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Résumé détaillé

Optimisation de la bioconversion du glyceérol
en acide 3hydroxypropionique (3HP) parLactobacillus reuteri
en bioréacteur

> u]e v " WA @icroorganismes pour la production d®olécules"plateformes
constitue un enjeu industrielde premier plan ve pv }vsS /S [ &}]e* u vs
o[uS]o]e Skessources renouvelablesn substitution aux ressources fossiles de
E p S]}v o [gnviennémental des productionsEn particulier, ‘acide 3
hydroxypropioniqueg(3-HP)est reconnu comme une molécule plateformg¢]v § @ar & est
le précurseur d'une grande variété de produdisimiquesimpliqués dansde nombreuses
applicatiors. Sa productionpar voiebiologiquepeut notammentétre réalisée pata bactérie
Lactobacillus reuterselon un procédé en deux étapesine phase de croissance en mode
batch puis, apres une étape de récolte et de concentraticas ctellules,une phase de
bioconversion pour transformer le glycérol eitH®P en mode fedbatch.Ce procédé permet

[ 8]A & ¢ <puv3] oo uvsd o A}] » u 8 }o]<u CeppmdanEsds o
performancessont limitéegpar I'effet inhibiteurdu 3-HP et de son intermédiaire métaboligue
le 3-hydroxypopionaldéhyde (HPA).

Danslebut [ u o]}E& €& o % E-HR |& these pour objectis (1) [dentifier les
conditions nutritionnelles et environnementalesises v "pA@@rs de la phasede
croissance %o o améliorer la productiorultérieure de la biomoléculgar les bactéries
(2) de rechercher les conditions opératoires de la phase de bioconvergiermettant

hugmener les performances deroduction et (3) d[ A o jceffaines caractéristiques
physiologiqus des cellulesau cours du bioprocéd@our mieuxcomprendre @frét de la
bioproduction

Une étude bibliographique $}us [ } & dé.calber]les caractéristiques métaboliques
et physiologiquesle Lactobacillus reuteet [] v 3] (] f@Etearsepe %o S| alfecterfla
bioproductionde 3HPX "uE S$S§ « Uo u & Z A %estBjpwyéeSsSsw E S v
MAE %0 ve [ AAéalis@ssuccessivemerite premieacherché a identifier, parmi 11
conditions nutritionnelles eenvironnementalesencontréesar les bactérieau cours dedur
croissancecelles permettantie maximiser les variables catéristiques de la productiode
3-HP €oncentration quantité rendements, vitesses de productioayl cours de la phase
ultérieure de bioconversion "[ % %o U C vS <puE p\es medleusdst conditions de
croissanceen vue de cette productignle second%.0 v [ A %oa@u] pour objectif de
déterminerdes conditions opératoirede @fape de bioconversior{pH et vitesse spécifique
[ %0 %0} ES pemigttadE }p e &} eSG@erfarmances bactériennes denversiordu
glycérol en 3HP. Lesméthodes employéesesont basées sur la conduite de fermentatget
de bioconversiongen bioréacteus instrumentés sur la quantification des concentratiors
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substrats etmétabolites produitspar chromatographidiquide haute performancesur des
mesures desoncentrations microbiennes, ainsi gserle traitement statistique des résultats
Joepe * %0 ve [ AEWEn@Elav physiologique des cellules bactériennes a été
caractérisépar cytométrie en flux } 4 %o 0 o[ %o] (ogfih @ miewx comprendre les
raisons pour lesquelles la bioconversioh EE!S  teldlibstraestencore alimentéans

le bioréacteur

Pour répondre a la premiere question scientifique de la thése, les conditionsionietles
et environnementalesu]s « v "HAE % vV V3 0 %Z ontdr} mpaet
sur la bioproduction de 3-HP par L. reuteriDSM 17938lors de I'étape ultérieure de
bioconversion ont été déterminéesggrace a w %0 v [ A% E] v etBurdon. | §S
Auparavant, des expériences préliminaires petmis dedéterminerles valeurs limites de
température, de pH et de concentratioen glucosepouvant étre introduites dans le plan

[ £ % & Jaimsi que le meilleur moment auquel les cellules doivent étre récokédim
de croissanceles conditions de la phase de croissarma été définies pard plan

[ £ % EdeWPlackett et Burmaalors qudes conditions de la phase de bioconversiom
été fixées pour toutes les expériences }Ju%o}e]8]}v  up u]o] pU A]E o [ P]
température, pH etdébit d'alimentation en glycérol). Chaque bioproduction a duré environ
une semaine, au cours de laquelle des échantillons ont été prélevés et andlgsiméthode
de quantification précisde la concentratioren 3-HP par HPLC a été améliorée au cours de la
thése.Une analyse statistique a permis d'identifier les facteurs significativement influents sur
les performances du bioprocédé et de quantifieure effets.

(V514

<H]

Les résultatsnontrent que la supplémentation du milieu de croissance avec du glucose (20
g-LY), de laphytone peptone (25 g+), du Tween 80 (4 g*, du 1,2propanediol (3 g-t) et
de la bétaine associée a HI€CI (0,234 g4+ 0,745 g-£), ainsi que le contrdle du pH a &ec
o[ uu}v],améliorentla production de HP(19.1g:+p et la durée de la bioconversion

(88.6 h par rapport a la condition initialel8.4gz+p, 55.8h). En revanche,djout d'extrait de
levure et le type de neutralisant utilisé pour le contréle du pédémontrent aucun effet
significatif, tandis que l'ajout de vitamine B12 et de cystémauit un effet négatif sur la
bioproductionde 3-HP.Enfin, wn effet positif dune faible température de croissance (38
est observésur le rendement de productiodu 3HP, mais ilestlié a la valeudimitante du
débit d'alimentation en glycéroffiké a0,5 gh) qui ne permé pas d fournir suffisamment
de glycérol da quantité plus élevéde biomassebtenue ao[]e*pn [V &}]e* vV U V
37 °C Une expérience de validatioméalisée dans lesonditions identifiéegyrace a cette
etude, confirmeque cet ensemble de conditions amékda concentratioren 3HP (+25 %),
la quantitéde 3-HP produit (+ 466),la vitessespécifique de productionwd3-HP (+ 626) et
son rendement de production (+ 15@6), par rapport aux conditiongitiales Si &
concentrationen 3HP obtene est supérieue a celes trouvées dans la littérature,la
productivité volumique reste néanmoinsférieure aux valeurprécédemmentrapportées

M (]S Viessespécifiquede production de HP plus faible dans nos conditioEfin,
bien quecertaines performances du bioprocéagent été augmenges par rapport a celles
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obtenuesdans &s conditions initiales de la these, cette amélioratieste limitée du fait des
conditions expérimentales utilisées lors de la phase de bioconversion. Sasdade ces
travaux, les tapessuivantesde I'étude ont portésur les conditions de bioconversion dans le
but de poursuivre I'amélioration dbioprocédé.

Pour répondre a la deuxieme question scientifique de la thése, les conditions pertinentes
% Eu S Samdiorgr les performances daoproduction du 3HPparL. reuteriDSM 17938
o}E- o[ § %o ]gntiatddédnigevoptimiséesAfin de contourner la limitation
de la disponibilité du substrat observée dans la premiére parti¢é&dede et grace a des
expeériences préliminairesalvitessespécifique d'alimentation en glycérol et le pH de
bioconversion ont été identifies comme deux facteurs clésette deuxiemephase.lls ont

§ JvSE} pl]8e Ve uv %o v [ A& %adEfavrotation\afitEeldfifidleurs
valeurs optimalesmaximisantles performances d& bioproduction du3-HP. Ce deuxieme
plan expérimental a bénéficié des résultats du premier, car les conditions de croissance ont
éteé fixées, pour tous les essais, comme lded'expérience de validation décrite-dessus, a
I'exception de la températuréixéea 37°C Il a @alement profité des résultatsedplusieurs
expériences préliminaires qui ont fourni des informations sur le nombre de centrifugations
nécessaire lors da récolte dsbactéres,surla nécessité d'utiliser des cellules non congelées,
surla température drs de I'étape de bioconversion stirlagammede valeurs de pH pouvant
étre testées. Il &&galementété établi que la bioconversion pedtre suivieen ligne ense
référant ala consommation de baspermettant de maintenir le pHqui sarréte avec la
bioproduction de 3-HP, eta la variation dela pression partielle en oxygergissous,qui
augmentelorsque la bioconversion du glycérahséte.

"E& o[ § o]de surfacges de réponskes conditions optimalede pH et de vitesse
spécifique d'alirentation en glycérobnt été identifiées poumaximiserla concentrationen
3-HP, la quantité finalede 3HPet le rendement de productiodu 3-HP. lIs correspondent a
un pH de 6,0 et a wvitessespécifiqued'alimentationen glycérol de 60 mgcerorgcon>ht.
Cependant, les valeurs maximales devieessede production de HP, e lavitessespécifique
de productiondu 3-HP et de la productivité volumiquen 3-HPont été obtenues a up vitesse
spécifiqued‘alimentation en glycérol plus élegdéle 80mgyycerotgeow-h?, quelle que soit la
valeur de pH entre pH 4,8 et pHR. Il est a noter quda vitessespécifiqued'alimentation en
glycérol optimat n'a pas pu étre identifi@dans la plage de valeurs testéds dgtinadm se
situe aw-dessus de la valeur maximaldéanmoins|[ pupo $h}3+*HPAaugmentant
egalementavec & vitessespécifiqued'alimentation en glycérolo [} % SJupu S % E} 0 u v
proche de 8ngyycerotgeow -t pour L. reuteriDSM 17938Sur la base de ces résultats, deux
expériences de validation ont étéaliséegpour confirmer I'amélioration de la bioproduction
de 3-HP Ellesont été conduitesa pH 6,0 et a 6Mgyiycerotgcow!-ht ainsi < pug 80mgyiycérotgcow
Lhi,

Les résultats expérimentaude ces expériences de validati@accordent bien avec les
résultatsprédits par €s modeéles. & concentratioren 3-HP et la quantité finale eBHPsont
similaires a ceux obtenus dans les conditions de référépaiat central) ce qui était attendu
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car le pH optima(pH 6,0)et la vitessespécifiqued'alimentation en glycéral60 au lieu de 50
Mggycérotdeow-h ™) sont également proches. Le rendement de productien 3-HP nést
cependant pas amélioré par rapport a l'expérience de référeheevitesseet la vitesse
spécifiqguede production di 3-HPsontrespectivementaugmentéegle 80% et 34% pourune
vitesse spécifique d'alimentation en glycéds 80 mgyycsrotgecow?-ht par rapport au point
central. La productivité volumiquen 3-HP est améliorée de 396 par rapporta ce point
central. De plusla vitesse spécifiqude production & 3-HPet la productivité volumiquen
3-HP sontespectivement 1,6 et 2 fosupérieues a cdesobtenues danda premiere partie
de I'étude réalisée ain débit d'alimentation en glycérdiixé. Au global la vitesse spécifique
de production et la productivité volumique erHP sont augmentées d& % et del38% par
rapportaux canditions initiales utiliséeautout début dela thése v (] vddcunjulatiorfaible
de 3HPA observée poumevitesse spécifique d'alimentation en glycédel 80 mgiycéerorgcow
Lht montre que cdte conditionestproche de I'optimum pout. reuteriDSM 17938Ainsi la
combinaison des conditions de croissanceajuéliorentla capacité debactériesa produire
le 3-HP et des conditions optimisées pendant I'étape de bioconversion ont conduit a une
amélioration sigrficative des performances de bioproductida la moléculetout enlimitant
la formation de 3HPA délétere pendant le bioprocédé.

Cependant, malgré I'amélioration obtenakes performances de productionelles-ci restent
plafonnée par l'arrét brutal dela bioconversion du glycérol ent®, alors méme que le
substratest continuellement apporté dans le milieln améliorant les conditions pendant les
étapes de croissance et de bioconversion, cet aar&té retardéou il [ *S % @ une] s
concentrationen 3-HP plus élevée, maiksurvienttoujours. Afin de mieux comprendies
causes dee phénomene, des expériences complémentaires ont été réalisées pour explorer
ce qui se passa lintérieur des bactéries, e@valuantcertaines de leursaractéristiques
physiologiquesUne premiere hypothése a porté sur leffetsinhibiteursdu 3-HP et du HPA

qui affectentla physiologie ele métabolisme dd.. reuteri Cependantd concentration ers-

HPA est rest@inférieure a sa concentration inhitsice X [ u S & le %4 €t contrdlé a

6,0, la concentration de la forme non dissoci@e3HP (de pKa égal a 4,51qui est & plus
inhibitrice, est resté faible (3% du3-HP produit)Une seconde hypothésgattribué cet arrét

de la productiora un manquesoudaind'énergie intracellulaireTant que & 3-HPest produit

de I'ATPest également produitce qui permet auxcellules bactériennes pssurer leur
maintenance en milieu pauvre Mais lorsquela bioproduction [ &e(Ha maintenance
cellulaire ne put plus étre assurée. Powalidercette hypothese, certaines caractéristiques
physiologiques des cellules ont été étudiées. En adaptant des méthodes basées sur l'utilisation
de fluorochromes couplée & cytométrie en flux, le pH intracellulaire (pHi) et le niveau
d'énergie intracellulaire (DeltalF20) ont été mesurés lors de I'étape de bioconversion de deux
expériencesX /astaveré que @s caractéristiqgues physiologiquesnt affectées au moment

ou la production de 3 HP ces#insi, gres 24 h, lorsque la bioconversiesten cours et juste
avant son arrét, le pHliminuede 0,05 unité pH et le DeltalF20 d'une valeumpdets de3.1

% Plus tard, apred4 h, la réductionest plus forteavec une diminution totalelu pHide 0,1



unité pH eto[} § vS§]Bne valeur finale d'énergie intracellulaire proche de2® Ces
observationsdevront étre confirméesen évaluant & reproductibilité des résultats pour
contribuer acomprendre és phénoménephysiologijues se produisardu cours du processus
métabolique de la bioconversion du glycéeol 3HP.

Finalement, cette thése a peiimde montrer que les conditions de la phase de croissance de
L. reuteriimpactent significativement les performances de la phalsérieure de production

du3-,WX >+« }v ]8]}ve uSSE v "HAE o0}E- 0 %oZ E}]ee
§ o[ liaration du procédé a été confirméexpérimentalementLes conditionselatives a
o[ § %o 1} VA Ee«]}v }vd P ouvsd & }%3Juls .U <u] % Eu

supérieurs aceux @éits ve o 0]8S E SuE Xacependanigl@dniaddwfait [uv
dégradatiorbrutale o[ Physiologiqueales bactéries, comme démontré pardeninution
U %, JVSE oopo ]E & pv]A p [v EP] JvEE oopo JE X

Le travail de thése ouvigusieursperspectives/o ¢« E S}us [ }E Vv ¢ JE [ %o %
o E ZE& Z -+ (]v ul] uE£ A %o]J«<p E o o] v vVSE o PE 3]
de la bioproduction du3 WU Vv o[ % % uC vS v}S uu vS spyE * Vv 0Cse o [
ainsi que des angsesprotéomiques et transcriptomiquede travail surés conditions de

o[ S %o 1} }1vA Caeddalertient@i@® @ursuivi en particulierau regard de la

vitesse spécifique d'alimentation en glycérat de la température. [ uSE  u} e
conduitedu bioprocédé pourront étrétudiés commele couplage de laioconversioravec
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Introduction

The societal demand for products coming from renewable resources combined to the climate
change issues and the meditterm depletion of fossil fuel reserves are strong drivers for the
development of bioeconomy. The transition from the actual petrolel@sel economy to a
biomassbased economy requires new strategies and researches, in order to transform
ulo po e+ EJA (E}u ]J}u e+ ]JVv§} Al A &] 8C-}6} Z u] o-
molecules displaying highealue potential. These buildiAdgock molecles, also called

"% 0 $(}EU_ u}o pO * ]J*%o0 C Z u] o0 *3EY SUE o00}A]JvP §Z
for generating many chemical derivatives that display new properties and functionalities. To
become competitive compared to fosbihsed chemicalshe biobased resources have to be
available in sufficient amount without creating competition with other applications (notably

food and feed), the production scale shall meet the needs of the society and the production
cost shall be comparable to that afircent products[Bomtempoet al, 2017).

In that context, the research about renewable and susthie platform molecules is of crucial
importance, in order to forecast their future industrial production. This was promoted by the

hr % ESu vS }( v EPC ~ K U Tiii* §Z § %opu-@p4d_ u}o]ego}f ii
of interest [Bozell and Petersen, 20}].0Among them, the bifunctional-Bydroxypropionic

acid (3HP) is the precursor of various chemicals, such as acrylic acid or biobased polymers.

The biotechnologial production of 3HP from biomass is an alternative to the chemical
production that meets the requirements of this transition towards a green economy. Being
performed by combining an upstream process that involves microorganisms (and/or
enzymes) and dowsiream processes to separate and purify the biomolecule, these
biotechnological approaches are cleaner, less energy consuming and generate less
greenhouse ga[sTang and Zhao, 20]D9—|owever, the biotechnologicakoduction of 3HP is

not yet industrialized as a lot of barriers hampers its development. The biosynthesis of this
molecule, which is a position isomer of the wiallown and already commercialized lactic
acid, requires specific metabolic pathways thatdet low yields and productivity, as a
consequence of the production of gwoducts together with 3HP and of low rates of
metabolic quxes{Dishishaet al, 2014. In addition, this molecule acts as an inhibitor of its
own production and one etabolic intermediate of the pathway is highly toxic. To improve
the performances of the bioprocesses feH® production, research is ongoing according to
two main approaches. The development of new strains, either by modifying natural producers
orbycre $3]vP v A ¢3E Jve ¢ * 00 ( 3}E] *_ ] uv E % E}PE e+
now working on these approaches. As the second approach, the improvement of the process
is mainly investigated by searching efficient alogv-cost bio-based substrates andyb




developing integrated processes that combine the bioproduction with downstream processes
in order to reduce the inhibitory effect during the production.

By considering natural producers, the bacteriuattobacillus reuters of great interest. First,

it possesses the G.R.A[BDA, 200pand Q.P.S statfEFSA, 20§9which allows o use it as

a probiotic without any safety issue. It is able to producklRB from glycerol that is an
available substrate derived from biodiesel manufacturing industry. It is also anaerobic or
microaerobic that helps reducing the production costs due titeign and aeratio

[et al, 198Q. Within a wholebiocatalyst approach, the production ofHP byL. reuteri
requires two successive steps, in order to sequentially activate the relevant metabolic
pathways: a first step of bacterial growth on glucose (or other catabolic substrates) in batch
mode, then, after harvesting and eventually concentrating the cells, a step of glycerol
bioconversion into dHP performed in fedbatch mode with resting cells. Thegiormances

of this biotechnological process have been studied by only one author that focused on few
parameters. These performances have to combine simultaneously higR &diters (or
guantities) to facilitate the further separation processes, high yigd=ficiently convert the
substrate and avoid eproducts, together with high productivities to achieve high efficiency
of the process. The main levers to improve the bioprocess consist in the determination of
optimized conditions to favor firstly, thergwth of the microorganism with the aim of
improving the subsequent bioconversion and secondly, the bioconversion of glycerol into 3
HP as such. By considering the growth conditions, most of the published works focused on
the improvement of thel. reuterigrowth to use it as a probiotic without aiming at enhancing

its bioconversion performance. By considering the bioconversion conditions, some
environmental factors were already studied but not optimized.

In that context, the objective of the thesis wasdefine the conditions that affect the-BIP
bioproduction in order to increase the bioprocess performance. This work aimed at answering
three research questions:

1. What are the nutritional and environmental conditions during the growth phase
that affect the 3-HP bioproduction during the further bioconversion step?

2. What are the relevant conditions during the bioconversion step that may improve
its performance?

3. What are the possible effectors at the intracellular level that drive the bioconversion
process?

To answer these questions, the thesis is structured in four main chapters. In the first chapter,
a literature review presents the biomoleculeHP, the biotechnological processes for its
production, with a focus oh. reuterias a natural produceiThe factors that affect the-BIP
bioproduction are reviewed, by successively considering the growth phase and the
bioconversion phase.



The second chapter describes the materials and methods used for the preparation and
operation of the bacterial cultureis bioreactors, the experimental designs and the analytical
and statistical methods.

The third chapter is devoted to the study of the effect of 11 nutritional and environmental
factors encountered during the growth phase on the growth and the subsequent
bioconversion performances, using an experimental design. The corresponding results have
been published in thdournal of Bioscience and Bioengineefm@nuscript accepted).

In the fourth chapter, the effect of two environmental conditions, namely pH spekific
glycerol feeding rate during the bioconversion in4egtch mode, were established in order

to optimize the 3HP bioproduction. In addition, some physiological characteristics of the cells
were studied, namely intracellular pH and energy levelpiider to understand why the
bioconversion process ceased.

