531)
(Cuthbertson et al., 2009; Sande et al., 2019) that is predicted to interact with the sugar
polymer in the periplasm (Burroughs et al., 2007). OPX-protein domain architecture
diverges at this point. In the prototypic E. coli Group 1 CPS OPX protein Wza (Wzgc) o
the only OPX protein with a solved 3D structure d after one Poly_export and two SLBB
domains, the protein contains a C-terminal Wza_C domain (Pfam: PF18412), which
forms a 35-residue OM-spanning amphipathic U-helix (Dong et al., 2006) (Figure 3-1A).
Elucidation of the Wzakec structure (PDB: 2J58) was revolutionary as it represented the
first instance of an OM-spanning U-helix, with 8 copies of the Wza_C domain forming a
pore-like structure through which it was proposed secreted polysaccharides exit the cell
(Dong et al., 2006; Nickerson et al., 2014) (Figure 3-1A). Conversely, OPX proteins from
Group 2 CPS pathways usually contain a Germinal Caps_synth_GfcC (Pfam: PF06251,
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formerly DUF1017) module (Cuthbertson et al., 2009), structurally similar to the stand -
alone GfcC protein (PDB: 3P42) from Group 4 CPS pathways(Sandeet al., 2019). GfcC
contains two Wzagec-like SLBB domains and a Gterminal amphipathic U-helix (spanning
the final 21 residues of the protein, 40% shorter than that of Wzaec) (Sathiyamoorthy et
al., 2011) This overall OPX architecture is typified by E. coli Group 2 CPSpathway
KpsD (KpsDec) (Sande et al., 2019). Though it is uncertain if the KpsD ec C-terminus is
able to span the OM, KpsDzc epitopes have been detected at the cell surface using anti
KpsDec antibodies (McNulty et al., 2006). Other OPX proteins have been shown to
either (i) contain considerable -yet-uncharacterized protein sequences following their
most C-terminal identified domain, or (ii) be considerably shorter than either
Wzaed/KpsD ec, with architecture beyond the Poly _export and SLBB domains largely
absent (Cuthbertson et al., 2009). However, for OPX proteins lacking Wza_C domains,
the manner by which the respective secreted polymers traverse the OM remains an open
guestion.

Herein, we reveal the WzaX/S/B OPX proteins from the respective M. xanthus
EPS/MASC/BPS pathways to contain N-t e r mi n a | fl IPSoLl ByB 0e xaprocrhti t ect ut
lack C-terminal Wza_C domains. @ Comparative genomics analyses reveal this
architecture to be the most common amongst three OPX-protein structural classes
across all bacteria. However, a conserveda-barrel protein (MXAN_7418/3226/1916) is
encoded beside wzaX/wzaS/wzaB in the respective M. xanthus EPS/MASC/BPS
biosynthesis clusters.  Fold-recognition and deep-learning analyses reveal these
adjacently-encoded proteins to be 18stranded integral OM a-barrels with structural
homology to the porin required for synthase pathway -dependent PNAG secretion across
the OM. In turn, such a-barrel proteins are shown to be encoded near numerous genes
representing all three OPX-protein structural classes in diverse Gram-negative bacteria.
The interior electrostatics of the M. xanthus a-barrels match known properties of their
associated polymers, and deletion of the MXAN_7418 a-barrel is shown to compromise
EPS secretion; this is consistent with the previously-unknown reason for MXAN_3226 -
dependent MASC secretion (Holkenbrink et al., 2014). Taken together, these data
support a novel secretion paradigm for Wzx/Wzy- and ABC transporter-dependent
pathways in which those containing non-OM-spanning OPX components instead utilize
a-barrel porins to mediate polymer translocation across the OM.
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3.3 RESULTS

3.31 The M. X(?m‘hus OPX proteins WzaX, Wza$S, and WzaB lack an OM
spanning U-helix domain

Each of the WzaX/S/B OPX proteins is essential for the secretion of its respective
EPS/MASC/BPS polymer in M. xanthus (Holkenbrink et al., 2014; Islam et al., 2020b).
However, as WzaX/S/B have 44/50/46% (respectively) fewer residues than Wzagc, we
sought to better understand the structural implications of this difference. Fold -
recognition analysis of WzaX/S/B via HHpred revealed 100/100/99.9% probability
matches (respectively) to the N-terminal half of the high -resolution Wzaec X-ray crystal
structure (Dong et al., 2006), with Wzaec-based WzaX/S/B tertiary structure modelling
(via MODELLER) revealing the M. xanthus OPX proteins to be missing the 2nd SLBB
domain and the OM-spanning U-helix of Wzagec (Figure 3-1B). The absence of such an
OM-spanning domain is consistent with the lack of WzaX/S/B detection in proteomic
analyses by the SggaardAndersen lab of OM vesicle (OMV) and biotinylated surface-
protein samples (Kahnt et al.,, 2010), despite the constitutive expression of the
wzaX/S/B genes throughout the M. xanthus lifecycle (Mufioz-Dorado et al., 2019;
Sharmaet al., 2021).
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3.3.2  OPX proteins constitute three distinct structural classes