Finally, the general conclusions of the thesis are presented and poospectsfor future
works are proposed.



Chapter 1 Bibliographic study

1.1 Biobased 3hydroxypropionic acida building block molecule
for versatile industrial applications

1.1.1 Definition andphysicchemical properties of 3HP

3-hydroxypropanoic acig3-HP) is a threearbon monocarboxylic acid in which one of the
hydrogens linked to the terminal carbon is replaced by a hydroxyl giigure 1.1).
Chemically, 3HP is an optically inactive (nahiral) organic compound and a structural
isomer of lactic acid (Bydroxypropanoic acid). This molecule is also known as hydroacrylic
acid or ethylene lactic aciumaret al,, 2013.

The bifunctionality of 3HP, owing to the presence of a carboxyl group arnéhgdroxyl group,
makes it become a versatile agent for several reactions such as dehydration, oxidation,
reduction, or cyclizatioriTingirikariet al, 2016. Regarding its physical properties, it is an
acidic viscous liquid with a pKa of 4.53HB is soluble in water and many oxygenated organic
solvents like ethanol and it is miscible with diethyl ethbﬁs/ishartet al, 2019. This property

is an advantage in theontext of its extraction using organic solve[Bsirgéet al,, 2017}.

Chemical formula  GHeOs
Molecular mass  90.078 g-mot
pKa 451

Figurel.1l. Chemical structure of-Bydroxypropionic acid

1.1.2 The increasing interest of biobasedk3P and its applications

In the framework of growing bioeconomy;HP is gaining more and more interest due to its
applications. Firstly,-BiP can be employed as a preservative in food or feed ind[Guiarn|
|Raviet al, 2014. Secondly, as a platform chemicakiB can be converted to a great number
of derivatives through chemical modificatiotBomtempoet al, 201'/) such as acrylic acid,
1,3propanediol (1,3PDO), ahydroxypropionaldehyde ¢BIPA), malonic acid, or
biodegradable polymers armblyesters{Matsakaset al,, 2014. As most of these compounds
derive from petrochemical resources at the moment, the bioproduction-6ff3could help
diminishing the use of oil reserves thaill no longer fulfill the increasing demand of modern
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society in the near future. The economic interest of biobasé#P3is confirmed since it has
been classified as one of the top valagded chemical produced from biomass by the US
Department of Energ (DOE|Bozell and Petersen, 20fL{FFigurel.2).

Figurel.2. Scheme of -BP applications as a platform molecule

The reduction of 3HP leads to 1;propanediol (1,3PDO) that can be utilized as a solvent or

for the production of polymers to form a variety of industrial products including composites,
laminates, adhesives, coatings, moldings, cosmetics, polyesters,palytrimethylene
terephthalates used in carpets and textil@xena&t al, 2009. The market size of :BDO

is evaluated at 490 million USD in 2019 and forecasted to reach 870 million USD in 2024
(MarketandMarkets dataSittijunda and Reungsang, 2020

3-HP can also be reduced inteHPA that is useful in food and feed additives, where it can be
employed as a preservati\{éianget al,, 2009. In combination with HPAydrate and HPA
dimer,itformsamulti }u% }v vS «C*S u ~ 00 /,Warrsgmng as aprécirsor
for interesting chemicals such as acrylic acid, acrolein anéP@, and for polymer
production [\/ollenweider and Lacroix, Zoplﬂ'he global market of this aldehyde has been
estimated up to 3.63 million tons per ye@deto etal, 2017}.

Dehydration of 3HP results directly in the formation of acrylic acid that is used for the
manufacturing of paints, papers, textiles, adhesives, specialty coatingsamkssuper
absorbent ponacryIate*Matsakaset al, 2014. The global acrylic acid market size was
estimated up to 19 billion USD in 202&lliedMarket-Research, 2030 In addition, the
esterification of acrylic acid with methanol under acid catalysis leads to methyl acrylate that




is a raw material for the production of ackyfibers, adhesives, molding resins, coatings and
emulsiongAjekwene, 202

In another application, oxidation of-dP leads to the formation of maloracid that can be

used as a natural preservative to control acidity in food products, as an excipient in
pharmaceutical industry. Malonic acid is also used for the production of surgical adhesives or
to crosslink potato and corn starches to produce biodadable thermoplastic§Anil and|

3-HP, when cyclized, forms propiolactone that is a fim@mbered ring compound. It is
commonly used as a disinfectant for the sterilization of different kinds of materials in hospital
and as a vapephase disinfectant in enclosed chambetspropiolactone is also applied to
inactivate viruses in the productioof vaccines for animals and humat&:heidleret aI.,|

[ro%8

The esterification of 3P creates -Biydroxypropionate esters that can be used as fragrance
ingredients{Pazicket al., 2019.

The primary alcohol of-BIP (ethyl 3HP) is involved in the renewable acrylonitrile production
via dehydration and nitrilatio with ammonia, using titanium dioxide as a catafy&rpet al., |

2017). Ethyl 3HPcan be used for the synthesis of acrylics, resins, carbon fibers and polymers
{Karp et al, 2017}. Moreover, acrylonitrile can be hydrolyzed to form acrylamidet tisa
engaged in the manufacture of polyacrylamide, which is used as a thickening agent and in
water treatment[Kurenkovet al, 2003.

The polymerization of-BIP leads to the synthesis of a valuable homopolymer (p&lBor

of copolymers (containing-BiP)[Andreessenet al,, 2014. These #HP polymers are very
flexible and ductile. Hence, they could be used for thermoforming and blow molding as well
as for breathable cast films, coatings, and laminatidmey act as plasticizers to soften brittle
materials. Owing to its biodegradability and biocompatibility properties, petyP3can be

applied in pharmaceutical industry to manufacture simlease drug capsul

et 204

1.1.3 Summary of information

As a building block molecule;HP can be involved into a great number of chemical reactions
including reduction, oxidation, dehydrogenation, cyclization, esterification, alcoholization or
polymerization to form 1,8DO, acrylic acid, malonic acidsHBA, propiolactone3-
hydroxypropionate esters anéthyl 3HP, respectively. These derivatives wha great
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1.2 Bioproduction of 3HP by using microorganisms

1.2.1 Biotechnological production of 3P: a challengein the context of
bioeconomy

Various chemical synthesis routes are proposed to synthesid® 3rom acrylic acid,-3
propiolactone, 3hydroxypropinitrile, allyl alcohol, vinyl acetate or JyBpanediol
(Matsumotoet al, 20179 and poly 3HP{Andreesseret al, 2014. However, none of them are
promising due to expensive starting materials, high costs for the operating processes and
environmental issues{Tingirikariet al, 2016. Moreover, here is no real market for fossil
based 3HP as its derivatives can be directly obtained from petroleum resources.

Due to the issues of climate change, there is a growing pressure to reduce the use of non
renewable resources and a real urgency to make moduction and consumption models
more sustainable. The shift towards the use of renewable biomass instead ofldfassd
resources can help to reduce waste, environmental contamination and climate change. This
shift implies a whole set of changes in guction as well as in industrial and economical
processes and is recognized as bioecon{ﬁwrlatet al, 2015).

Within such context, bioproduction of-dP has been intensively studiday using either
naturally producing microorganisms or genetically modified strains, in order to reach high
titers, yields and productivities at industrial scale.

Among the renewable resources used feHB bioproduction, glucose and glycerol are the
moststudied raw materials owing to their abundance and competitive pfiReddyet al, |
. The next paragraphs will focus on these biotechnological processes, by using these
renewable substrates.

1.2.2 Bioproduction of 3-HPfrom glucose

Glucase is known as one of the main carbon sources for the cultivation of microorganisms,
and can also be used as a renewable material to produd®.3The glucose used at industrial
scale is commonly obtained from plants, including o{:iabasingh and Wolde, 20}19vheat
(Salimet al, 2019 and potatoeqTunde, 202pthat contain high levels of starch that has to

be hydrolyzed before being used by microorganisms. Glucose syrups can also be obtained
from rice, barley, beet and cassaftaull, 2019. However, due to the argument that these
agricultural resources should be dedicated to food or animal feed better than serving for
industrial production, he use of sugars derived from lignocellulose is a most promising trend.
The lignocellulosic biomass is available from forest biomass, energetic crops and agricultural
byproducts [Matsakaset al, 201&). However, its utilization is more complicated as a
preliminary treatment is needed to remove the lignin from the cellulose and hemicellulose




parts, as well as an enzymatic hydrolysisngsiellulases that is a very costly step for the
bioprocesgHardyet al., 2017.

Regarding the use of glucose as the starting material fiP3production, the UBased
agricultural company Cargill gposed and patented seven interesting biochemical pathways
to produce 3HP from glucos¢Gokarn Rawet al, 2014|Liaoet al, 2007|Liaoet al, 201Q
[Marx et al, 2009.|Figure 1.3[shows a synthetic scheme that represents all the possible
metabolic pathways to transform glucose inteéH®.

Figurel.3. Biosynthetic pathways from glucose teHP(Tingirikariet al.,, 2016

These pathways lead to ATP production for cell growth and to the generation of the desired
product, with phosphoenolpyruvate (PEP) and pyruvate being important intermediates. From
a stoichiometric point of view, one mole of glucose gives two moles of pjeutwo moles



of ATP, together with the reduction of 2 moles of NAflo NADH. The further reactions occur
for the re-oxidation of NADH as the redox balance has to be equilibrated.

Among these pathways, the one involving male@glA (Figure 1.3) is prasimg and has been
intensively studied in various hosts: bacterzs¢herichia cc)I[Lynchet al, 2014, yeast

and cyanobacterigWanget al, 201§. Most of the studies concern carbon flux
redirection, screening and engineering of enzymes, or cofactors and energy su@toin

the Biochemical Network Integrated Computational Explorer (BNICE) software proposed
three novel pathways for-BIP production, from the intermediate pyruvate via (talanine,

(2) oxaloacetate or (3) lactafelenryet al, 2010 (Figurel.3).

However, until now, no wild microorganism has been found to produ¢&’3from sugars
without genetic modifications.

1.2.3 Bioproduction of 3HP from glycerol

Glycerol (propan€l,2,3triol) is most widely studied in the literature as a substrate to produce
3-HP, either in the form of pure glycerol or in the form of glycerin that normally contains
about 95 % (v/v) of glycerol. The pure glycerol is colorless rvgatable, odorless, notoxic,
viscous, hygroscopic, with a high boiling point at 290f@xUmaret al., 2019.

Most of glycerol on the market is obtained from biodiesel production as it is the main by
product from transesterification reaction of a triglyceride with ethanol, in tiesgnce of
NaOH as a catalys{l\/latsakaset al, 2019. By considering that the biodiesel market
represents 26 000 tons per year imetworld[OECEFAO, 202pand that 100 kg glycerol are
generated per one ton of biodiesel produc{aYlanget al, 2012}, the glycerol availability is
around 2600 tons per year worldwide. In order to decrease the cost of biodiesel biorefineries,
valorization of glycerol into valuable platform chemicals is compulgamong the proposed
valorization routes, 3HP production is an interesting opportunity. The interest of glycerol as
3-HP precursor is also due to its competitive price (even if it increased between 2010 and
2020 but also to its noftoxicity against microorganisn’(ﬁ/latsakaset al, 2014. Hence, it

can be said that glycerol is an interesting renewable resource-FP production.

Some studies ardevoted to use crude glycerol instead of refined (l&hiadlbauelet al., 2017
{Szymanowskﬁ’owalowska, 20]}4 However, the impurities present in crude glycerol may

prevent microorganisms to utilize efficiently this substrate as demonstratefGonzalezt

al., 2019 in the context of 3HPA bioproduction.

The metabolic pathways that convert glycerol inteHB are strongly dependent on the
microorganisms involved in the biotransformation. Several microorganisms are able to

naturally use glycerol as a carbon source to produtt3such aklebsiella pneumoaé| Lee|

et al, 2019, Citrobacter freundii{Seifert et al, 200]}, Clostridium butyricu

! https://www.radiantinsights.com/research/glyceraharket
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|Andaloussiet al, 1999, Clostridium pasteurianurBiebl, 200}, Enterobacter agglomerans
(Barbirato and Bories, 1991.actobacillus reutefBurgéet al, 2015¢iDishisheet al., 2014,
Lactobacillus collinoidefGarailbabe et al, 2006} and Alcaligenes faecali%Ethica angl
|Raharjo, 201}4 The pathways used in these various cases are described in thparext

1.2.3.1 Transport of glycerol into the cells

In all cases, the transport of glycerol is done through a passive diffusion mechanism, as it is
an uncharged molecule that can pass the cytoplasmic membrane. However, due to the
limitation of passive uptake at law substrate concentration, a membrane protein named
glycerol facilitator (GIpF), which acts as a selective channel for permeation of small molecules
such as glycerol, has been identifieth Silveet al, 2009. The influx of glycerol transported

by GlpHs 100 to 1000fold higher compared to passive diffusion. In addition, it does not
saturate at a glycerol concentration of 200 nih Silvaet al, 2009|Millet and Lonvaug

Afterward, depending on the microorganism under consideration, the biotransformation of
glycerol is achieved according to various metabolic pathways that will be presented below.

1.2.3.2 Utilization of glycerol for growth

Bacteria can use glycerol as a growing substrate. Glycerol can enter the oxidative route to be
metabolized into pyruvate that is further converted into lactic acid, ethanol acetic acid or
butanediol together with ATP and biomass pretlan, thus being a carbon source of growth
(Figurel1.4) (Ashoket al., 2011|Matsakaset al,, 2014.

However,L. reutericannot use glycerol as a carbon source that has been ascribed to gene
regulation of enzyme dihydroxyacetone kinase to convert dihydroxyacetone into
dihydroxyacetone phosphate prior to metabolisna e glycolysis pathwa){Kristjansdottid

[et al, 2019. Although all genes related to conversion of glycerol into dihydroxyacetone
phosphate are present in genome lof reuteri[Chenet al, 2019, several genes show to be
downregulated in the presence of glycer[(ﬂantoset al,, 200&) that explains the lack of
growth on glycero{Kristjansdottiret al, 2019.
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Figurel.4. Glycerol catabolism via the oxidative pathwéydapted from{da Silveet al.,

2009 )

1.2.3.3 Bioprodudion of 3-HP from glycerol via the Dha pathway

Some bacterial species belonging to theterobacteriaceadfor instanceKlebsiella oxytoga
Klebsiella pneumoniaer Citrobacter freundjiare able to transform glycerol into-dP by
using the enzymes coded bhe dihydroxyacetonedha) operon[Homannet al, 199(}. This
operon includes a glycerol dehydratase, an aldehyde dehydrogenase anepeofigediol
oxidoreductasgMatsakaset al,, 2019.
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The metabolic pathway illustrated|Figurel.5{shows that the bioconversion of glycerol into
3-HP is performed in two stages. tmitiatty; glycerol is dehydrated to foH®A through the
action of the enzyme glycerol dehydratase, which is a coenzyme vitamin B12 (cobalamin)
dependentenzyme[\/olIenweideret al, 2003. The generated-BiPA is furthereduced into
1,3-PDO thanks to the action of a ipBopanediol oxidoreductas[d\lakamura and Whited,
, together with the oxidation into 3P through the coenzyme-iAdependent enzyme.
These two reactions are coupled to balance the NAIDIAD" equilibrium.The molar balance

of the Dha pathway shows that 1 mole of glycerol generates the equimolar proporti@5 of
mole of 3HP and.5mole of 1,3PDO.

Figurel.5. Bioconversion of glycerol tal3P via the Dha pathway (adapted from
Matsakaset al,, 2019)

1.2.3.4 Bioproduction of 3-HPfrom glycerolvia the Pdu pathway

In the nature, the propanediol utilization pathwagdu) operon can be found iBalmonella
typhimurium (Bobik et al, 1997 and in someLactobacillus{Chen and HatiKaul, 201y
[Matsakaset al, 201§. This operon has been identified ffamakishnanet al, 201§ and is
shown infFigure 1.6{ It includes the genes coding for a vitamin BiEpendent glycerol
dehydratase gduCDE a phosphotransacylas@dul), a propionaldehyde dehydrogenase
(pduP which is a Coenzym& dependent enzyme, a k@opanediol oxidoreductasg@uQ

and a propionate kinase@pduW). These genes are associated to a catabolite repression site.
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This organization justifies the simultaneo production of 3HP and 1,3?DO by the co
expression of the gengegduCDENd pduQalong withpduR, pduLand pduW.

Figurel.6. Genes involved in the Pchathwayof glycerol bioconversion into-BIP
(adapted from{Ramakrishnamet al., 2019)

Compared to the Dha pathway, the conversion of glycerol iAttP3y the enzymes encoded
in the pduoperon requires more intermediate stepBigurel.7) (Matsakaset al., 2019.

Figurel.7. Bioconversion of glycerol teR3P via the Pd pathway(Matsakaset al.,, 2018
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Firstly, glycerol is converted inteF3PA with the help of a diol dehydratase in the presence of
vitamin B12 as a coenzyme. Th¢iBA is then transformed intot8ydroxypropionyiCoA (3
HRCoA) by the action of a coenzyme A (Gdéyendent, ATHroducing pathway. The third
step corresponds to the phosphorylation ofH2CoA to 3hydroxypropionyl phospha (3
HRP) by gphosphotransacylaseSubsequently, the-BIRphosphate is dephosphorylated to
form 3-HP thanks to the action of the enzyme propionate kinase, together with the formation
of 1 ATP from 1 ADP. The reductive branch leading t€D,8rmatiorfrom 3-HPA is coupled

to balance the cofactor ratio NARENd NAD (Figurel.7).

As a result of the Pdu pathway, 1 mole of glycerol induces the equimolar proporti@ of
mole of 3HP and0.5 mole of 1,3PDO. In other words, a theoretical molar ratio of 1:1 is
observedbetween the substrate and thievo metabolites and, if the redox balance between
NADH and NADis maintained during the process, the ratio between the productsPD®
and 3HP is also 1:1. The energy efficiency of this reaction is low, with only 1 malePof
produced per mole of egcer@Matsaka%t al, 2013.

1.2.4 Bioproduction of 3HP from othercarbonsources

3-HP bioproduction canéachieved from other carbon sources than glycerol or glucose. The
main alternative substrates are @@ anet al, 201§|Liu et al, 2017|Wanget al, 201§
propionic acidLuoet al., 201(), 3HPA(Dishishaet al,, 2019, acrylic acidLeeet al.,, 2009,
uracil {Kim et al, 201Q, or t-alanine (Borodinaet al, 201§. However, applying these

substrates for HP bioproduction requires metabolic engineering of the cells that will be

discussed in the pdtt.2.§

Meanwhile, various norGMO (genetically modified organisms) are naturddB producers
from precursors of 1;DO likeAcetobactersp. {Li et al, 2016@, Gluconobacter oxydans
Zhaoet al, 201§ and 3hydroxypropionitrile (3HPN) likeComanonas testosteronfHannet]

|a|., 200§.

Being a ceproduct of the glyceol metabolism, 1,32DO can enter an oxidation step to form
3-HP. The bacteriurAcetobactersp. CGMCC 8142 has also been recognized to perform the
oxidation of 1,3PDO into 3HP, by using immobilized cells that show better substrate
tolerance, pH stabilitythermal stability and storabilitfLiet al., 20164.

The 3hydroxypropionitrile is not a carbon source for cell growth but can be a substrate for 3
HP bioproduction inC. testosteroni.This microorganism owns a combination of nitrile
hydratase and amidase activities that &&y enzymes to convertRBydroxypropionitrile (3
HPN) into a—lP[Hannet al,, 2003. 3-HPN is first dehydrated intol3ydroxypropionamide (3
HPAmM) by a nitrile hydratase, then the enzyme amidase convé#3/An into HP.

The recent achievements aboutH bioproductia from glycerol by the natural producer
Lactobacillus reuteswill be summed up in the pgt.2.5.5
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However, despite these good results obtainedai scale, these resources are less readily
available as compared to glucose or glycerol.

1.2.5 The bacteriumLactobacillus reuteri a promising strain for glycerol
bioconversion

1.2.5.1 General characteristicef L. reuteri

The bacterid. reuteriis a Granpositivelactic acid bacterium that is Bacillgbaped. It was
first described by Kandler and Stetter in 1980, vitmeuteriDSM 20016 being the type strain
{Kandleret al, 198Q. Under standard conditions, it is arabic aeretolerant, acid tolerant
and heterofermentative, producing lactic acid as a major-pratiuct [Alazzehet al, 2009).

The strainL. reuteriDSM 17938, that is highly referenced, is the daughter strain that results
from the removal of antibiotic resistance gewarrying plasmids of. reuteriATCC 55730
(Rosandeet al., 2008

L. reuteri possesses safety characteristics, as demonstrated by its G.R.A.S (Generally

Recognized as Safe) staf®DA, 200Band Q.P.S. (Qualified PresumptionSatfety) status
EFSA, 20Q9Thanks to these safety properties, it is widely used as a probiotic species.

1.2.5.2 General metabolic pathways for growth df. reuteri

As aheterofermentative bacterium, the use of sugars lbyreuterifor growth is achieved
through glycolysis by using either the phosphoketolase (PK) pathway or the Embden
Meyerhof Parnas (EMP) pathwd#rskoldet al, 200§ [Burgéet al, 2015).|Figure 1.8|
presents the schemes of these pathways from glucose.

They differ by considering the final products (only lactic acid in the case of EMP pathway, a
mix of lactic acid, GQand acetic acid or teanol in the case of PK pathway). Another
difference is found by considering the production of ATP, that is lower in the case of PK
pathway (1 ATP, sometimes 2 when acetic acid is produced) as compared to EMP pathway (2
ATP). The dominant pathway depends the growth conditions, but generally the PK
pathway prevail§Burgéet al., 2015).
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Figurel.8. Scheme of the PK and EMP pathwayis ireuteri(adapted from{Burgéet al,,

20154

L. reuteridoes not catabolize glycerol through its central metabolism as the cells lack the
enzyme dihydoxyacetone kinase that is required for channeling glycerol into the central
carbon metabolisn{Dishishaet al, 2014. As a reminder, this enzyme acts prior to the
glycolysis and phosphoketolase pathways, to convert dihydroxyacetone into
dihydroxyacetone phosphatfFigurel.4). Consequently, glycerol cannot be used byeuteri

as a carbon source for growth but only as an electron acceptds.pEnticularity is of interest

in the context of 3HP production as is allows avoiding the synthesis of undesirable growth
by-products during the bioconversion, particularly lactic acid that can hinder conversion yield
and furtherin situextraction.

1.2.5.3 Bioproduction of bacteriocins byL. reuteri

The probiotic properties ol. reuteriare related to its ability to produce antimicrobial
molecules, such as reutetinrganic acids, or ethanol, thus being able to inhibit undesirable
microorganisms in the gastiatestinal tract[Mu et al, 201&. Some healthcare products
containingL. reuteristrains have been introded in the market by the Swedish biotechnology
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company BioGaia (Stockholm, Sweden). Besidessuteriis used as food preservative and
has been formulated in probiotic ice crealflhsi]thi-Penget al, 2004.

A lot of waks has been published dn reuterj as this species is able to produce reuterin, a
bacteriocin that acts as an antimicrobial compound. Reuterin, which is the dimeric form of 3
HPA, is an intermediate product in the Pdu metabolic pathway of glycereH®(Biith-Peng]

et al, 2003[Vollenweideret al, 201Q. The mechanism of action by which reuteiriibits

cell growth is linked to an oxidative stress, that modifies the thiol groups in proteins and
peptides[Schaeferet al, 201Q. The inhibition spectrum of reuterin produced hy reuteri
SD2112 varies, depending on the targeted species. The minimal inhibitory of reuterirt is 7.5
15 mM forEscherichia coll5t50 mM for Lactobacilli an@lostridium clostridioform{Cleusiy

|et al, 2007. Beside, as an aldehydeHPA in the form of monomer is also toxic, as detailed

in Sectionl.4.1.ﬂ

1.2.5.4 Bioproduction of 3HP byL. reuteri

The bioproduction of 3P byL. reuteristrains has been studied by many authors. As indicated
in Sectioffi1.2.3.4 this bacterial species transforms glycerol intbiB via the Pdu pathway,
without using glycerol for growth. However, according to the culture conditions and the strain
used (inalding natural and GMO strains), the performances strongly vary. Detailed

information will be given iTablel.4lin Sectio

The glycerol bioconversion intoF3P byL. reuteristrains has been conducted infiérent
modes: batch, fedbatch and repeated batch processes, mostly at@and at controlled pH
between 5.5 and 7.0 or at free pH. The highestB titer of 14 d-! was obtained after 58 h

of bioconversion at 37C, pH 7.0 in fethatch mode at a glycet feeding rate of 0.75-g*

with the wildtypelL. reuteriDSMZOOlB[Dishishaet al, 2015}. The higher conversion yield of
3-HP from glycerol was close to In®lk+HprmMOlgyceroi* With the GMO strairL. reuteriHR2
Suppuramet al, 2019 and 0.49 malupmMolgyceroi* With the wild typeL. reuteriDSM20016
Dishishaet al,, 2019. The highest value of-BIP volumetric productivity was equal to 2.91
g-L*h* and was obtained from a short bioconversion duration of 3 h in batch mode at 30 °C
and free pHZabedet al., 2019.

1.2.6 Metabolic engineering approaches fordP bioproduction

Metabolic engineering of microorganisms implies either genetic improvements of natural
producers (such ak. pneumoniaeor constrution of new strains (for example with. colj
by introduction of genes coding for new enzymes. Many studies on these engineered bacteria

have been published. They are summarizgdablel.1
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Tablel.1. Performances of-BIP bioproduction by genetically modified microorganisms (adapted |

[odentouchécouet al.,, 2019

N

Microorganisms Carbon Bioproduction mode 3-HP titer  3-HP conversion 3-HP productivity References
substrate (g-Y) yield (mokxe.mols?)  (g-Lh?)

E. coli Glycerol +  Fedbatchin5L 71.9 na 1.8 (Chuet al, 201§

SH501 E209Q/E269Q  Glucose bioreactor

K. pneumoniae Glycerol Fedbatchin 5L 83.8 0.54 1.16* [Li etal, 20169

[dh14dh2 pta(pTAC bioreactor

puuQ

K. pneumoniae (p3tac  Glycerol Fedbatchin 5L 102.6 0.43* 1.07* (Zhaoet al., 2019

PuuC) bioreactor

E. colTA214 Glycerol Batch in 60 mL 5.15* 0.54 0.11* {Honjoet al, 2019
baffled flask

E. colBTnoxplw 3-HPA Batch in 100 mL 1.98* na 0.16 [Dishisheet al, |
shaken flask (2019

E. colBW2511 Glucose Fedbatchin1.8L  48.4 na - {Lynchet al,, 2014
bioreactor

E. coliQ2186 Glucose Fedbatchin 5 L 40.6 0.38* 0.56* [Liuet al, 2019
bioreactor

E. colEc 4Y- 4-PPH Propionate = Batch mode in 100 2.17* 0.34 0.09* [Luoet al,, 2016}
mL flask

E. colWw3110 Glucose Fedbatchin6.6L  31.1 0.84* 0.63* (Songet al, 2014
bioreactor

S. cerevisiaSCER2200  Glucose Fedbatch in 1 L 13.7 na 0.17 (Borodinaet al., |
bioreactor (2015
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From|Tablel1.1| the most interesting information concerns theHs titer that was much
higher by using recombinarii. colior K. pneumoniaestrains (up to 10@s-1pLt). However,

the 3-HP conversion yields and volumetric productivities were close to those obtained with
natural strains. In addition, many of these constructions exhibit some negative idsues.
pneumoniaespecies do not display good safety characters tmaty complicate its use in
industrial plantsk. colspecies is aerobic and requires the addition of vitamin B12 to produce
3-HP, thus leading to higher costs for the process at large scale.

1.2.7 Summary of information

3-HP bioproduction gains more and morddrest in a context of bioeconomy that aims at
reducing our carbon footprint. Different carbon sources can be used to prodiite By a
biotechnological route: glucose, glycerol, L@ropionic acid, 3HPA, acrylic acid, uracil af
alanine being the maiones. By considering the titers, yields and productivities on the one
hand, and economic issues about the abundance and the cost of the substrates on the other
hand, glycerol is recognized as having a high potential for further industrial application.
Depending on the microorganism involved in the biotransformation, different metabolic
pathways are described. The Dha pathway, which condérpseumoniaallows obtaining a

very high 3HP titer of 102.6 g-1. However, as the species is pathogenic, indusapalication

is more complicated. The Pdu pathway that concearnseuteriled to lower titers (14 g-Lor

less), but this species has the advantage of being not pathogenic and it is already used to
produce bacteriocins. In addition to these naturaliHB producers, many works have been
done to develop genetically modified microorganisms in order to improve the performance
of the bioprocess. However, their industrial application is not yet implemented.
Consequently, the use af. reuterito convert glyceol into 3-HP is of great interest and will

be deeply examined in this study.

1.3 Effect of nutritional and environmental conditions on the
growth of L. reuteri

1.3.1 Effects of nutritional conditions orL. reuterigrowth

During a bioprocess, nutritional conditiofave to be defined in order to maximize the
bacterial concentration and the specific growth rate, and to optimize the physiological state
of the microorganism in order to produce efficiently the desired biomoleclleteuteri
species has complex nutritiah requirements. In addition to the common carbon and
nitrogen sources, the growth of the bacteria needs to be supplied with specific amino acids,
peptides, salts, fatty acids or fatty acid esters, nucleic acid derivatives and vitamins.
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1.3.1.1 Carbon sources

Asone of the first requirements for bacterial growth, the carbon source is necessary for
biomass growth, product formation and maintenance of cell physiological state. When the
cells enter the stationary phase as a consequence of substrate depletion, tley ar
progressively exposed to carbohydrate starvation. The exhaustion of essential nutrients
induces a decrease in the specific growth rate until cessation of growth. This is explained by
a downregulation of nucleic acid and protein synthesis and a degradafigproteins as an
adaptive respons¢De Angelis and GobbettiD21f|Wanget al., 2011. Besides, an increase in
membrane fluidity, ascribed to a higher content of branched, unsaturated, and cyclic fatty
acids was found in starved ceﬂWanget al, 201]}.

Different carbon sources have been used to triggereuterigrowth, such as glucose alone
Arskoldet al., 200§|Burgéet al., 2015K), glucose plus fructose, sacchardgeskoldet al., |
|2009, galactose, lacte, melibiose, raffinose, sacchardgéazzeret al, 2009 and industrial
wheat or sugar beet syrup kyroducts that contained glucose and fructo[@ouvreuret al, |
. Among them, glucose is most widely used in research studids. rAsteridisplays a
heterofermentative metabolism, glucose is catabolized through the PK and EMP pathways
that operate simultaneously and lead to the production of lactic acid, acetic acid, ethanol, CO
and energyArskéldet al, 2009.

From(Bengtsson, 200the presence of glucose into the culture medium led to the highest
biomass production of. reuteriDSM 17938 (Of2y nm Of 6.4) in comparison to the other
carbon sources tested (maltose, maltose plus fructose, glucose plus fructose, sucrose alone
and sucose plus fructose. This was confirmed Iater[B‘pIakBereckaet al, 201Q with
Lactobacillus rhamnoswnd studied as a component of an industrial byproducM

with L. reuteriDSM 17938. One of advantage of using this sugar is its wide
availabilityon the market. The suggested concentrations of glucose were comprised between
20 g-I* {Bengtsson, 203t&and 30 g (Couvreuret al,, 2017 in total.

1.3.1.2 Nitrogen sources

Nitrogen sources are required for bacterial growth as they are involved in the building of
proteins and nucleic acids. The nitrogen sources that are commonly refetdéack. reuteri

are yeast extract, meat peptone and more recently, phytone peptone. Yeast extract is widely
used in culture medigAlazzetet al, 2009(Atilolaet al., 2015/ Couvreuret al., 2017{Ichinose|

[et al, 202. It contains a mix of peptides, free amino acids, purine and pyrimidineskesd
water soluble vitamins of B groufProustet al,, 2019, which are favorable to biomass
production. Meat peptone provides a source of nitrogen, amino acids, vitamins and carbon

[Verck, 2029

Recentlyphytone peptone has been identified as a component leading to higher cell counts
for L. reuteriamong other nitrogen sources: meat peptone, tryptone, proteose peptone,
tryptic soy broth, yeast extract and beef extra{@ttilola et al, 2015). Phytone peptone
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providesa broad range of nutrient{sAyadet al, 202(}, including carbohydrates and many
amino acids, excepted asparagine and glutamine (Merck Microbiology MantaEdRion,
2018). The amino acid composition of yeast extract and phytone peptone is ligfabiel

Tablel.2. Amino acid composition in yeast extract and phytone peptone (adapted from
Oganotechnie, 20g&nd (Merck, 202?)

Amino acids Concentrations (¢l00 g* product)
Yeast extract Phytone peptone

Aspatrtic acid 6.0 7.82
Threonine 2.6 2.39
Serine 2.7 3.18
Glutamic acid 11.0 12.4
Proline 2.2 3.34
Glycine 2.5 4.77
Alanine 4.1 2.69
Cysteine 0.6 0.82
Valine 3.1 2.82
Methionine 0.8 0.82
Isoleucine 2.6 2.82
Leucine 3.7 471
Tyrosine 0.8 2.55
Phenylalanine 2.5 3.12
Histidine 1.1 3.64
Lysine 4.2 3.91
Arginine 2.8 8.65
Tryptophan 0.8 0.60
Glutamine 0 0
Asparagine 0 0

By considering this table, it can be observed that the amino acids glycine, tyrosine, histidine
and arginine are more present in phytone peptone than in yeast extract, which may affect
positively the bacterial growth.

1.3.1.3 C/N ratio

If the role of carbon (C) annitrogen (N) sources are quite well described to support the
growth of L. reuterj the C/N ratio is another important factor that has to be taken into
account. In fact, the C/N ratio was recognized as a sensitive factor for the growth of
Lactobacillus pacaseiHCT, which was maximized for a C/N ratio of(Biet al, 201Q. By
considering... reuterj the[Tablel.3]summarizes the growth performances of different strains
obtained from different C/N values.
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Tablel.3. C/N ratio in culture media @f. reuter

L. reuteri Culture Carbon source and C/N Final Reference
strain conditions concentration ratio* ODs00 nm
ATCC Batch culture  Glucose, 8.70 4.3* [Arskoldet al., |
55730  37°C,pH55 50.4 gt [2009
CG001 Batch culure Glucose, 1.00 3.7 [Chenet al, 2010
38.6 °C, initial 20 g-t*
pH 6.2
DSM Batch culture  Wheat extract, 0.86 12.8 (Couvreuretal, |
17938  37°C, initial pH 30 g-t* [2017
6.8
DSM Batch culture  Glucose, 1.60 11.7* (Dishisheetal, |
20016 37 °C,pH5.5 40 g-* |2014
DSM Batch culture ~ Dextrose, 0.80 1.35 (Atilolaet al, 2019
20016 37 °C, initial pH 10 g-t
6.5
DSM Batch culture  Glucose, 0.8 9.2* (Mota et al., 2019

20016 37°C,freepH 20g-*

* Data obtained by calculation

From this table, the C/N ratio varies from 0.80 to 8.70 according to the authors. The best
results were obtained with low ratios comprised between q.eﬁuvreuret al, 201'/) and 1.6

{Dishishaet al, 2014. But, for a given C/N ratio, other conditions may also affect the growth
performances ~¢«SE ]J]v pe U S ]o Ju%}e]S]tv }( SZ eopn ¢ SE S U %o
date, no study already determined the optimum C/N ratio to maxirhizesuterigrowth.

1.3.1.4 Salts

Salts are necessary elements for living organismsLFogutericultivation, the beter salt
composition has not been properly determined. However, from previous st
[al., 2009|Atilolaet al, 2015|Dishisheet al, 2014, the common meih used for growth of..
reuteri strains typically include: monopotassium phosphate KB, 0-2 gL1), dipotassium
phosphate (KHPQ, 0-2 glL?), sodium acetate (GBOONa, 5 -f'), diammonium citrate
((NH:)2GsHsO7, 2 gLt), magnesium sulfate (Mg$®.2 gL-t) and manganese sulfate (Mn$O
0.05 gL?).

1.3.1.5 Vitamins

Vitamins are essential micronutrients for the metabolism of all living organisms. Among them,
B-group vitamins play an important role in nutrition and general metabolism in lactic acid
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bacteria[LeBIancet al, 201]}. This group includes biotin (B8), cyanocobalamin (BfbHg
acid (B9), niacin (B3), pantothenic acid (B5), pyridoxal (B6) and thiamine (B1).

Results from previous studies show that vitamins B group did no impact the growth of
rhamnosusDEl\[PoIakBereckaet al, 201(). The spplementation of the culture medium with

the vitamins pyridoxine hydrochloride, pantothenic acid, niacin, riboflavin and folic acid only
little affected the growth ofL. rhamnosusATTC746$Liewet al, 2005). Consequently, they
were nd included into the optimized medium for the growth of this stré@hang and Liev|/,
[2019. By considering.. reuterj the study offCouvreuret al, 2017 recently showed that
supplementation of cyanocobalamin did not improve thel @dnsity during the growth
phase.

Consequently, as vitamins are expensive and complex to prepare, the growth media for
reuteri are generally not complemented with vitamins. In the culture media used for lactic
acid bacteria, the vitamins are generablyought with the complex components, such as
peptones or yeast extracts.

1.3.1.6 Tween 80

Tween 80, also known as polyoxyethylene sorbitan monooleate, is frequently used to
supplement culture media, such as HHD (homofermentatieterofermentative differential)
medium {(Requeet al, 2029 or MRS mediun{Burgéet al, 2015k, where it serves as an
emulsifier and a dispersing agent. It is also considered as a growth factor, adlspémi
Lactobacillusdelbrueckiispecies{Patanen et al., 200]}. This was confirmed by the recent
study of[Reitermayeret al, 2019 who showed, using a transcriptomic analysist the
growth-enhancing effect of Tween 80 Ilmactobacillus plantarunis based on energy and
resource savings, thanks to the downregulatiordefnovofatty acid synthesis. Compared to
Tween 40, Tween 60 and other free fatty acids, Tween 80 and frezaua also conferred
resistance against high hydrostatic pressureLtcpIantarum[Reitermayeret al, 2013. The
authors showed that Tween 80 diminishes the pressndkiced loss of metabolic activity,

the protein release as well as the membrane permeabilization. In addition, the presence of
Tween 80 in the growth medium &treptococcus thermophilusodified ts intracellular fatty

acid content, thus leading to a better survival after freezing and during frozen st
[et al, 200]). Finally, the work ofA-Naseriet al, 2013 showed thatLactobacillus caseias
able to use Tween 80 andrate as alternative carbon sources under carbohydrate starvation,
which sustained the cell survival for weeks.

From these studies, Tween 80 can be considered as a key component of culture media for
lactobacilli, where it can be added in a range of caricgions comprised between 5 gll@
[Naseriet al,, 2013 and 7.5 g (Reitermayeeet al,, 2019. ForL. reuterj Tween 80 is generally
added into the culture media in concentration comprised between 1 tjxtilolaet a., 2015)

and 5 g-t! (Couvreuret al., 2017.
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1.3.1.7 Cysteine

Cysteine is a sulfurontaining amino acid whose thiol growf®H) works as a functional group
and is responsible for the formation of disulfide bonds in protéRiste, 2013} It also displays

an antioxidant effec{fMokhtari et al.,, 2017} and acts as a redox potential redngi agent
{Santiestebari_épezet al., 2013. Cysteine can be utikd as a medium component for lactic
acid bacteria cultures in order to build the corresponding proteins and to reduce the oxygen
content in the medigFeng and Wang, 20||Rodriguest al., 201]). It is also known to help

the bacteria to survive under cold stress in fermented n{ll}ave and Shah, 19p7

From these considerations, cysteine can be considered to supplement the culture medium of
L. reuteri It has already been included inko reutericulture media at concentrations of 0.1
g-L! (Santoset al, 2009 to 0.5 gL* {Alazzetet al., 2009.

1.3.1.8 Betaine

Betaine is a natural amino acid compound, also known as trimethylglycine or glycine betaine
that is naturally found in sugar befﬁ)robnyet al, 202(). Functionally, betaine can work as a
methyl donor since it is composed by threwthyl groups. Additionally, it is considered as an
osmolyte that helps the cells to counteract osmotic shocks. This factor is an important
compatible solute for lactic acid bacteria and it shows a protective effect against drying. The
study of[Kets and De Bont, 19}34n L. plantarumdemonstrated that the addition of 2 mM
betaine into the culture medium helped the cells to survive an osmotic stress of 0.6 M sodium
chloride. By considerinigactobaillus buchneriR1102a moderate osmotic stress was applied

by combining the addition of betaine 2 mrrlol to that of KCI 0.1 mdlt? at the beginning and

KCI 0.6 mal:! at the end of fermentation. This method led to the highest accumulation of
betaineand improved the cell survival to freezjeying[Louesdoret al, 2014).

The presence of betaine in culture medium at a low level supplementatior (¢L1) was
reported as a factor leading to an increase of cell growth alattiate production by.. casei
ZW-63A(Zouet al, 2013.

From this information, as betaine helps the cells to counteract various stresses, its addition
should be interesting in the context bf reuterigrowth for further 3HP bioproduction.