To determine if the absence of the Wza_C domain was an aberration confined to
the subset of OPX proteins from M. xanthus under study, we first performed a massive
comparative genomics analysis using profile-based homology searches via hmmscan
across three different datasets: (i) 61 myxobacterial genomes (MYXO), (i) 3,662
complete representative genomes (REP), and (iii) the non-redundant (NR) NCBI
database (371,327,556 proteins at 100% identity as of June 10, 2021), to identify
encoded OPX proteins. The various databases were searched using PF02563
[Poly_export], PF10531 [SLBB], PF18412 [Wza_C], and PF06251 [Caps_synth_GfcC;

used here as AGfcCo] as 0 ur-basgduamalyges idemtiiedi n s .

diverse putative OPX homologues that could be divided into three distinct classes
according to their domain architecture (Figure 3-2A). The first set of OPX proteins was
found to contain Poly_export T SLBBqi 14) architecture (i.e., 1i 14 occurrences of SLBB
domains) ending with a C-terminal OM -spanning Wza_C domain, similar to Wzaec, and
was assigned the dRgsre gahpa tTheossecond st o ©ORX prbtéins
was found to possess Poly_export SLBBui6)i GfcC architecture similar to KpsD e,
ending with or without a C -terminal OM -spanning Wza_C domain, and was assigned
the designation AClI ass 20. Finally, the
found to contain only Poly_exporti SLBBui 7) architecture lacking either a Wza_C or
GfcC domai n; these hits were designated
were found to contain additional amino acids that may have remained uncharacterized
following sequence-based domain detection. To probe these partially-characterized hits
in more detail, all identified OPX proteins were analyzed further via fold -recognition
using HHpred to identify matches with more remote sequence homology but conserved
structural properties. These analyses resulted in the reclassification of several original
Class 3 hits to either Class 1 or Class 2.

Incidentally for Class-1 OPX proteins, while the secondary structure was
conserved, considerable sequence variation was detected within certain regions of the
putative OM-spanning Wza_C domains, with this domain extending up to 48 residues
in length (compared to 35 residues in Wzaec) (Figure 3-2B). As per the MYXO/REP/NR
databases, 13.7/38.1/37.7% of OPX proteins possess Clask Wza:c-like organization
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with a putative OM -spanning C-terminal U-helix (Figure 3-2A). Classl OPX proteins
(median length: 378 aa) were largely (1,233/1,586; ~78%) predicted to be lipoproteins
with Sec/SPIl signal sequences. Based on specietevel PSORTdb classification
(Peabody et al., 2015), the REP database contains 698 Grampositive and 1381 Grant
negative organisms. Our analysis revealed that Classl OPX proteins are encoded by
many Gram-negative bacteria (639/1,381 genomes; ~46%), whereas these proteins were
completely absent in Gram-positive species.

Our MYXO/REP/NR database comparative genomic analysis revealed that Class
2 OPX proteins could be further divided into four subclasses. Proteins belonging to
Class 2A contain Poly_exporti SLBBai n)i GfcC architecture, whereas those assigned to
Class 2B possess Poly expoit SLBBui nyi GfcCi Wza_C architecture ending with an
OM-spanning U-helical domain. Classes 2C and 2D are variations of Classes 2A and 2B
(respectively) where a GfcC domain precedes the Poly_export domain; however, only 20

Class 2C and 15 Class 2D proteins were identified across the entire NR database.
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Figure 3-2: Structural diversity of OPX proteins

(A) Domain organization and abundance of bacterial OPX protein classes identified in the
myxobacterial (MYXO: 61 genomes, 506,873 proteins analyzed), representative (REP: 3,662
genomes, 13,600,490 proteins analyzed), and NCBI non-redundant (NR: 371,327,556 proteins
analyzed) databases. The Poly_export (PF02563), SLBB (PF10531), Wza_C (PF18412), and
Caps_synth_GfcC (PF06251) Pfam domains were used to query the various databases,
followed by fold-recognition analysis using HHpred against the 3D X-ray crystal structures of
Wzag. (PDB: 2J58) and GfcC (PDB: 3P42). The number of repeated domains is indicated under
each domain depiction. The number of OPX hits (bold) for a specific class and the proportion of
these hits relative to all others in the particular database (italics) are indicated.

(B) Sequence logo of the consensus amino acids constituting the OM-spanning U-helix based
on a multiple-sequence alignment of 1,586 Class 1 OPX proteins. The region of sequence
alignment with Wzag. is indicated and depicted with the associated secondary structure from the
Wzag. X-ray crystal structure (PDB: 2J58) (Dong et al., 2006). Also depicted is the region of
sequence alignment with a previously-published optimized Wza_C synthetic peptide (based on
94 close Wzagc-related homologues) capable of spontaneously inserting into lipid bilayers and
self-assembling into stable U-barrel pores (Mahendran et al., 2017). The position of observed U-
helices (boxes) and b-strands (arrows) have been indicated.
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