1.3.2 Effects of environmental conditions orthe growth of L. reuteriin
bioreactors

Environmental conditions have to be controlled during any bioprocess, in order to potentiate
the metabolic activity of the microorganisms. Agitation rate, temperature, pH, osmolarity and

atmosphere are the most imptant factors that have to be taken into accouptammes and

[Ferel, 200}
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1.3.2.1 Agitation speed

Agitation is compulsory in a bioreactor, to permit homogenization and avoid cell
agglomeration and decantation, to facilitatemperature control and to reduce gradients
(substrates and oxygen concentrations, pH). However, it can generate some shear stress, thus
affecting membrane integrity and modifying cell functions. In addition, increasing agitation
speed leads to the increasof dissolved oxygen concentration, which can engender an
oxidative stress during anaerobic bioprocesses.

In the case of anaerobic bacteria like reuterj the agitation speed only tends to ensure
medium homogenization and microaerobic conditions. Iniadi, asL. reuteridoes not form
filaments unlike filamentous bacteria or fungi, the cells are not sensitive to shear stress.
According to[Ju et al, 202Q, low stirring rates (50 or 100 rpm) are more adapted to the
production of biomass df. reuteriCH53 than higher agitation rates (300 rpm). Consequently,
a moderate value of stirring rate is commonly used dutingeutericultures, such as 100 rpm
Burgéet al, 2015{Couvreuret al, 2017[Juet al, 202¢[Ortizet al, 201§ or 200 rpm[Chen|

|and HattiKaul, 201}{Dishisheet al., 2014.

1.3.2.2 Culture temperature

Temperature is one of the most important environmental conditions that affect bacterial
growth. Basically, increasing them@erature until the optimum value enhances the specific
growth rate by improving the enzyme activities, modifying the membrane fluidity and altering
the saturation level of the fatty acids of the phospholipids, both at intracellular and
membrane levels. klso modifies the affinity between the microorganism and the substrates
{Nedwell, 1999 However, at too high temperatas, denaturation of macromolecules
occurs, thus leading to cell death.

Most lactobacilli species are mesophilic, with an optimum temperature ranging between 30
and 45 °C. They can also grow at lower temperat{ives DeGuchteet al., 2002) and until
an upper limit of 53 °C, depending on the spe{N&medet al., 2009.

Previous studies have investigated the optimal temperature.akuteri By considering the
DSM T938 strain, it was demonstrated that 37 °C is the optimal temperature for cell growth.
The specific growth rate was twold increased at 37 °C as compared to 32 °C, irrespective
of culture pH[HernéndeBt al, 2019}. A slight different value was found for reuteriCG001

that exhibited an optimal temperature of 38.6 1Chenet al., 201Q.

It should be noticed that the optimum temperature for growth may differ from that
maximizing a given metabolic activity. For example, the optimal temperature for lactic acid
production by Lactobacillus acidophiluRD758 is 3 °C lower thathe optimal growth
temperature (Wang, 200% In addition,L. reuteril5007 cultured at 47 °C showed a better
survival after freezalrying, as compared to the optimum growth temperature of 3
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al., 2014. Consequently, this environmental factor has to be well defined for each strain and
each purpose bbioprocess.

1.3.2.3 pH and base used for pH control

To ensure a high metabolic activity, the cells have to maintain their intracellular pH at a
suitable value, even though the external pH is more acid or alkaline, since both disturb
bacterial growth and surviv@NaIIet al, 20079. This necessity is explained by the mechanisms
linked to the proton motive force{Chenet al, 2019. As a lactic acid bacteriurh, reuteri
produces lactic acid as the main product of the glycolysis pathway. Lactic acid is excreted into
the extracellular medium to help theells to maintain their intracellular pH, thus leading to

an acidification of the extracellular medium. Althoughreuteriis relatively acid tolerant
{Teixeiraet al,, 2014}, the accumulation of lactic acid and other organic acids associated, or
not, with a pH decrease considerably affects the physiological state of the cells. Cytoplasmic
acidification causes the inhibition of enzyme activities, the decrease in inukredinergy
production, together with the increase in energy expenditure to cope with cytoplasmic
acidification[Evenet al, 2003. In these conditions, energetic limitations may occur, thus
diminishing the specifigrowth rate and in some cases, the final biomass concentration
{Scheperset al,, 2002}. The inhibition is more important at low pH, i.e. when the proportion

of undissociated lactic acid is high as compared to the lactate [ﬁmneperset al, 2002). To
enhance the bacterial growth, it is recommended to maintain the pH at a constant value
corresponding to the optimum pH of bacterial cells. In that condition, the growthpsoved

(Baiet al, 2004 as a consequence of tier enzymaticactivities{Ampatzoglotet al., 2010Q.

By considerindy.. reuterj the growth can occur in a large range of pH, between pH 5.0 and pH
7.5, depending on the strain. Fro{KandIeret al,, 198(}, the optimum pH s generally
comprised between pH 6.0 and pH 6.8 foreuterisp. It was identified at pH 5.5 far reuteri
DSM 12244E}zZiney, 201BandL. reuteriDSM 1793¢Hernandezt al, 2019 and at pH 5.7

for L. reuteril5007(Liuet al,, 2014. In addition, the maximum pH at which growth stopped
has been reported at pH 8.1 for the reuteriJCMlll?strain[Sawatari and Yokota, 20p7

As for the temperature, the optimal pH for a given functionality may differ from the one for
growth. For example, L. reuteriATCC 55730 was more resistant to fredeging when the
cells were cultured at pH 5.0 as compared to pH{EﬂmfeIdt and Hahtagerdal, 200
Three kinds of base have been reported to control the pH durimgutergrowth: KOH Burgé|
et al, 2015¢, NaOHDoleyreset al,, 2005(Hernandezt al.,, 2019" Kristjansdottiret al., 2019
and NHOH(Dishisheet al., 2014|Ricciet al., 2015(Sardariet al., 20134. However, the issue
of whether the kind of supplied base affects or not the bacterial growth has nobgen
studied.
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1.3.2.4 Osmolarity

Osmolarity that defines the wateglectrolyte balance, corresponds to the number of particles
in 1 L of solution and is given in mOk# Lactic acid fermentation is generally associated to
an osmotic stress that is linked to high concentrations of salts that accumulate during
controlledpH cultures. These salts can be either sodium lactate, ammonium lactate or
potassium lactatdDe Angelis and Gobbetti, 2Q]louesdoret al, 2014. The use of high
initial carbon substrate concentrations during batch cultures is anatbason of osmolarity
issues.

Regarding lactobacilli, high osmolarity caused by high concentrations of sugar or metabolites
may inhibit cell growth and lactate productigdouet al, 2013. In fact, the cell membrane

is readily permeable to wat molecules, but an effective barrier to most other solutes
{Glaaskelet al,, 199@. Under high external osmolarity, water is removed out of the cell to
maintain the osmotic balance, which results in a reduction of cell volume, an increase in
intracellular solute concentration and a modification of the turgor press{@‘easkelet al, |
. In order to relieve osmolarity problems, different approaches may be used. By
considering lactate production ih. casei the osmotic stress caused by high substrate
concentration was reduced by appig a fedbatch fermentation strateg){Ding and Tari,
. As another approach, the selection of the osmotolerant sttaicaseG-03 resulted in

an increase in-lactate concentration as compared to the parent strE(B*eet al, 2011}. But

most of the works that deal with osmotic stress consider the ability of lactic acid bacteria,
mainlylactococci and lactobacilli, to uptake or synthesize some compatible solutes including
amino acids (glutamine, glutamate, proline) and amino acid derivatives (betaine, peptide, N
acetylated amino acid{Csonka, 198in orderto retain water within the cell and thus, to
maintain turgor pressureln most of the cases, the addition of betaine in the culture medium
is then carried out in ordeto reduce the osmotic stress caused by high salt concentration or
dehydration{Guillotet al, 2004|Kets and De Bont, 19BHouesdoret al., 2014.

1.3.2.5 Gaseous atmosphere

As an anaerobic aerotolerant microorganisim,reuterigenerally prefers a reduced oxygen
tension or anaeawbiosis during growtrtKandIeret al, 198(). From a positive point of view,
oxygen can act as an electron acceptor during sugar metabolism thus favoring energy
synthesis{Condon, 198}2 The presence of small concentrations of oxygen or other oxidants
during the growth of heterofermentative lactic acid bacteria causes a metabolic shift to
acetate at the expense of lactate or ethanol, together with the production of one additional
mole of ATP from the acetate kinase reactipikrsk')'ld et al, 200§. Oxygen also permits €0
factor regeneration via NADH oxidase and peroxic[hﬁnmes and Vogel, 19195

Practically, most of the cultures &f reuteriare performed without air sparging and without
addition of any gagBurgéet al, 2015H(Couvreuret al, 20173, which is the most simple and
less expensive situation. In few studies, anaerobic conditions have been maintained during
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the growth by continuous bubbling nitrogen gfBishishaet al, 2015|Doleyreset al., 2003.

The study otDoIeyreset al, 2005) indicated that adding Nduring the growth phase slightly
improved the 3HPA production by glycerol bioconversion. This was explained by a reduction
of the inhibition of glycerol dehydratase by oxyg{@nleyreset al, 2005). However, as some
CQis produced during cell growth by the heterofermentative metabolism, the conditions are
naturally anaerobigArskoldet al, 200§, which could explain the small difference rHBA
production that resuked from the two studied conditionEDoIeyreset al, 2005).

1.3.3 Summary of information

Thegrowth ofL. reuterin bioreactor is affected by many operating conditions. The availability
of nutrient sources including carbohydrates, nitrogen sources, aaltisvitamins, as well as

the addition of some growth factors like Tween 80, cysteine and betaine modify the growth
performances of the bacterium and its physiological state. Among these components, glucose
is considered as a good carbon source, yeastaekand/or phytone peptone can be chosen

as complex nitrogen sources, together with saltgls as KHWPQ, KHPQ, CHCOONa,
(NH)2GHs07, MgSQ, and MnS@ Tween 80, cysteine drbetaine not only benefit for cell
growth but may also help the cells to copéh stresses encountered during the fermentation

or during the subsequent processes they are involved in. The main environmental conditions
that act during growth include temperature, pH, osmolarity, aeration and agitation. A
moderate agitation speed (10Gbm), a temperature of 37 °C, a pH controlled between 5.5
and 6.8 and an anaerobic or microaerobic atmosphere are promising conditions for biomass
production ofL. reuteri

1.4 Glycerol bioconversion into-HP byL. reuteri

1.4.1 Major challenges of 3HP bioproduction from glycerol bi. reuteri

The bioconversion of glycerol inteF8P byL. reuterj according to the Pdu pathway shown in
Sectio shall take into account five main barriers that have to be controlled in order

to achieve high performances during the bioprocess. These barriers are presented below, as
well as the answers to avoid them.

1.4.1.1 Separation of growth and bioconversiosteps

Due to the characteristics of the metabolic pathway that transforms glycerol 'Hh{E’

, the growth stage of. reuterimust be separated from the bgequent bioconversion
phase, during which the cells will be used as wheak biocatalysts. Indeed, when glucose
and glycerol are simultaneously brought in the medium, the cofactor NADH generated from
the glycolytic pathway leads to a redox imbalancewsstn NAD and NADH in the Pdu
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pathway (Dishishaet al., 2014, thus resulting in 1,8DO production onlfLithiPenget al., |
[2002)| Sriramuluet al,, 200§. Besides, the biosynthesis of coproducts during the growth, such
as lactic acid, ethanol and acetic acid will be a hindrancthéofurther 3HP extraction
processe§Burgé, 201 Consequently, to separate the growth from théi® bioproduction,

a specific step of biomass harvesting coupled with a washing of cell pellets is necessary to
eliminate the growth medium that contains metabolites and residual glucose. The solution
used for washing and reuspending cells is required to be not or less deleterious to cell
physiological state. This solution can be a saline buffer, physiologioal,wwabsmosis water

that was recently used to rsuspend the resting cells reuteriDSM 1793§Burgé, 201f A
recent study in our lab reported that cell pelletslofreuterDSM 17938 rsuspended directly

in osmosis water without washing showed a better physiological state than cells suspended

and washed by potassium phosphate buffer or by physiologicalnf@iérge, 201[

As a direct consequence of the separation of growth and bioconversion steps and of the
dilution of the cells in osmosis water, a lack of inglhdar energy may occur in the resting
cells during the bioconversion, as there is no more carbon source for maintenance. Depletion
of intracellular energy in resting cells may reduce the bioreaction kinetics. However, during
the last step of the Pdu pattay that refers to the transformation of-Bydroxypropiony

phosphate into 3HP, some ATP regeneration occlkg(rel.7) that may limit this energy
depletion{Matsakaset al., 201§.

1.4.1.2 Limited conversion yield

The second challenge thatkFP bioproduction shall take up concerns the limitation of the
conversion yield of glycerol intol3P, that cannot be higher than a maximum value of 50 %
in moIe[Dishishaet al,, 2014. This limitation is the result of the redox balance requirement
that directs the catabolism of glycerol into equimolaoportions of 3HP and 1,3°DO (Figure
1.7). One solution to overcome this barrier is to couple the bioconversion process with
another bioprocess to convert 2BDO into 3HP. This was proposed {Dishisheet al, 2015)

and [Spinnleret al,, 202Q who demonstrated that 1,3?DO produced by. reuterican
subsequently be converted into-BP using an acetic acid badten such asG. oxydans
(Dishishaet al, 2019 or Acetobactersp. CIP 58.6fBpinnleret al., 202(.

1.4.1.3 Vitamin B12 supplementation

The mandatory presemcof vitamin B12 constitutes the third challenge of the glycerol
bioconversion process into-BP. Vitamin B12 is as a required cofactor of glycerol
dehydratase, the enzyme involved in the dehydration of glycerol irttPa(Toraya, 200p
Although L. reuteriowns the advantage of natural ability to synthesize this component
{Matsakaset al, 2015}, a supplementation of the bioconversion medium with an exogenous
source of vitamin B12 may boost the glycerol metabol[@muvreuret al, 2017). However,

this supplementation is costly, which could be a serious impediment in the context of
industrialproduction of 3HP.
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1.4.1.4 Inhibition of bioconversion by 3HPA

The fourth challenge of the-BP production from glycerol is linked to the toxicity of the
metabolic intermediate HPA, which is an antibacterial age{Stchaeferet al, 201(} that
conferred the probiotic properties tb. reuteri The aldehyde group ofl@PA is highly reactive
and thus can be converted into additional compounds in aqueous solpﬁohenweideret|
[al., 2003. 3-HPA can be dimerized, thus forming HPA dimer, or hydrated to form ytRaté.
These different forms of 3W  }ves]Sus §Z 7, \Wigurdl.OF Tihhe 3HPA dimer is
known as reuterinSchaefeet al, 201Q[Vollenweideret al, 2003. In the context of 3HPA
bioproduction, 3HPA is an inhibitorfahe enzyme propionaldehyde dehydrogenase, which
transforms 3HPA into ahydroxypropionyl CoA. The minimum inhibitory concentration (MIC)
of the bioconversion step was shown to be equal to 0.6 ¢equivalent to 8.11 mM) fok.
reuteri 20016[SabetAzadet al,, 2013. The MIC of #HPA forL. reuterigrowth has been
reported at 30 to 50 mM (or 2.2 g'to 3.7 g-12) for L. reuterDSM 2001¢Cleusiet al.,, 20079.

Figurel.9. HPA system in aqueous solutior-iBA {); HPA hydrate?), and HPA dimeBJ
(adapted from{Vollenweideret al., 2003)

As an intermediate metabolite in the Pdu pathway, the accumulation of intracelluitti?/3

can be deleterious to the bacterial cells. The toxicity-bff3A is caused by unspecific reactions

of the aldehyde with sulfhydryl groups of cellular proteins, thesutting in their inactivation
(Krauteret al, 2013[Schaeferet al, 201Q. The problem is that the dehydration of glycerol
into 3-HPA by the enzyme glycerol dehydratase is more rapid than the subsequent reduction
and oxidation of HHPAInto 1,3-PDO and HP, as demonstrated lil])ishishaet al, 2014. By

using metabolic flux analysis, these authors demonstrated that the dehydration rate was 10
times higher than the rates of the subsequent reactions. In order to counteracptoblem,

the glycerol has to be progressively supplied and its concentration shall be maintained at a
low value during the bioconversion to limit the activity of the glycerol dehydratase and to
maintain a low level of -BIPA in the cytoplasm. Consequenfigd-batch bioprocesses must

be employed instead of batch processes, to limit the glycerol concentration value all along
the bioconversion(Dishishaet al, 2014 |Dishishaet al, 2019. In that case, the glycerol
feeding rate shall be optimized in order to prevent the toxicity causedidi?& accumulation.
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1.4.1.5 Inhibition of bioconversion by 3HP

In the wholecell biocatalysts, inhibition by metabolic products is often a regulatory process
during bioconversiofRamakrishnaet al, 2013. As other organic acids;FP exhibits a toxic
effect to the cells[Burgéet al, 2015¢{van Mariset al., 2004. This toxic effect is due to the

}ve us]A 1 1. 3]}v }( 3Z u ]puU-HPZraduclién E4BaEGeéetal, |
. Moreover, cell needs more ATP to excrete tHdB produced in order to maintain the
pH homeostasis. Thus, these phenomena imply thatintracellular ATP concentration may
decrease when-BP accumulates.

In addition, when the pH is not controlled during the bioconversion, the proportion between
the dissociated and nedissociated forms of-BIP may vary. At low pH, the nalissociated
form predominates, which is more deleterious as indicatecﬂ&ghepersat al,, 2002}.

The end productelated inhibition occurred when usirlg reuteriRPRB300d@s a biocatalyst

for 3-HP bioproductior’[Ramakrishnaret al, 2015}. These authors reported that addition of
35 mM 3HP in the bioconversiomedium decreased the production of 1IFDO by 73 % and
hindered the synthesis of-BP{Ramakrishnaet al., 2019

1.4.2 Production modes used for glycerol bioconversion intéd® byl. reuteri

The bioproduction of 3HP byL. reuterihas been carried out through three kinds of
bioprocesses: batch nie, fedbatch mode and chemostat by using free cells or immobilized
cells|Tablel.44 summarizes the main results that will be discussed below.

1.4.2.1 Bioconversion in batch process

The simplest mode for metabolite production is the batch process. In the contextHét 3
bioproduction byL. reuterj it has been applied with both natural and engineered strains,
either in flasks, Schott bottles or bioreacs.

FromTablel.44, the bioconversion performed by the wild typereuterDSM 17938 in batch
mode always led to a short bioconversion phase, betvviaeh'{Burgéet al, 2015(} and 3 h
{Couvreuret al, 201'/}. This is explained by the fast accumulation of the toxic intermediate 3
HPA that reached 5.63 g-bnd 1.0 g-£in the culture, as a consequence of high initial glycerol
concertrations (i.e., 18.2 g, (Burgéet al, 2015¢ and 10 g-&, {Couvreuret al,, 201%. The
longest bioconversin in batch mode achieved so far, lasted up to 6 hours, thanks to a
supplementation with carbohydrazio[@ishishaet al,, 2014 that will be discussed in Section
1.4.2.4. This work led to al3P titer of 6.9 g-L, along with a 3HPA accumulatin of 25.8 g-L

1. The highest 3P titer (8.74 g:1) reached in batch mode was obtained with reuteri
FXZ014 after 3 h of bioconversion, together withdRA titer of 4.16 g'r'L[Zabedet al,, 2019.
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Tablel.4. Performances of-8IP bioproduction from glycerol ky reuteri

L. reuteri Bioproduction modes Operation 3-HP titer  3-HP productivity 3-HP yield 3-HPA titer Duration of References

strains conditions (g-h (g-L*-hY) (mol-molgiyceroi®) (g-Lh bioconversion (h)

DSM 20016 Batch mode in bioreacto 37 °C, pH 7.0, 6.9 0.38* 0.14* 25.8* 6 (Dishishaet al., |
1L NHOH 5N (2014

DSM 20016 Batch then feebatch 37°C,pH 7.0, 10.6 0.50* nd nd 21 (Dishisheet al., |
mode in bioreactor 3L  NHOH 5N (2014

DSM 20016 Batch then feebatch 37°C,pHb5.5, 14 0.24* 0.49* 0 58 (Dishisheet al., |
mode in bioreactor 3L  NHOH 5N 201

DSM 17938 Batch mode in Schott 37°C,pH 6.0, 2.34 1.56* 0.17 5.0 1.5 (Burgéet al., [
bottle 250 mL KOH 10N (20159

DSM 17938 Batch mode in bioreacto 37 °C, pH 6.0, 0.90 0.90* 0.11 5.6 1.0 (Burgéet al., [
5L KOH 10N (20159

RPRB3007** Repeated batch 37 °C, initial  nd nd 0.28* nd 16 (Ramakrishnaet |
biotransformation in pH 7.4 |a|., 2015
static flask 250 mL

DSM 17938 Batch mode in bioreactor 37 °C, initial 3.0 0.99* nd 1.0 3 (Couvreuret al., |
2L pH 6.8 (2017

RPRB3007 Fedbatch mode in glass 37 °C,pH 7.0 3.30 0.09 0.48 nd 35 (Zaushitsynat |
reactors 12 mL |a|., 2012}

HR2** Batch mode in vial 50 mL 37 °C, initial 5.20 1.04* 1.30 3* 4 Suppuranet al,, |

pH 7.4 201

FXZ014 Batch mode in flask 500 30 °C, initial 8.74 2.91 0,28* 4.16 3 (Zabedet al., [

mL pH 6.5 (2019

nd: not determined; (*) data obtained by calculation from published data; (**) GMO strain
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Repeated batch biotransformation has been used to partially overcome the inhibition by 3
HPA. This mode allowed reaching-BB production yield that was3times higher than that
obtained at the end of a nerepeated batci’[Ramakrishnaet al, 2015}. However, a decline

of the volumetric consumption rate of glycerol after two cycles had been observed. This was
explained by a the lack of vitamin B#i2 novosynthesis and a by loss of cellular viability
(Ramakrishnaet al,, 2019.

Consequently, from this information, the batch mode was aajood choice to reach good
performances for the bioconversion of glycerol int¢1® byl. reuteri

1.4.2.2 Bioconversion in feebatch process

To avoid the limitation of 3P production due to the-BIPA accumulation arising with high
glycerol concentration in theioconversion medium, the fedlatch mode is a more suitable
option. This kind of bioprocess is characterized by a continuous feeding of sterile substrate,
without harvesting the fermented medium containing the bioproducts. Consequently, an
increase in thevolume occurs during the process, which induces a dilution of the medium and
consequently of the product concentration.

In fed-batch mode, the glycerol feeding rate is controlled to maintain a low residual glycerol
concentration in the bioconversion mediu Some studies applied this mode of operation, by
associating a first step in batch mode dedicated.toeuterigrowth to a second step in fed
batch mode to subsequently perform the glycerol bioconversion with a wbellbiocatalyst
approach(Dishisheet al, 2014|Dishisheet al., 2019.

During a feebatch bioconversion, the glycerol feeding rate strongly affects the performances
of the bioprocess, and then the ratio between the intermediate produdtd3A) and the fial
products (3HP and 1,3°DO). FrofTable1.4] depending on thé.. reuteristrain and glycerol
feeding rate, an accumulation of 10.6 and 14'®f.3-HP was achieved, depending on the pH
of the medium (Dishishaet al, 2014 |Dishishaet al, 201§. The 3HP productivity was
comprised between 0.24 and 0.5 g-hl. These results were linked to low values of
accumulated 3HPA that did not exceed 1.36 §;lthus leading to a low molar ratio between
3-HPA ad 3-HP of 0.11 mol-mdicompared to 4.5 mol-mdiin batch modgDishishaet al. |

7014

1.4.2.3 Bioconversion using immobilized cells

Immobilization in biotechnology is defined as "the confinement or localization of viable
microbial cells to a certain defined region of space in such a way as to exhibit hydrodynamic
characteristics which differ from those of the surrounding environme{ﬂUngormusleﬂ
|Yi|mazet al, 2016). Various strategies can be applied for cell immobilization, including surface
attachment (natured or enforced adsorption), entrapment (in hydrogel or natural polymers),
seltaggregation (natural or inducedy containment behind a barrier (microencapsulation,
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two-phases entrapment, use of synthetic barrier such as heflbers, or use of membrane
bioreactors)GungormusleiYilmazet al,, 201§.

Some advantages of cells immobilization areogmized: higher reaction rates, higher
productivities, increased tolerance to high substrate concentration and product inhibition,
thus allowing a prolonged activity of the cdiBungormuslesYilmazet al, 2016(Wesmanet |
[al, 2013. Another advantage consists in the possibility ofising the biocatalysts (i.e., the
immobilized cells) for many successive bioproduction st&fpet al, 2016). In the case of-3

HP bioproduction, a longer bioconversion is observed by immobilizing the[%alt al. |
2016). These authors demonstrated that bioconversion duration increased from 24 h with
free cells to 150 h with immobilized cellsretombinantE. colBL21(DE3) harboring a nitrilase
gene used for hydrolysis off3PN into 3HP Recently, wholecells ofL. reuterRPRB3007 were
immobilized in crosslinked and cryostructured monoliths{Zgrushitsyn@t al, 2017}. When
being operated in a continuous plug flow reactor, these immobilized celproduced 3HP

and 1,3PDO equimolarly, with a molaatio of 91 %, corresponding to 3.3 g-of 3-HP and

2.5 g-t* of 1,3PDO[Zaushitsynaet al, 2017}. In addition, cell immobilization also allows
easier product recoverfOutramet al, 2017, which may help separating theksP from the
bioconversion medium.

However, besides the aboveentioned advantages, cell immobilization also shows some
disadvantages that concern low mass transfer through bacterial cell membrane, diffusion
limitation, possible deactivation of some functionalities during immobilizationaatditional

cost for operation[\Nestmanet al,, 2013, which may limit the use of this technique at
industrial scale.

1.4.2.4 Bioconversion associating a complexation cHPA

In order to alleviate the inhibitory effect of-dPA, a complexation of the molecule with
scavengers can be considered. This approach was achieved by complebdgudth sodium
bisulfite (Sardariet al., 2013K), carbohydrazidgDishishaet al, 2014[Krauteret al., 2013 or
semicarbaziddTalaricoet al,, 1%8}, with the aim to increase -BIPA bioproduction or to
protect cells from 3HPA detrimental effects. When the complexation was performed with
sodium bisulfite (43.4 g4) during a feebatch bioconversion witlh.. reuteribDSM 20016, the
specific 3HPA poduction and the overall molar ratio ofBPA to 1,3DO and HP were
increased by 2.2 times as compared to the -BEdch process withouin situ complex
formation {Sardariet al,, 2013t}. The protective effect of carbohydrazide has been studied
during 3HPA production by.. reuteriSDleZ{Krauteret al, 2013. The maximal titer of 150
g-L* 3-HPA was achieved in batch biotransformation with an initial glycerol concentration of
184 g-t* and an initial carbohydrazide concentration of 180%gTThese conditions tkto the
concomitant achievement of-BIP 5.9 g-Land 1,3PDO 6.4 g-1. These authors showed that
when 3HPA was entrapped, its production was improved, without benefiting 46P3
bioproduction. The component semicarbazide was utilized during reutendyation byL.
reuteri 1063[Talaricoet al,, 198&. Nevertheless, this complexation displayed an inhibition of
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the production of reutem (i.e., the dimer form of HPA) due to the covalent combination of
semicarbazide with-Bydroxypropionaldehyde. From this information, the addition é¢iBA
scavengers did not lead to an increaseiHR bioproduction.

1.4.3 Effects of environmental conditioe during bioconversion on the
performances of 3HP production from glycerol

During the bioconversion step, reutericells are sensitive to environmental conditions such
as temperature, pH and atmosphere composition. In addition, the substrate feeding
conditions of the fedbatch process and the complementation with some specific components
are also influent.

1.4.3.1 Composition of bioconversion medium

Before entering the bioconversion phase, cells resulting from the growth phase have to be
harvested and washed &liminate growth products and remaining glucose. It is also possible
to concentrate the cells to maximize the biomass concentration before starting the
bioconversion. Cells are then-seispended in a specific bioconversion medium that is
supplied withglycerol in fedbatch. Different bioconversion media have been proposed to
perform 3HP bioproduction.

As previously mentioned, a nagrowing medium has to be used foft8” bioproduction, in
order to prevent the synthesis of undesirable fermentation prodyces lactic acid, ethanol,
acetic acidfBurgé, 201 In fact, the absence of glucose was shown to reduce the production
of 1,3PDO and to permit that of-BIP, because of the balance between redox cofa
|and HattiKaul, ZOlnDishishaet al,, 2014. Consequently, only glycerol shall be present as a
carbon source in the bconversion broth.

Moreover, from the study ofGorge, 201p the resuspension of washed cells lof reuteri
DSM 17938 in osmosis water gave better resultsgared to resuspension in potassium
phosphate buffer or in physiological water. Cells were able to better maintain their enzymatic
activity and to ensure the maintenance of cell energy.

The addition of Nahas also been documented. It leads to a decreasthe activity of the
enzyme 1,3?DO oxidoreductas{é/lalaouiet al,, 200Q that explained the decrease ofl3PA
production byL. reuteriATCC 53608.uthiPenget al,, 2002). However, as less-BPA was
synthesized, it was less available for oxidation irHeR3

The presence of some free amino groups of peptides, that are included in complex media such
as sodium caseinas, casein hydrolysates, peptones and Amicase (i.e., casein acid
hydrolysate) was considered IﬁwthFPenget al, 2004. These components may react with
3-HPA as soon as it is produced, thus leading to a decrease in its concentration in the
bioconversion medium.
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Finally, one has to be considered the fact that the medium composition changes during
bioconversion, mainly beeise of the increased concentrations of metabolites such-a& 3

and 1,3PDO. The increase in-FHPA concentration may also occur when glycerol
concentration is not maintained at a low value. A$IBA and 31P accumulation can be
deleterious to the bioconusion at a certain threshold, 0.6 d.for 3—HPA[SabetAzadet al, |

and 3.2 g.t for 3—HP[Ramakrishnamat al, 2013, this can lead to a decrease in the
bioprocess performances.

1.4.3.2 Temperature

Glycerol metabolism using resting cellsLofreuteriis affected by the temperaturéhat acts
directly on the cell physiological state and on enzymatic activ{fieedwell, 1999 The
optimum temperaturefor the dehydration of glycerol to-BIPA was reported as 37 °C for
resting cellL. reuteriATCC 5360 GthiPenget al, 2003 and L. reuteriCGO01Huilianget]

al., 2013. Meanwhile, the optimum temperature for the reduction ofF&A to 1,£DO
thanks to the enzyme 1;BD oxidoreductase was equal to 45 °C that is probably due to a
higher enzyme stability in the resting celfsithiPeng et al, 2003. The impact of
temperature on the enzymatic activity of the enzyme propionaldehyde dehydrogenase in Pdu
pathway ofL. reuteriKCTC 359as observed at 37 °C in a context éfiB bioproduction
{Luoet al, 2011}. Thus, overall, the temperature 37 °C is the most convenient temperature
that has been reported for-8IP bioproduction by.. reuteriso far.

1.4.3.3 pH

Environmental pH affectd. reuteri cells during bioconversion, as it acts directly on
intracellular pH, as well as on enzymatic activities. Optimum pH during glycerol bioconversion
by L. reuterimay differ from that observed during growth. The optimum pH for growth.of
reuterisp. nov. in MRS medium is comprised between 6.0 andia8dleret al., 1980, but

the optimum pH for 3HPA bioproduction differs according to the bioproduction medium. It
was shown to be pH 5.0 in osmosis water, pH 6.0 in skim milk and pH 7.0

et 2003

The optimal pH ofhe bioconversion stage is also related to the optimum pH of the enzymes
involved in the Pdu pathway ib. reuteri The enzymatic activity of the Pdu proteins was
shown to be sensitive to pH chang[es'lthFPenget al, 2002}. Glycerol dehydratase displayed
the highest activity at pH 7.2 for the conversion of -py@panediol (1,Z2°DO) to
propionaldehyqualarico and Dobrogosz, 199Ghe most rapid reactions of oxidation and
reduction of 3-HPA to 3HP and 1,3DO, respectively, thanks to the enzymes
propionaldehyde dehydrogenase and propanediol oxidoreductase, were observed at pH 7.0
(SabetAzadet al, 2013 and pH 6.2, respectiveffalaricoet al., 1990. This was confirmed

by (Dishisheet al,, 2014 who showed tlat increasing the pH from pH 5.0 to pH 7.0 enhanced
the specific production rates of bothlBP and 1,3°DO during the glycerol transformation by

L. reuteriDSM 20016 (wild type) and by recombin&anteuterRPRB3007. Moreover, a higher
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molar ratio of 3-HP to 1,3PDO was achieved at pH 7.0 than at pH 5.0 (0.49 mol.mol
compared to 0.43 mainol?).

Finally, in the case of-dP accumulation, the pH effect is stronger as it modifies the
dissociation level of the acid, whosep& equal to 4.51. At lowHb, the acid form becomes
dominant in the medium thus generating a stronger inhibition by pH, as explained by
(Scheperet al, 2009 with L helveticus

1.4.3.4 Gaseous atmosphere

In the context of 3HP bioproduction, the gaseous conditions are important not only for
bacterial growth but also for the bioconversion stage. Particularly, they signify affect the
expression of enzymes involved in the glycerol pathway as well as the regeneration of the
necessary cofactofZabedet al., 2019.

It is noticeable that the enzyme glycerol dehydratase is sensitive to oX¥geavet al,, 2015.
It isexpressed uder anaerobic conditions but inactivated in the presence of oxygtrang

et al, 2019. Besides, the presence of oxygen reduces or even stops the synthesis of the
coenzyme vitamin B12 that is necessary for glycerol metabdéeret al, 199§. More
recently, it has been reported that oxygen inactivates the ayeme B12 of the enzyme
glycerol dehydratase, by a reaction between the activated@bond of the coenzyme with
oxygen[Xu et al, 2009. Finally, a low dissolved oxygen level can also reduce the NAD
regeneration during glycerol bioconversi{)mhoket al,, 2013}.

Maintaining anaerobic conditions by continuous bubbling of nitrogen gas p@eed through
biotransformation of glycerol to achieve the highesH® titer (14 g+t) obtained by resting
cells ofL. reuteriDSM 20016 so fgDishishaet al, 2015|Ramakrishnaret al, 2019. No
comparison with other gaseous conditions wasvewer presented. Finally, a complete study
analyzed the effect of aerobic, miceerobic and anaerobic environments on the
bioproduction of 3HP, 1,3°DO and 3PA byL. reuteriFXZ014Zabedet al, 2019. The
authors recommended to use micaerobiosis in order to improve-BP bioproduction,
whereas anarobiosis intensified 1;®DO bioproduction.

From these results, the use of mieaerobic conditions was shown to be the better choice to
stimulate the glycerol bioconversion inteHsP.

1.4.3.5 Glycerol feeding rate and specific glycerol feeding rate

As a precwor of 3HP, the glycerol concentration in the bioconversion medium clearly
impacts the bioconversion performances in fiedtch cultures. However, only few studies are
presently published on this subject.

A range of glycerol feeding rates has been stuaviti L. reuteriDSM 2001¢Dishisheet al.,
w who applied a multistep fetbatch conditions. The authors showed that increasing the
glycerol feeding rate from 0.6 to 1.6 ¢-enhanced the 3HP productivity, from 0.29 gih?
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to 0.64 g-t:-h'. By that, 3HP titer reached 2.92 and 6.37 ¢ kespectively, after 10 hours for
each step whereas-BIPA did not accumulate. A recent study of glycerol bioconversion
operated byL. reuteriCICC 6118 in batch mode highlighted the relationship between glycerol
concentration and 31P bioproductior{Zabedet al, 2019. In this work, the best-8iP titer

of 8.55 g-t was achieved (but with concomitanti3PA accumulation) when glycerol was
supplemented at 2.97 giLfor three hours that correspnded to a glycerol feeding rate of
0.99 gjlycerorh'l-

Because of the differences observed in the enzymatic activities involved in the glycerol
catabolism according to the Pdu pathwb?ishishaet al, 2015}, the rate of glycerol supply
directly affects the prodction of intermediate metabolites, mainly-BPA. More precisely,

the activity of the glycerol dehydratase is higher than that of the aldehyde dehydrogenase
{Dishishaet al, 2015). Due to this difference, it is required to control the glycerol supply rate
to avoidor reduce detrimental 3HHPA accumulation. The concept of specific glycerol feeding
rate is then highly relevant to characterize the bioconversion inbf@th mode as it takes

into account the bacterial concentration in the bioreactor, in addition toghbstrate feeding

rate (Dishisheet al., 2019.

Table 1.5/ summarizes the results of the two studies that have been published-bifr 3

production from glycerol in fetbatch mode.

Tablel.5. Specific rates characterizing the glycerol bioconversion by resting cklls of
reuteriDSM 20016

Glycerol feeding rate 0.6 1.0 0.6 1.6 0.75
(gglycerol' hl)
pH 5.0 5.0 7.0 7.0 5.0

Specific glycerol feeding 100.0* 167.7* 100.0* 267.7* 625
rate (Mgglycerorgeow-h?)

Specific 3HP production rate  43.0 62.4 49.3 110.8 31.0*
(Mmgs+rgeow'-h?)

Specific 1,3PDO production  36.3 52.7 41.7 93.7 28.0*
rate (Mg zroogeow™-h?)

Specific 3HPA production 0 25.9 0 29.0 0
rate (Mgzrpageow™h™)
References Dishisheet al., 2014 Dishisheet al., 2015

* Data obtained by calculations from the results given in the article

FromTablel.5[ it can be seen that théigher specific feeding rate resulted in the higher
specific production rate of final products-(8 and 1,3°DO) along with higher accumulation
of the toxic intermediate 3HPA, irrespective of pH. Consequently, the specific feeding rate of
glycerol dediated to 3HP bioproduction without undesirable accumulation 6GHBA was
recommended at 62.5 mgcerotgcowt-h™ when the culture was conducted at pH 5.0 or at 100
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Mgiycerotgeow-h when the culture was conducted at pH {Mishishaet al., 2014/ Dishishd

el 208

1.4.4 Effects of growth conditions on glycerol bioconversion inteHP

1.4.4.1 Harvesting time during growth

With a view of their subsequent use, the time at which the cells are harvested during growth
in batch cultwes influences the physiological state of bacteria. This has been clearly
demonstrated byRault, 200§, who showed that the viability and the acidification activity of
different lactobacilli species differed when the cells were recovered at the end of exponential
phase, the beginning of stationary phase or in late stationary ph[imm et al, ZOOQ
explained that enzymatic activities and membrane integrity, which were measured using
fluorescent labeling of the cells coupled to flow cytometry detection, can be used to define
the physiological state of the cells, and that these properties were affected by harvesting
time. Their results show that harvesting cells Lof delbrueckisubsp.bulgaricusCFL1 in
stationary phase helped bacteria to better survive and maintain thattifa@ation activity
{Raultet al, 2009. This was confired with Lactococcus lactsubsp.lactisTOMSC161, that
exhibited better survival and resistance to freebging and storage when the cells were
harvested 6 h after entering the stationary phase instead of at the begirofitigs phase or
after 3 h[\/ellyet al,, 2014. However, when the cells &f bulgaricu€FL1 stayed for a longer
time in stationary phase, a significant loss of cultivability was observed, thus indicating that a
degradation of the physiological state occurr@hultet al., 2009.

By consideringdy.. reuteriATCC 55730, cells collected 2.5 h after entering the stationary phase
showed higher viability (80 %) after freedsying than when they were harvested after 5 h
(50 %){Palmfeldt and HahiHagerdal, 200p In addition, from the studgf Ramakrishnan et

al. (2015), cells recovered in latgtationary (12 h) showed an enhancement of glycerol
bioconversion, which increased the specifitiB production rate 0.17 g-nrgecow*-h?) as
compared to cells recovered in exponential phé897 g+prgecow!-h?) [Ramakrishnalet al, |
. These results were recently confirmed withreuteriFXZ014 byZabedet al., 2019.
These authors achieved the highest concentrations-biiP3and 1,3°DO with cells collected

in stationary phase (sampling after 12 h of culture). In addition, the accumulatiofH&f/A3

was significantly lowethan with cells recovered in exponential phase (sampling at 6 h and 9
h) or in late stationary phase (sampling at 1$Zébedet al, 2019}. The increase in-BIP and
1,3-PDO production was explained by an increase in some enzyme activities when the cells
reached the stationary phase. FoiH®P, the exprssion ofpduP, pduLand pduQgenes was
3.7-fold upregulated in these ceII#Ramakrishnaret al, 2015). The simultaeous over
production of 1,3PDO was explained by the higher expression of the getheSDENndpduQ

along withpduPR pdul, pduQ[Ramakrishnanet al, 2015).
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From this information, a diversity of results was demonstrated by considering the effect of
the harvesting time on -BP bioproduction, degnding on the species, the strains and the
growth conditions. However, a consensus emerged with a better production when the
bacterial cells are recovered in early stationary phase.

1.4.4.2 Addition of vitamin B12 in growth medium

The addition of exogenous vitamBil2 (or cyanocobalamin) has been considered for the
glycerol bioconversion into-BIP byL. reuteri Regarding the Pdu pathway (Figure 1.7),
cyanocobalamin is an essential cofactor of the enzyme glycerol dehydratase. However, as it
is occasionally inactited during the reaction catalyzed by this enzyf@maret al.,, 201:-}

the addition of exogenous vitamin may be requifiimaret al, 2013.
Moreover, the moment at which the supplementation with vitamin B12 is done may affect
the ability of the cells to uptake the molecud the intracellular level. It has been reported
that the introduction of vitamin B12 (0.1 mgiLin the culture medium of.. reuteriDSM
17938 although not influencing the bacterigrowth, positively impacted the -BIP
bioproduction in batch mod{éCouvreuret al, 2017}.

Consequently, the medium supplementation with vitamin B12 shall be considered, either in
growth or in bioconversion media, with the aim of ensuring a real improvementtéP 3
production, while taking care to limihe production cost as cobalamin is quite expensive.

1.4.4.3 Addition of 1,2propanediol in the growth medium

1,2-PDO, also called propylene glycol, owns a similar chemical structure to glycerol. As
previously seen, the metabolic pathway for glycerol bioconversito 3HP byL. reuteri
follows the Pdu pathwangrel.?}. The addition of 1;2DO in the growth medium has been
studied by[Chenet al, 1994 as it is involved in the activation of genes of the Pdu pathway.
For this reason[Sriramquet al, 2003 added 1,2PDO at a concentration of 5 g-into L.
reuteriDSM 20016 growth mediumprior to glycerol conversion. Cells incubated in this 1,2
PDGQcontaining medium showed the maximal glycerol dehydratase activity in comparison
with those incubated in media containing only glucose or glucose plus glycerol. This was
confirmed by the high 3P titer of 14 g-Lthat was achieved bl. reuteriDSM 20016 resting

cells previously grown in MRS medium containing 1.3 g»?;-PDO[Dishishaet al, 2015).

From these studies, the early addition of -EPO in the growth medium is expected to
prepare the enzymatic pool of the bacterial cells and to further stimulate the glycerol
bioconversion into 3HP. However, the definition of an appropriate concentratiéri @PDO

can be useful for the optimum expression of the enzymes. Besides, its mechanism on glycerol
metabolism has not yet been elucidated.
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1.4.5 Summary of information

The 3HP bioproduction from glycerol by reuterifaces five major challenges that hawelie
alleviated: (1) the separation of the growth step from the bioconversion step that is
accompanied by a limitation of intracellular energy and a loss of cellular viability; (2) the
limitation of the conversion yield at 50 % as a result of cofactornzaa(3) the necessity of
vitamin B12 as an expensive cofactor for the first enzyme of the Pdu pathway; (4) the
deleterious inhibition by the intermediate metabolitelF3PA and (5) the deleterious inhibition

by the final product 3HP.

In order to overcomethese issues, the feHatch and continuous culture modes are
advantageous as they allow maintaining low concentrations efiP& during the
biotransformation. At that time, mainly fedatch mode was studied to produceH. The
nutritional and environmentalconditions have to be selected in order to prepare the
enzymatic machinery of the cells for further bioconversion. The growth medium composition
can be improved by adding :2DO and exogenous vitamin B12, and the harvesting time of
the cells has to be dmed probably in stationary phase. Finally, the effects of temperature,
pH, gaseous atmosphere and substrate feeding rate have been studied in order to increase 3
HP bioproduction.

1.5 Knowledge synthesis

The increasing interest fordP as a building blockcently led to some achievements in the
bioproduction of this renewable chemical. Overall, glucose and glycerol are the two most
common carbon sources that have been used depending on the microbial species. Even if
biochemical pathways to produce-HP fran glucose exist, the most interesting
microorganisms own naturally the enzymes involved in the glycerol metabolism. Among
them, L. reuteriis a promising candidate since this species harbors all enzymes of the Pdu
pathway, together with the ability to syhesize vitamin B12 as an essential cofactor. The
bioproduction of 3HP byL. reuterihas to be performed through a twsteps process that
includes (1) a growth phase in batch mode to increase the cell concentration and (2) a
bioconversion phase in feldatch mode, during which the precursor glycerol is converted into
3-HP and 1,3°DO by resting cells bf reuteri If many studies investigated the ability of this
species to produce-BIP from glycerol, the optimum conditions for this bioproduction have
not been fully determined. Consequently, conductisidies on the effect of culture and
environmental conditions is important since this will help to optimize the bioproduction
process. These conditions may act either during the first step of the bioproeesduring
bacterial growth, or during the second step, namely the bioconversion.

In that context, the present work aims at defining the conditions that affect the glycerol
bioconversion into HP. These conditions have to be considered first during toevigr
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phase, at the end of which the physiological state of the bacterial cells as well as the biomass
concentration shall be maximized. Secondly, the conditions employed during the
bioconversion step also have to be regarded, in order to increase the duegs
performances. To address these issues, the bibliographic synthesis has brought to light some
important medium components and environmental conditions during the growth that will be
studied in the first chapter of the experimental study. In the secamdpter of the
experimental work, some conditions used during the bioconversion step will be explored,
with the objective to improve 3P bioproduction by. reuteri
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Chapter 2. Materials and methods

2.1 Overall methodology

This work aims at studying the effects of several nutritional and environmental factors during
the growth step and the bioconversion step, in order to achieve the best conditions to obtain

3-HP byL. reuteriDSM 17938. The overall scherof the study is illustrated jRigure2.1

Figure2.1. Scheme of the experimental strategy performedhe present study
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Firstly, the conditions for growth df. reuteribDSM 17938 and glycerol bioconversion into 3

HP by resting cells were selected from the bibliographic study. These conditions were carried
out to characterize the bacterigirowth and the glycerol metabolism in bioreactors, as well

as the repeatability of the experiments. Then, some preliminary tests were processed before
each experimental design to define the factors to investigate and the lower and upper limits
of the tested factors.

Then, a first experimental design allowed studying the effects of nutritional and
environmental conditions during growth on the biomass production and on the cell ability to
subsequently perform glycerol bioconversion. These experiments wernedaut using fixed
conditions during bioconversion.

Thirdly, with this new set of growth conditions, a second experimental design was conducted
with the aim to study the effects of some environmental conditions during the bioconversion
step on the 3HPbioproduction. These experiments were performed using the set of growth
conditions fixed as a result of the first experimental design.

Finally, the selected growth and bioconversion conditions issued from the two experimental
designs were used simultanesly to improve the 3P bioproduction process.

2.2 Materials

2.2.1 Bacterial strain
The strainLactobacillus reuterDSM 17938 was obtained from BioGaia AB, Stockholm,

Sweden|figure 2.2). It was stored at 80 °C in cryotubes with glycerol 20 % (v/v) as
cryoprotectant. The same work bank was used during the whole study.

(A) (B)

Figure2.2. Cell morphology df. reuteribSM 17938 under optical microscope x 100 (A)
and their colonies on and inside a MRS agar plate (B)
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The purity of the strain was verified by 16S rRNA gene sequencing using Sanger sequencing
(Eunofins Genomics, Les Ulis, France). The detail of the method is described in Adpendix

The BLAST aIgorithEigureZ.B was used to compare the 16S r®Nequences with known
sequences found in NCBI GenB;ialmﬂtp@://www.ncbi.nIm.nih.qovj. Results obtained from

two samples (i.e., stored cells of the work bank and fresh cells after culture in MRS medium)
were the same. The 16S rRNA nucleotide sequences matched at 99.9 % withLtheguaéri
ATCC 55730 and at 99.8 % with the type sttaneuteriDSM 20016. It was reported in the
literature thatL. reuterDSM 17938 is the daughter strainlofreuterDSM 55730 (i.e. a strain

of plasmidcured ATCC 55730 with two deleted antibiotic gerfBs)sandeet al., 200§ and

that the strainL. reuteriDSM 20016 is close to reuteriDSM 55730.

Figure2.3. Phylogenetic tree allowing the comparison of the used strareuteriDSM
17938 with sequences available in NCBI GenBank

2.2.2 Chemicals used

The chemicals used in this study were purchased or synthesized as ||3iahléR.1

Table2.1. Chemicals used in the study

Chemical Chemical formula CASNo. Purity Supplier

1,2 PDO GH:O, 57-55-6 99.5 % SigmaAldrich, Saint
QuentinFallavier,
France

1,3PDO GHsO, 504-63-2 98 % SigmaAldrich

3-HP GH:Os 50366-2 ~30% TCI Europe,
Zwijndrecht, Belgium

3-HPA GHsO2 na 100 %% URD ABI, Pomacle,
France

Acetic acid GH/O, 64-19-7 H 66 X0 SigmaAldrich
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Acetone GHsO 67-64-1 >99.5% Fisher Scientific,
llikirch, France
Ammonium hydroxide NH,OH 133621-6 28t30%  SigmaAldrich
Betaine GH1iNG, 107-43-7 H 66 9 SigmaAldrich
Carboxyfluorescein  na 306-R100201¢ na Biomérieux, Marcy
diacetate o[ §}]o U &&E
(Chemchrom V8)
Carboxyfluorescein  GgHigNOi1 |150347594| H619 Thermo Fisher
diacetate succinimidyl Scientific, Villebon
ester sur Yvette, France
Disodium NaHPQ.HO 1002824-7 99 % VWR, Fontenay
dihydrogenphosphate sousBois, France
Ethanol GHsO 64-17-5 H 86 X6 Carlo Erba, Chaussé
du Vexin, France
Glucose GeH1206 50-99-77 99 % VWR
Glycerol GHsOs 56-81-5 H 66 9 SigmaAldrich
L-cysteine GH/NG:S.HCI.LEOD  34590932-2 H 66 9 SigmaAldrich
hydrochloride hydrate
Lithium Llactate GHsLIG 2784880-2 H 66 9 SigmaAldrich, Saint
Louis, MO, USA
Monohydrate citric GHsOr, HO 77-92-9 99.5 % Acros Organics, Gee
acid Belgium
MRS Broth CH 9008 No.14S 0 na na Biokar Diagnostic,
Beauvais, France
Phytone peptone CH s800.71No.22S0F 39107946-8 na Merck KGaA,
(from soymeal) Darmstadt, Germany
Potassium chloride KCI 7447-40-7 H 66 9 VWR
Propidium iodide GorHaaloNg 25535164 H 66 9 SigmaAldrich
Sodium hydroxide NaOH 1310732 35 % VWR
Trichloroacetic acid  GHCIO, 76-039 >99 % SigmaAldrich
Tween 80 na 9005656 H 66 9 VWR
Vitamin B12 Gs3HssCoN4O14P 68199 H 66 9 SigmaAldrich
(cyanocobalamin)
Yeast extract CH.0006MNo0.24550° Na na Organotechnie, La

Courneuve, France

(® The purity is considered as 100 %

(*) The chemical -BiPA is not commercially available. It was synthesized according to the protd@irge |
in URD ARAgroParisTech, Pomacle, France as described in Appendix 2

(® The chemical formula hagén determined in this study as explained below

(% Stock Keeping Unit (SKU) number

na: information not available
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2.2.3 Elemental analysis df. reuteriDSM 17938 and complex media

An elemental analysis was performed to determine the cell formula oéuteriDSM 17938

and the elemental composition of yeast extract and phytone peptone used as components of
the growth medium. A 2400 Series Il CHNS/O Elemental Analyzer (PerkinElmer, Waltham, MA,
USA) was used by the Institute of Chemistry of Natural Substanceketeymine the
percentages of C, H, O and N elements (Service de microanalyses, C.NSuSY\@ite,
France). The detailed analysis is given in Appendix 3.

2.2.3.1 Elemental analysis of complex media

The chemical formula of MRS was found toQes00.s2No.145.01. THDSeof phytone peptone
and yeast extract were respectively determined a€h.0006MNo24S01 and
CH 8500.71N0.22%0.02. This information is summarized rable2.1

2.2.3.2 Elemental analysis of. reuteriDSM 17938

Duplicate analyses were carried out from three samples of cell pellets prepared
independently. The cells were previously obtained from a batch culture in MRS medium
added with glucose 201g* (37 °C, free pH, 8 h), then concentrated by centrifugation at 5000
g, 10 min, 4°C. The cell pellets obtained after discarding supernatant were transferred to
cryotubes and freezdried in a SMH 15 freeadtrier (Usifroid, Maurepas, France). They were
stored at 4 °C until chemical analysis.

The cell formula ofL. reuteriDSM 17938 was defined as lDo.sNo.24 This result is
consistent with the general formula of bacteria, this one being@&b}.sNo.os (Metcalf, 2003.

From this cell formula, the cell molecular weight was calculated as 27mdaty It allowed

determining the number of moles of carbon incorporated in bacterial cellsnd growth,

from the difference between the final and initial cell dry weights (CDW), using the following

equation:

<ofZ F e<—<fZ7
6;®;

Nc in biomas§mol) L (eq.2.1)

This value was used to determine the carbon mass balances during the culisieeglained
in Section 2.5.5.

2.3 Two-step bioprocess for 3HP bioproduction

As explained in Chapter 1, the glycerol bioconversion shall be separated from the bacterial
growth. This was necessary to allow the cells to use different carbon sources to favor either
the growth or the bioconversion, and to keep a favorable redox balahoeng glycerol
metabolism. Thus, a twetep process was performed, as illustrated Figure 2.4and
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described below. It includes mainly a growth phase, performed in batch mode with glucose
as the carbon source, and a bioconversion phase by restingpbédimed from the first step,
performed in fedbatch mode withglycerol as the carbon source.

Figure2.4. Twostep process for-BHP bioproduction by.. reuteriDSM 17938
2.3.1 Bacterial growth in batch mode

Bacteial cells were first reactivated by introducing 0.5 mL of a work bank cryotube (gently
thawed from- 80 °C to ambient temperature) into 9 mL of MRS broth in a test tube that was
incubated for 30 minutes at 37 °C and 100 rpm. Then, a volume of 0.5 mtawsietred into
another test tube containing 9 mL of MRS broth. After énigcubation at 37 °C and 100 rpm,
cells from this preculture were used to prepare the inoculum in MRS broth supplemented
with 20 g-t* of glucose, incubated for 8 hours in the samonditions. Inoculation of the
culture medium was performed at a concentration of 5.1 ¥ §0of CDW per liter (@wL?),
corresponding to 5.8 x 2@ells-mt2.

Bacterial growth was conducted in aL%ioreactor Sartorius*®8Sartorius, Dourdan, Fraag
controlled by the software BioPAT® MFCS (Sartorius). The agitation rate was supported by
two Rushton propellers working at 100 rpm. Temperature was controlled using a Pt100 probe,
associated to a cooling finger and a heating coat. The temperature efsed in each
experimental design (33 °C or 37 °C; Table 2.2). The pH was controlled using a pH probe
(Hamilton, Bonaduz, Switzerland) at pH 5.5 or[F&ble2.2), by adding either N4DH 14.8

mol-L? (SigmaAldrich) or NaOH 8.75 moll(VWR), according to the experimental design
(Table2.2). Neither gas nor air was transferred into the bioreactor during the cultures to
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generate micreaerobiosis during the cultures. However, a condenser was employed to avoid
evaporation.

The growth was stopped wheneicells reached stationary phase. This was defined by the
time when the base consumption stopped.

Sampling was done periodically to monitor cell concentration by optical density (OD)
measurement at 600 nm and by flow cytometry (FCM), and to determineaihpltysiological
state by flow cytometry combined wittlouble fluorescent staining . It allowed quantifying
also thesubstrate and product concentrations by higarformance liquid chromatography
(HPLC).

For some experiments, the cell concentration wasmfified on-line by abiomass probe
EXcell 23QCellD, Roquemaure, France

2.3.2 Cell harvesting and concentration

At the end of growth, the fermented broth was harvested aseptically by a peristaltic pump
(WatsonMarlow Fluid Technology Group, Falmouth, UK]l @alets were separated from
the supernatant by centrifugation (AvafitE centrifuge, Beckman Coulter, Fullerton, CA) for
the experimental design 1 or (Avahfi26-XP centrifuge; Beckman Coulter, Fullerton, CA) for
the experimental design 2, at 6,2@0%or 10 min at 4 °CCell pellets were suspended in the
same volume of sterile osmosis water to redeitween 17 and 36@wL?, corresponding to

2 to 5420 cellsmL?! in the experimental design 1, and between 20 and 2#&wd’,
corresponding to 2 to 0'° cellsmL? in the experimental design 2.

2.3.3 Glycerol bioconversion in fetbatch mode

Two kinds of bioreactors were used for the bioconversion stage, due to the neetiofis
working volumes. They were used in fiedtch mode, by controlling the glycerol feeding rate.

For the preliminary assays and the first experimental design, the bioconversion was achieved
in a 2L bioreactor (Sétric Génie Industriel, Toulouse, Eexnassociated with the software
WCidus V.3 (INRAE, Grignon, France). The initial working volume was set at 0.8 L. A pH probe
(Mettler Toledo), a temperature probe (Sétric Génie Industriel) and ags@be (Mettler

Toledo) were used to monitor the biopress. The pH was controlled at 6.0 by addition of
NH:OH 1.48 mol-L, the temperature was set at 37 °C and the agitation rate was maintained

at 100 rpm with two Rushton propellers. Glycerol was added during thd&éch process

using a peristaltic pump (Wson-Marlow Fluid Technology Group, Falmouth, UK) that was
calibrated in advance for a glycerol concentration fixed at 100. g he glycerol feeding rate

was equal td.5 gh to avoid 3HPA accumulation.
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For the second experimental design and for thaidation experiments, 50L mint
bioreactors (Global Process Concept, La Rochelle, France) were used with an initial working
volume of 200 mL in order to launch the bioproduction with smaller volufFégute2.5).

They were associated to the softwareB 2 (Global Process Concept). Temperature and
agitation were controlled at 37 °C and 100 rpm, respectively. The pH was controlled using a
pH probe (Metler Toledo) at a value defined by the matrix of the second experimental design
(Table 2.4) by adding MBIH 1.48 M. The pQvas measured by an optical dissolved oxygen
probe Hamilton, Bonaduz, Switzerland). Glycerol was supplied usipgriataltic pump
(Watson Marlow 120tDV) that was calibrated in advance for a glycerol concentration of 50
g-Lt. As the pump can deliver the glycerol solution with a precision of 0.1 rpm corresponding
to 0.8 mL:H, the concentration of the glycerol feauj solution was defined for each
experiment, to obtain the glycerol feeding rate targeted.

Figure2.5. Photo of the minbioreactors (GP®roLal) used in parallel to perform the
bioconversion step

In all caes, bioconversion was stopped when no morelBB was produced, which was
evaluated by the cessation of base consumption. Concentrations of glycefi®t, 3,3PDO

and 3HPA were measured by sampling every 1.5 h until the end of the bioprocess, followed
by HPLC analysishese regular samples were also used to monitor cell concentration and cell
physiological state by flow cytometry.

2.4 Experimental designs

The principle of defining an experimental design is to achieve the targeted goals by minimizing
the number of required experiments. In the context of biological transformations,
experimental designs can help identifying relevant parameters that significantly act on the
bioprocess or allow defining the optimal conditions to be carried out to maximize the
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performances of the bioprocess. In this work, two experimental designs have been defined.
The first one attempts to identify nutritional and environmental conditions during the growth

of L. reuteriDSM 17928 that act on the ability of the cells to subsequertlyvert glycerol

into 3-HP. Due to the high number of factors to be tested, a Plackett and Burman
experimental desigrﬁPIackett and Burman, 19}l€uas selected in ordeto identify the key
factors that influence cellular biomass production and glycerol bioconversion. The second one
aims at determining some optimal environmental conditions that act during the
bioconversion stage. A central composite rotatable design mga@ned to select optimal
conditions for pH and glycerol feeding rate 0B bioproduction

2.4.1 Plackett and Burman experimental design and statistical analysis

From the bibliographic analysis, 11 factors have been identified as providing potential effect
on the growth ofL. reuteriand its capacity to produce-dP from glycerol. These factors are
listed ifTable2.2] glucose and yeast extract supplementation, addition of phytone peptone,
1,2-propanediol, cysteine, betaine (plus KCI), Tween 80, vitamin B12 and temperature, pH and
base used for pH control.

2.4.1.1 Experimental factors and their levels

The Plackett and Burman desigﬁlackett and Burman, 19*16vas selected to test a high
number of factors, allowed creating a mixtrwith 11 medium components and culture
conditions, with the aim to test their effects on growth and subsequehtFBbioproduction

by L. reuteriDSM 17938All factors have been tested within two levels: a Minus level and a
Plus level, as described|Trable2.2| A reference condition (T1) was defined by the Minus
levels of all variables, except for the pH and the temperature that were fixed at their Plus
levels (corresponding to the preliminary experiments). This reference condition was carried
out in triplicate.

The Minus level for glucose corresponded to a concentration of -20 agded to MRS
medium and the Plus level to an addition of 50'gaccording to the results of the preliminary
tests for glucose addition in Sect|8r8.1.] Adding glucose in MRS medium was done to avoid
substrate limitation.

TheMinus level of the other components that were added in the medium was defined at O
g-L* and the Plus levels were fixed according to information from the bibliographic review
(see part 1.3). The Plus levels for additional yeast extract and phytone peptmedixed at

25 gLt. 1,2PDO was added at a concentration of-Blgcysteine at 1 g1, betaine (+ KCI) at
0.234 gl-! (plus 0.745 ¢-1), Tween 80 at 4-g* (MRS medium already contains Tween 80 at
1 gL1) and vitamin B12 at 0.1 md.
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Table2.2. Factors included in the Plackett and Burman experimental design and their levels to study the effects of growth camditions

growth and bioconversion performanceslafreuteriDSM17938

Experimental factors

Run code | Additional | Additional | Phytone 1,2 . . . |Additional| . . Base type
_ .. |Cysteing Betaine (g-L) Vitamin B12Temperaturg .
glucose |yeast extrac| peptone | propanediol (@D | and KCl @) Tween 80 (mg LY ) pH (concentration,
@y | @ | @ | @y | IS ° in mol-L2)
Tl 20 0 0 0 0 Oand O 0 0 37 6 NHOH (14.8)
T2 50 0 25 0 0 Oand O 4 0.1 33 6 NaOH (8.75)
T3 50 25 0 3 0 Oand O 0 0.1 33 5.5 NHOH (14.8)
T4 20 25 25 0 1 Oand O 0 0 33 55 NaOH (8.75)
T5 50 0 25 3 0 0.234 and 0.744 0 0 37 55 NaOH (8.75)
T6 50 25 0 3 1 Oand O 4 0 37 6 NaOH (8.75)
T7 50 25 25 0 1 0.234 and 0.744 0 0.1 37 6 NHOH (14.8)
T8 20 25 25 3 0 0.234 and 0.744 4 0 33 6 NHOH (14.8)
T9 20 0 25 3 1 Oand O 4 0.1 37 55 NHOH(14.8)
T10 20 0 0 3 1 0.234 and 0.744 0 0.1 33 6 NaOH (8.75)
T11 50 0 0 0 1 0.234 and 0.744 4 0 33 55 NHOH (14.8)
T12 20 25 0 0 0 0.234 and 0.744 4 0.1 37 55 NaOH (8.75)
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The Minus level of temperature was defined thanks to a preliminary experiment (Section
at 33 °C, and the Plus level at 37 °C which is the optimum temperftui. reuteri
growth. The Minus level of pH value was assigned at 5.5 as a result of a preliminary
experiment (Sectig.3.1.3 and the Plus level at pH 6.0 as optimal value for growth (Section
[1.3.2.. The base solutions foiHocontrol were defined as NBH (14.8 moL%) and NaOH

(8.75 molLY) for the Minus and Plus levels, respectively.

In order tohelp the reader to better understand the results obtained from this experimental
design, the pH and temperature have been introduced at their Plus level in the reference
condition. This means that in the Plackett and Burman matrix, all factors of theenee
condition were set at their low level except for these two factors. This did not change the
calculations but facilitated the interpretation of the results.

All experiments were performed according to the tstep bioprocess that corresponded to
expeimental design 1 mentioned in secti@ They were randomized, and the reference
condition was carried out in triplicate.

2.4.1.2 Responses variables and statistical anags

The effects of the 11 factors were tested on various response variables, which were expressed
according to the general model as follows:

Y=k = & Y (eq.2.2)

Where Yis the response variable;, khe constant value ofiWhen all 11 variables are at their
Minus levels (except for the factors pH and temperature)itee linear coefficient of each
variable to express the effect of the Plus level; apg, Yhe value 6 the Plus level of each
variable i.

Data treatment was performed by multiple regression analyses using the XLSTAT software
(Addinsoft, Paris, France).

Six response variables have been selected to describe the effects of the factors on the growth
and biocmversion steps. Three of them concerned the growth step:

- Cell concentration at the end of the growth stepdgL?)

- Lactic acid concentration (gL)

- Molar ratio of the sum of [acetic acid + ethanol] to lactic acid which informed about
the relative pat of PK pathway in glycolysim@lacetic acid+ ethanolyMOliactic acia®), as
described byBurgéet al., 2015H).

Threeresponse variables concerned the bioconversion step:

- Total quantity of 3HP produced at the end of the fdshtch (g.+p
- Specific 3HP production yield g»gcow?)
- Duration of the bioconversion (h)
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2.4.2 Central composite design

A central composite rotatablexperimental design (CCRD) with two factors at five levels was
employed to search for optimized conditions during the bioconversion step. This kind of
experimental design allowed generating surfaces responses by quantifying the single and
quadratic effectof the factors as well as their interactiofBox and Wilson, 1931

2.4.2.1 Experimental factors and their levels

According to the bibliographic study and results of the preliminary tests, two factors
influencing the bioconversion step were included in the CCRD: the pH and the specific glycerol
feeding rate (g Mgyycerotgcow’ht). They were tested at five different levels, whose coded
values and corresponding real values are giveraiple2.3{ The lower limit, the central piot

and the upper limit of the factors were defined from the literature and according to the results

of a preliminary test (Sectiph.4.]).

Table2.3. Factors of the central composite rotatable design and their five levels

Factor Unit Levels
-1.4142 -1 0 1 1.4142
pH 4.8 5.15 6.0 6.85 7.2
Js mg_1lycero|.g(:DV\il.h'1 20 29 50 71 80

gs Specific glycerol feeding rate

The design allowed creating a matrix of 11 combinations, including a triplicate repetition at
the central point. The matrix of the experimental design is shoeinie2.4]

All experiments were performed using the same conditions during the growth step. These
conditions were selected from the results obtained in the first Plackett and Burman
experimental design. They aesponded to: MRS broth supplemented with glucose 26,9
phytone peptone 2%-L'%, 1,2PDO 3y-L%, betaine 0.234y:L* plus KCI 7.45§ L1, Tween 80 4

gL The growth temperature was set a7 °C and the pH was controlled at 6.0 by addition
of NH/OH at 14.8 M.

The bioconversion step was conductd37°C, at an agitation rate of 100 rpm and at pH and
specific glycerol feeding rates defined by the experimental design.
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Table2.4. Matrix showing the coded levels of the factors tested duringtioeonversion

step
Run code pH Specific glycerol feeding rate
(mgglycerol'gCle'h-l)
R1 5.15 29
R2 5.15 71
R3 6.85 29
R4 6.85 71
R5 4.8 50
R6 7.2 50
R7 6.0 20
R8 6.0 80
R9 6.0 50
R10 6.0 50
R11 6.0 50

2.4.2.2 Response variables and statistical analyses

The effects of the two factors have been tested on various response variables, which were
expressed according to the general second opg@ynomial equation as follows:

Y=ap+a1r pH +az Xsctaz pH Xsctair PH? +az2 Xsé (eq.2.3)

WhereY s the predicted value of the response varialpet and gscare the coded values of
the factors;agis the regression coefficient corresponding to the central point (where all coded
variables were set at 0g; and az are the linear coefficientsai1 and ax; are the quadratic
coefficients;ai2 is the crosgproduct coefficient.

Analyses of variance (ANOVA) were performed to highlight the significant effects of the
factors and their interaction at P < 0.05. The software Statgraphics 3.0 (Statistical Graphics
Corp., Warrenton, USA) was used for designing the experiments and analyzing the data.

The model has been tested on sevamiablesthat concerned the 3HP bioproduction:

A Maximal 3HP titer(gsnpL?)

A Maximal 3HP quantity(gs-+p)

A 3-HP production yieldgs1rgeow?)

A Glycerol specific consumption rate (8igerotgcow-h?)
A 3-HP production ratégs.rph?)

A 3-HP specific production rat@snrgeowt-h?)

A Volumetric productivity of 3HP(gznpL-h?)

The volumetric productivity of-BIP was calculated after 24 h of bioconversion, in order to
better compare the different conditions.
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2.5 Analytical methods

2.5.1 Characterization of cell concentration and cell physiological state

2.5.1.1 Quantification of cell dryweight

Cell dry weight was determined lgyavimetry. A defined volume of sample was filtered on a
pre-dried and preweighted polyethersulfone filter of pore size 0.22 um (Sartorius, Géttingen,
Germany) using a vacuum pump.

The filter was then rinsed witlleionized water and dried in an oven (Memmert GmbH,
Bichenbach, Germany) at 90 °C for at leéagh until constant weight. Filters were then
weighted on a precision balance (Sartorius ED224S, Goéttingen, Germany). The CDW was
obtained by subtracting the weht of the empty filter to that of the filled filter and by dividing

by the sample volume. It was expressed dpvg-t.

As CDW measurements were not completed during all the cultures because of the time frame
to obtain the results, they have been corrigd to turbidity measurements.

2.5.1.2 Measurement of optical density

OD value was assesseiftline by spectrophotometry, using a visible spectrophotometer{UV

s]* A}oud]}vj TiiU &]*Z & ~ ] v3](] ™ "U /oed] Gultdrd s&dRles <« §
were dluted so that the measured value was comprised in the linear working range of the
spectrophotometer. The results were correlated to CDW, as presented in

Some experiments benefitted from then-line measurement of medium turbidity by a
biomass probe EXcell 280ellD).

The system is based on the measurement of optical density with an inftZE&beam light
at 880 nm that was registered every minute.

2.5.1.3 Quantification of cell concentration and cell physiological state by flow cytometry

Cell concentration and physiologicithte were measured by combining FCM and a double
fluorescent staining of the samples to differentiate active cells from permeabilized cells,
according toBurgéet al,, 2015¢Raultet al.,, 2007.

The carboxyfluorescein diacetate (cH2#Mowed assessing the intracellular esterase activity

of the cells. It is a small molecule that can easily enter into the cells, where it can be cleaved
by cytoplasmic esterases to form carboxyfluorescein (cF) that fluoresces in green after
excitation. A esterases are enzymes of the basal metabolism of roiganisms, this
measurement gives an image of the metabolic activity of tléﬁmltet al, 2005. The nucleic

acid dre propidium iodide (PI) was used to characterize cells with permeabilized membranes.
As a large molecule, Pl only enters inside the cells whose membrane is permeabilized, where
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it forms a DNAcomplex that fluoresces in red after excitation. By combingséhéwo
fluorescent dyes, it is possible to differentiate, in a bacterial population, fouspsytloilations

that correspond to active and not permeabilized cells, not active and permeabilized cells,
active and permeabilized cells and unstained cells. Unstiaitells correspond either to
particles of same size and granularity than cells or to cells that were not active and that
definitively lost their nucleic aciRaultet al, 2007.[Figure2.6|presents a scheme that
summarizes the principle of the double fluorescent staining.

Figure2.6. Principle of the fluorescent probes (cFa#d Pl) simultaneously used to
guantify the cellular physiological state.

(A) Enzymaticaltgctive cells, stained with only cFDA; (B) Permeabilized cells, stained only
with PI; (C) Damaged cells, stained with both cFDA and PI

Samples were carefully prepd before FCM measurements and were kept at 4 °C except for
the incubation step. They were first diluted in Mcllvaine (MI) buffer pH 7.3 to reach a
concentration of about 1®cells-mtl. Ml buffer was composed of 0.2 mot-ldisodium
dihydrogenphosphateJ( T. Baker, Deventer, NL) and 0.1 matitric acid Acros Organics,
Geel, Belgium Dual staining was carried out by simultaneously adding to one milliliter of
]Jous ¢ Uu%o i ..> & (E}uSZ }uu E ] o *}ousS]}v Zu ZE}u :
o[ iR} France) diluted in acetone (Fisher Scientific, Leicestershire, UK) at 10 % (v/v) and 10
...> W/ 14ni diBtjlled water, Sigmdaldrich). After mixing, samples were incubated for 10
min at 40 °C and cooled in an{bath. Subsequently, FCM analysesrevperformed with a
BactiFlow cytometer (Sysmex Partec, Roissy, France) working with a sheath fluid (Sysmex
Partec). Cell fluorescence was measured at 530 nm for cF and at 630 nm for PI, after excitation

by a 488 nm emitting laseFigure2.6).

The BactiFlow cytometglSysmex Parteayas equipped with an acooled argon ion laser
that emitted at 488 nm. The signal obtained from a forwartjle light sctéer (FSC, 0° from
the incident light) gave indications about the cell size. The signal obtained from-argte
light scatter (SSC, 90° from the incident ligiitjormed about the cell granularity.
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Fluorescence intensity was measured by two photomudigl at 530 nm to collect the green
fluorescence of cF (FL1 channel) and at 630 nm to collect the red fluorescence of PI (FL2
channel).

Data were acquired and analyzed thanks to the Flowmax software (Sysmex Partec) by using
logarithmic gains and specifietectors settings and thresholds. The bacterial population and
subpopulations were identified using dot plots. A dot plot combining the FSC and SSC signals
was used to discriminate the bacterial population (corresponding to the region of interest 1,
R1) fom the background signfifigure2.7]). Gates were defined on the dot plot FL1/FL2 to
differentiate the events that corresponded to the distinct sppulations: enzymatically

active cells with a nopermeabilized membrane (quaaint Q4), permeabilized and inactive

cells (quadrantQ1l), active but permeabilized cells (quadr&p®) and unstained particles
(quadrantQ3) [Figure2.7B).

Figure2.7. Cytograms obtained from FCM detectionLofeuteriDSM 17938 bacterial cells
thanks to (A) the FSC and SSC signals, and (B) double fluorescent staining to differentiate
sub-populations

Q1: Pistained cells corresponding to permeabilized and inactive cells; @idPtFDA
stained cells corresponding to damaged cells; Q4: eftBiAed cells corresponding to
enzymaticallyactive cells with a nopermeabilized membrane; Q3: waed particles

The cell concentrations (in cells-#)lof the region of interest R1 and the percentages of each
subpopulation were calculated and displayed by the software, as illustraeigjine2.7B.
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2.5.1.4 Correlations between optical density, cell dry weight and cell concentration
obtained by flow cytometry

Three correlations were established between (1) optical density at 600 nm and ostidyt,

(2) optical density at 600 nm and cell concentration obtained by flow cytometry (CFCM) and
(3) cell dry weight and cell concentration obtained by FCM. These correlations allowed an
easy switch from one to the other method of cell concentratidatermination and
expression.

Specific cultures were performed to establish these correlations. Bacterial cells were grown
in a 5L bioreactor with MRS broth supplemented with glucosega8 at pH 6.0, 37 °C and

100 rpm until the beginning of stationary pde Cells were then harvested and concentrated

by centrifugation to obtain 18 cellsmL! before processing triplicate dilutions from %0
cellsmL!to 10° cellsmL™.

All measurements of Qgy, CFCM and CDW were performed in triplicate.

The corresponthg equations are given below:

CDWE 0.26 x OB (R=1.0) (€q.2.4)
CFCM= 2.99.16 x ORoo (R=1.0) (€q.2.5)
CDW = 8.82.19 x CFCM (R =1.0) (€q.2.6)

With CDW(geowl:) and CFCMeélismL).

2.5.2 Assessment of intracellular energy

According tdBunthofet al, 1999 Raultet al, 2009, the measurement of intracellular energy

level is associated to the capacity of the cells to excrete the intracellular cFtafteng with

cFDA as cells use ATP for cF excretion. These authors proposed to measure the intracellular
energy level by combining flow cytometry to a fluorescent staining with cFDA and by
measuring the fluorescence intensity of the cells before and afteubation for 20 min to

allow cF excretion.

Samples of 2 mL were first prepared at the desirable concentration®aell8-mt! by dilution

in Ml buffer pH 7.3, then added with 1@ of cFDA (Chemchrom \BBpmérieuy. The mixture

was incubatedin an immersion circulator (Fisher Scientifat) 40 °C for 15 min before
centrifugation (Eppendorfi-isher Scientifjcat 14,500 rpm for 90 seconds to eliminate the
supernatant. The cell pellets were suspended in 2 mL of MébpH 7.3. Half of the volume

(2 mL) was directly analyzed with the flow cytometer (Sysmex Partec) to measure the initial
fluorescence intensity (IFO) of cF at 530 nm, as described in Section 2.5.1.3. The remaining
sample of 1 mL was incubated at ZD br 20 min to allow cF excretion. It was centrifuged
again at 14,500 rpm for 90 seconds;sspended in 1 mL of MI buffer pH 7.3 and the
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fluorescence intensity of cF after 20 min incubation was measured (IF20). The difference
between the initial intracelllar fluorescence intensity and the residual intracellular
fluorescence intensity after a 2@in incubation divided by the initial intracellular
fluorescence intensity allowed calculating the intracellular energy level as DeltalF20 (in %)
according to equabn 2.7:

MJIJAMJ6 4

DeltalF20 (%)_ W x 100 (eq 2.7)

2.5.3 Measurement of intracellular pH

The intracellular pH (pHi) was determined by FCM after staining the bacterial cells with
carboxyfluorescein dcetate succinimidyl ester (cFE¥E) (Thermo Fisher Scientific, Villebon
sur-Yvette, France). The principle of this measurement is based on the preliminary
establishment of a linear correlation between the fluorescence intensity of cells and their
intracelular pH fixed by previous permeabilization with ionophoaeslincubation in buffers

of various known pH. The intracellular pH of samples can then be calculated from this linear
equation. The correlation has to be carried out for each sample, due toattetliat the
fluorescence intensity is linked to the cell volume, which itself depends on the growing phase
and cell physiological state.

To build the linear correlation, a series of 6 Ml buffer solutions with pH values ranging from
5.5 to 8.0 was first mpared

1 mL of each cell sample to be characterized was added witih. D6® cFDASE Thermo Fisher
Scientific) andncubatedin an immersion circulator (Fisher Scientif) 15 min at 4C0°C. It

was centrifuged at 14,500 rpm for 90 secorjippendorf, Fisher Scientific) at 4 °C, then re
suspended in Ml buffer pH 7.3 to reach a concentration ét#&ls-mt!. It wasthen aliquoted

in seven parts, six of them to establish the linear correlation and one for measuring its
intracellular pH.

Thefirst aliquot of cell sample was diluted 10 times more (to rehghcells-mtl) in M1 buffer
pH 7.3 to measure the fluorescence intensity without membrane permeabilization.

The six other aliquots were diluted 10 times in the six MI buffers of known pidaicha
concentration of 10 cells-mt! and permeabilized by adding nigericin (1 uM, Sigma Aldrich)
and valinomycin (1 uM, Sigma Aldrich) to equilibrate intracellular and extracellular pH.
Permeabilization was instantaneous and the samples were kept°&t éntil fluorescence
measurement.

Samples were then analyzed by flow cytometry to detect the fluorescence intensity at 530
nm on FL1. A correlation between the fluorescence intensity and the pHi of the cells was then
established, as illustrated|figure2.8
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75 y=0.0266x+4.8358 ¢4
R2=0.9814 i

0 50 100 150
FL1 fluorescence intensity

Figure2.8. Example of a linear relationship between intracellular pH (in the range 5.5 to
8.0) and corresponding fluorescence intensitiesLofreuteriDSM 17938 cell samples

The pHi of bacterial cells was then determined thanks to the measurement of the sample
fluorescence intensity by using the linear equation giveRigure2.8

2.5.4 Quantification of substrates and metabolites by HPLC

The substrate of bacterial growth (i.e., glucose), the precursor of the bioconversion (glycerol)
as well as the growth metabolites (lactic acid, ethanol and acetic acid) and bioconversion
products (3HP, 1,3PDO and 3PA) were detected and quantified byghperformance

liquid chromatography (HPLC, Waters Associates, Molsheim, France).

Before HPLC analyses, proteins have to be eliminated from the samples. Samples harvested
during the growth step were diluted twice with trichloroacetic acid (Sigitdrich)at 60 g-L

1 while those harvested during the bioconversion step were diluted twice with citric acid
(Acros Organics, Geel, Belgium) at 5'gA_centrifugation at 13,000 rpm for 10 min at 4 °C
(Eppendorf, Fisher Scientific) was performed to separateétigellets from the supernatant
before filtration through a 0.22... u %.Si£E filter (Sartorius Stedim Biotech, Gottingen,
Germany). A volume of 20 uL of each sample was injected by an autosampler (Waters 717
plus) on a catiorexchange column Aminex HBXH (300 mm x 7.8 mm, Biorad, Richmond,
USA). The analyses were done in isocratic mode, with a mobile phase composg&iof H
(SigmaAldrich) and at controlled temperature. Two sets of conditions were applied to
separate properly the components of the sples. They differed by considering the column
temperature, the HSQ concentration, the flow rate of the mobile phase and the running
time, as described ifable 2.5.
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Table2.5. Conditions of HPL&halyses for quantification of substrates and products of
both growth and bioconversion steps

Condition A ConditionB
Temperature (°C) 35 60
H.SQ concentration in 5 0.5
mobile phase (mmol)
Flow rate of mobile phase 0.6 0.4
(mL-min?)
Running time (min) 35 30

Compounds detected in  Glucose (9.3), lactic acid (13.2)
growth samples (and acetic acid (15.6), ethanol (21.z
corresponding retention

times, in min)

Compounds detected in  3-HPA (14.9), 1;BDO (17.5), Lactic acid (18.7,
bioconversion samples  acetic acid (15.6), ethanol (21.2 remaining from growth),
(and corresponding (the two later remaining from  3-HP (19.7), glycerol (20.:
retention times, in min)  growth)

Detection was achieved by a refractive index (RI) dete@Vaters 2414). Quantification of

the concentrations was achieved using the Empower software (Waters Associates) with the
help of external standards that were prepared in Mligrade water at concentrations
comprised between 0.1 and 10 g:IConcentrations were given in ¢:L

2.5.5 Assessment of molecular balance and carbon mass balance

The molecular balance corresponds to the ratio of the sum of molar quantities of metabolites
to the molar quantity of consumed substrate. The carbon mass balamcesponds to the

ratio of the sum of molar quantities of metabolites and molar carbon quantity in biomass to
the molar quantity of substrate. They are both given in percentage. During the growth phase,
they differed as the carbon contained in the biomassnot taken into account in the
molecular balance whereas it is included in the carbon mass balance. During the
bioconversion phase, these balances were equivalent as the biomass concentration remains
constant in the form of resting cells. For this steply the carbon mass balance will thus be
considered.

The molecular weight of. reuteriDSM 17938 cellsvas calculated from the cell formula
established in sectig@.2.3.4 CH ss00.62No.24. It is equal to 27.17cg.mokeir™.

During growth, the molecular balan¢®Bg, in % moimol?!) and the carbon mass balance
(CMB;, in % moimol?) have been calculated by considering that the central metabolisim of
reuteriused PK and EMP pathways, from the equations below:
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MBg (%) = [1/2(|fzhctic acidt NEthanol T Macetic aci()] I NGlucose (eq 2-8)
CMBs (%) = (3.Mhctic acidt 2.MEthanol+ 2.Mcetic acidt Ncoz+ N h Biomas} / 6.MGlucose (€. 2.9)

During the bioconversion step, the carbon mass balance &NMB% mommol?!) was
established according to the Pdu pathway, by the next equation:

CMB = (n-Hp+ Ni,3ppot Ms-HPA / Nalycerol (eq.2.10)
With n being the number of moles of consumed glucoseusd or glycerol (Biycero),

produced lactic acid (Bctic acig, €thanol (&tano), acetic acid (Ketic acid, CQ (Ncol, carbon in
cells produced during growth €m siomags 3HP (B-1p), 1,3PDO (azppg and 3HPA (B+pra.

The produced COmolar quantity was estimated as being equal to the number of moles of
produced [ethanol + acetate], igegeement with the stoichiometry of PK pathway.
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Chapter 3. Effect of culture conditions dn reuteri
DSM 1793&rowth and ability to performglycerol
bioconversion

This chapter presents the results and discussion of the study that focused on the effects of
eleven culture conditions during the first step of growth, on the bacterial growth and on the
3-HP bioproduction byL. reuteriDSM 17938. Theecond step of the bprocess was
performed at fixed conditions for the glycerol bioconversion irHdB.

This chapter has been accepted by tlmirnal of Bioscience and BioengineedngDec, 18
2020.

3.1 Introduction

The bioproduction of 3P bylL. reuterihas to be carrieadut through a twestep process, in
order to separate the growth phase, done in batch with glucose as the carbon substrate, from
the bioconversion phase, performed in #atch by resting cells with glycerol as the carbon
source. This twestep bioprocesslbws the cells to implement different metabolic pathways

at each step, together with balancing the redox cofactors. In fact, in the presence of glucose,
L. reuterigrows and reaches high cellular concentratigiengtsson, 2030 But this species
cannot use glycerol as a carbon source for grofinindlbaueret al, 2017}, which allows
glycerol to be completely valorized into-FP and 1,3’DO through the bioconversion
pathway using resting cells. The glycerol bioconversion iAttP3s made possible lige

ability of this species to synthesize vitamin B12 that is an esdetfactor for the first
enzyme of the glycerol metabolis{ﬁantowt al,, 2009. Besides, the simultaneous presence

of glucose and glycerol favors B0 production instead of3P bioproductior{Chen and
|Hatti-KauI, 201Yand leads tahe synthesis of undesirable bioproducts such as lactic acid,
ethanol, acetic acid, carbon dioxide. To limit this production of metabolites and to drive the
metabolism towards the bioconversion intoHP, the separation between the two steps is
compulsoryln addition, the process is performed on the basis of different substrates (glucose
then glycerol) as it necessitates using resting cells during the bioconversion step that have to
be first produced during the growth step.

As a consequence of this twgtep process, the implementation of the bioprocess requires
the determination of optimal conditions during the growth and bioconversion phases. In this
chapter, we will consider only the growth phase conditions, by fixing the conditions during
the bioconversoin phase. The effects of these culture conditions will be studied on the
performance oL. reuterDSM 179380 produce 3HP from glycerol. As the culture conditions
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also influence the growth performances that will indirectly affect thelR3 bioproduction,
their effects will also be determined on the growth characteristics.

The influence of some conditions implemented during the growth step, prior to bioconversion
has been identified from the bibliographic analysis. In the vast majority of cases, thetyaabli
studies focused on the improvement of the growth performanégem the literature review,
glucose was demonstrated as the better carbon source to maxirmizeeuteri growth
{Couvreuret al, 2017%. The most common concergtion used was comprised betwe&®

g-L* (Dishishaet al, 2014[Juet al, 202Q and 30 g- {Couvreuret al, 2017%. AsL. reuteri
displays a heterofermentative metabolism, glucose is catabolized through two pathways (PK
and EMP pathways) that operate simultaneously and lead to the productidect€ acid,
ethanol, acetic acid, carbon dioxided energyArskéldet al., 2009.

Yeast extracts and peptones are commonlgdias nitrogen sources for growth of lactic acid
bacteria due to their composition in amino acids, vitamins and growth factors that meets cell
needs{Alazzetet al, 2009|Atilolaet al, 2019. Yeast extracts are the most common sources
employed in the published studies concerningeuter{Couvreuret al,, 2017{Ichinoseet al., |
. Peptones, which are obtaéd from papaic digestion of soybean meal, display an
interesting composition with 18 of the 20 natural amino acids (asparagine and glutamine are
missing) and are cheaper nutrient sources than yeast extracts. Among them, phytone peptone
was demonstrated tdead to high cell concentrations by comparison with other nitrogen
sources such ageptones of animal origin, tryptone, proteose peptone, tryptic soy broth,
yeast extract and beef extract, In reuteriDSM 2001({Ati|ola et al, 2019, L. reuteriDSM
17938(Couvreuret al, 20173 andL. reuteriPTA4965, 23272 and 5573@yadet al,, 2020.

The addition of the amino acid cysteine ihet growth medium ofL. reuteriwas also
considered as this component is an essential growth factor of some lactoflanditiet al, |
[2009. ForL. reuteriDSM 20016 and SD 2112 strains, aswecommended at concentrations
between 0.1 g+ {Atilola et al, 2019 and 0.5 g-t* {Alazzehet al, 2009. However, the
addition of 2 g-! cysteine in the culture medium was mentioned as decreasing the
production of vitamin B12 bl. reuteriJCM1112 by a factor 3 to[Santoset al,, 2005}. This
amino acid is also known as a poteatlucing agent, thus displaying antioxidative properties
that help bacterial cells to cope with the oxidative stress encountered during the recovery
and concentration steps, as demonstrated wiigctobacillus fermenturﬁ' urneret al.,, 1999.

Tween 80 is a key growth factor in culture media for lactobacilli, as it brings unsaturated fatty
acids that allow reducipintracellular energy consumption, thanks to the demegulation of

de novofatty acid synthesis in membrane phospholip[ﬂ&aitermayeret al, 2015). It is for
instance present at a concentration of 1-¢ih MRS mediunﬁBiokar, 201}30r added in the
culture medium to reach 5-ig* [Couvreuret al, 2017}.

Besides, the inflence of some other components in the culture medium of lactobacilli has
been investigated. Frorﬁﬁ:ouvreuret al, 2017}, supplementation of the growth medium with
vitamin B12 (0.1 mg4), which is a mandatory cofactor of the first enzyme inFlaipathway
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(glycerol dehydratase), although not influemgL. reuterigrowth, positively impacted the-3
HP bioproduction.

The addition of 1,2propanediol (1,2PDO) during the growth phase has also been tested as it
is involved in the activation of genes of the Pdu path{@ighishaet al, 2015(Sriramuluet |
[al., 2008. It was added at a concentration of 5¢ifito L. reuterDSM 20016 growth medium
prior to glycerol conversiofDishishaet al.,, 2019

Betaine is a methylated derivative of the amino acid glycine that acts as an osmolyte to help
lactic acid bacteria to counteract the osmotic shock they face during the harvesting and
concentration stageﬁl_ouesdoret al, 2014. By considering. buchnerkR1102, these authors
demonstrated that the combined supplementation of the growth medium with 2 mmiol-L
betaine and 0.1 mol-LKCI, together with a further atition of 0.6 mol-tt KCI at the end of

the growth, led to intracellular accumulation of betaine and improved cell survival during
freezedrying.

Formulating the environmental parameters (i.e. growth temperature;, @ and base used
for pH control) to mprove cell growth and further bioconversion is also challenging. The
temperature forL. reuterigrowth is generally established at 37 #Gilolaet al., 2015(Burgé|

|et al, 2015tHPoIakBereckaet al, 201(). However, the optimum temperature for growth may
differ from that maximizing aigen metabolic activity, but to date, no work has been
dedicated to the determination of the optimum temperature foi-8 bioproduction.

The effect of dissolved oxygen concentration during the growth.akuterihas been well
studied by{Zabedet al,, 2019). From this study, the use dificro-aerobiosiss recommended

in order to improve 3HP bioproduction, whereas aerobic or anaerobic environments during
growth were deleterious

The optimal pH foL. reuterigrowth is generally comprised between 6.0 and fK&rdler et
[al, 1980. Recently, different pH values between 3.7 and 6.7 were tested during batch
cultures ofL. reuteriDSM 12246 and the final biomass concentration was enhanced at pH 5.5
{EI-Ziney, 201§3 The use of three kinds of bases has been reported for pH control during
reuterigrowth phase: NaOfHernandezt al, 201d[Kristjansdottiret al, 2019, KOHBurg€|

et al, 2015¢ and NHOH(Dishishaet al., 2014[Ricciet al, 2015. However, they have never
been compared by considering furthed8 bioproduction.

Finally, the mmment at which the cells are harvested is of great importance as it directly
affects their physiological state and their metabolic propertléaultet al, 200&. However,
depending on the authors, the best moment to harvésteuterivaries from early stationary
phase to late stationary phase, which could be explained by the different straing il
Penget al, 2003|Palmfeldt and Hahiagerdal, 2000Ramakrishnaret al., 2015|Talarico
and Dobrogosz, 19Ydabedet al,, 2019.

From this synthetic bibliographic analysis, it can be seen that most prewvmanks studied the
effects of culture conditions oh. reuterigrowth but not on 3HP bioproduction. They show
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that many culture conditions during the growth phase affect the growth performancés of
reuteri. However, the effects of these culture conditions were scarcely inastigon the

cell ability to subsequently convert glycerol int¢d®. In addition, the reported studies focus
on a limited number of factors, thus making it difficult to define the optimal conditions by
taking all of them into account.

In such context, tlsi chapter aims at quantifying the effects of relevant culture conditions on
L. reutericapacity to produce -BIP during the subsequent glycerol bioconversion stage. All
experiments were performed in bioreactors in order to evaluate the effects of the fa.ator
well-controlled conditions.

3.2 Experimental strategy

The overall methodology of this chapter is illustratedrigure3.1| The details of the methods
used were introduced in Chapfe]

Figure3.1. Overall methodology for the study of the effects of culture conditions during
the growth step on the growth df. reuteriDSM 17938 and its ability to perform glycerol
bioconversion into $ydroxypropionic acid.

As summeelp in the scheme o¢Figure3.1| eleven growth factors were screened from the
thesis literature review. They were used to create a matrix of experiments according to a
Plackett and Burman experimentalesign. The levels of most of these factors were
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determined by referring to previous works, excepted for glucose addition, temperature and
pH levels. For these three factors, preliminary tests were carried out during the growth phase
to identify the minimumand maximum values that could be tested in the experimental
design: glucose was added at concentrations of 56 grL80 g-t! in MRS medium (which
already contains 20-ig* of glucose); two temperatures were tested at 33 °C and 41 °C; three
pH were experienced at 5.0, 5.5 and 6.7. Subsequently, the selected values were included in
the experimental design that defined the conditions during growth phase as presented in

frabie27).

At the end of the growth, the cells were harvested and concentrated according to well

standardized conditions. In order to determine the best moment at whichcilés have to

be recovered, additional experiments were designed to compare two various harvesting
times defined at the beginning of stationary phase and in late stationary phase (i.e., 6 h later).

In order to determine the effects of the growth factora 8HP production from glycerol, the
conditions of the bioconversion phase were fixed for all experiments, based on the literature
review. The bioconversion temperature was selected at IBb@éet al., 2015<ﬂDishishaet|

|a|., 2019, the agitation rate was fixed at 100 rd@ﬁurgéet al, 2015(), the pH was set at 6.0
Burgéet al, 2015¢ and the glycerol feeding rate was fixed at 0:8'Dishisheet al, 2014.

3.3 Results and Discussion

3.3.1 Preliminary tests

Seven preliminary tests were carriedt to determine the minimum and maximum values to

be chosen for three factors of. reuteriDSM 17938 growth: glucose concentration,
temperature and pH. The difference between the two levels of each factor has to be large
enough to be able to quantify atistically their effects. On the other hand, it was necessary
to verify that the second level of each factor really ensured the bacterial growth as well as the
further glycerol bioconversion.

These preliminary tests were performed according to the refeeecondition, i.e. growth in
MRS medium that initially contained glucose (20%yand yeast extract (5Ig), with NHOH

(14.8 M) as the base to control the pH, but without the addition of any other component. Two
different glucose additions were tesieat 37 °C and pH 6.0. Two different temperatures were
tested in the presence of 20lg' glucose and at pH 6.0. Three different pH were tested in the
presence of 20 4 glucose and at 37 °C. All these preliminary tests have been carried out
once, withou repetition at this step of the study.

During these preliminary tests, the biomass concentration ;') obtained at the end of
growth, the corresponding concentrations of enzymaticaltyiveand not permeabilized cells
(in cellsmL?) and the base concentration (in miot) used to control the pH were quantified.
The duration of base consumption, which is indirectly linked to the organic acid production,
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was also characterized to inform onettlength of the growth phase. Results are displayed in
the following subparts. Then, the promising levels that led to a good bacterial growth will be
selected and applied in the first experimental design.

3.3.1.1 Preliminary tests about glucose concentration

Theglucose availability in MRS broth (2@% is limiting for the bacterial growth and causes
carbon source starvation. In order to circumvent this issue, an extra glucose df2@ap
added to define the reference condition, in accordance WBurgé, 201p This level of
complementation constitutes the low level of the experimental design. The addition of higher
concentrations of glucose, at 50Lg or 80 gL-* was tested to define the second level of this
factor. Results obtained at these three glucose levels are giyEmgure3.2landTable3.1

Figure3.2. Kinetics of bacterial growth &f reuteriDSM 17938 and base consumption at
various glucose concentrations added to MRS broth

[Figure3.2shows the kinetics of bacterial growth and base constamptiuring the growth
phase ofL. reuteriDSM 17938 at three glucose concentrations. By considering the curves of
base consumption, it can be seen that the addition of & glucose led to a higher NGH
consumption and a longer fermentation duratioreth 20 g% or 50 gL*. FronfTable3.1] the
concentration of base consumed increased from 08:-L* to 0.90mol-L* and the duration

of this consumption increased from 13 h to 18.5 h, when glucose addition was enhanced from
50 gL'to 80 gL'. This observation is easily explained by the role of glucose that acts not only
as a carbon source for cell growth, but alsbaasubstrate to produce organic acids such as
lactic acid and acetic acid through the PK and EMP path{Baygéet al., 2015H.
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Table3.1. Comparison of the growth performanceslofreuteriDSM 17938 in the
presence of different glucose concentrations added to MRS broth

Additional glucose (g-b)

20 50 80
Cellconcentration (gowL?) 3.0 5.1 5.0
Active and not permeabilized cells (cell-mL 2.910° 4.820° 5.140°
Consumed base (mol#) 0.35 0.73 0.90
Lactic acid produced (g 15.1 27.3 40.1
Acetic acid produced (g¥) 0.9 0.9 15
Ethanolproduced (g-1) 6.9 13.0 18.3
Hmax 1(h-1) nd 1.21 1.02
Hmax 2(h™) nd 0.57 0.24

Hmax maximum specific growth rated: not determined

By considering the biomass production, the final concentrations were not significantly
different between 50 d-! and 80 ¢! of added glucos. However, these results
were higher than the cell dry weight reported at 20 tof added glucose, and thahe value

of 3.1gcowlL? obtained by[Dishishaet al, 2014 with L. reuteriDSM 20016 grown in MRS
medium.

The growth finished earlier when 50Lg glucose was added, as compared to the condition
with 80 gL glucose, as the stationary phase was reached after 12 h instead of about 15 h
(estimated value). This result is linked to the lower availability of carbon source for bacterial
growth. Meanwhile the organic acids were produced continuously some hours later, thus
characterizing an intermediary metabolism. These productions completely ended after 14.1
h, 18.6 h and 22.8 h, with increasing glucose addffiégufe3.2). The longer duration of base
consumption was linked to the higher concentrations of metabolites produced during the

growth when more glucose was added in the MRS medilabl€3.1).

From|[Figure 3.2] two successive exponential grdwphases can be observed in both
conditions, with different specific growth rates. Frirable3.1] the maximum specific growth

rate that characterizedhte 50 gL glucose addition was calculated at 1.21from 5hto 9 h,

then 0.57 h' between 9 h and 15 h. When 8¢ glucose was added, the maximum specific
growth rate switched from 1.03-hbetween 5 h and 10.5 h, to 0.24'tbetween 10.5 h and

16 h. This decrease in the maximum specific growth rate over time indicates that a limitation
occurred. It may concern one several medium components necessary for growth, excepted
the carbon source, as glucose still remained present in the medium after 9 h of cell culture
with 50 gL glucose addition (58.2-ig') and after 10.5 h of cell culture with 86Lg glucose
addition (99.1 g-'reported). Another hypothesis is that the bacterial growth was affected by
the accumulation of lactic ac{dichinoseet al, 202() and ethanolfvan Bokhorstvan de Veen

et al, 201} issued from the cell metabolism by its{aﬁdams and Hall, 19ﬁ80heperset al,

2003. At the moment when the specific growth rate decreased, the lactic acid concentrations
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were respectively equal to 5.0 and 5.2-§for a 50 and 80 41! glucose addition, and the
ethanol concentrations were respectively equal to 3.6 and 3l4.grhese values were
however not so high to explain the shift observed on the maximum specific growth rate.

By considering the cell physiological state that weeasured as the percentage of active and
not permeabilized cells in the population at the beginning of the stationary p,

no major diffeence was observed when glucose was added at-50(§3.0 % of active and
not permeabilized cells) as compared to 80'g(89.4 %). In addition, these percentages
remained stable all along the culture. This difference was not significant as compaiez to
significant change applied on the initial glucose concentration. This result indicates that the
glucose present for both conditions was enough to fulfill the cell requirements and that the
metabolites produced during growth did not affect too much ttwls, even at the highest
concentrations observed when 80Lg glucose was added to the MRS medium (4011 g
lactic acid and 18.3-ig* ethanol). These percentages of active cells were higher than those
reported forL. reuteri55730 cultivated in MRSjar [Ayadet al, 202(), which indicates that

a strain effect has to be taken into account in addition to the medium composition.

From these results, it can be concluded that the supplementation of the MRS growth medium

with 80 g-t* glucose improved mainly the production of tabolites, i.e. lactic acid, acetic

acid and ethanol, but neither the biomass concentration nor the cell physiological state, as
compared to a supplementation with 50 g-glucose. Moreover, it led to a longer duration

of growth that consequently increadethe global process duration. According to these
considerations, the MRS supplementation with 50gPop }e A ¢ ¢« 0 § e §Z "Wo
level of glucose addition in the first experimental design.

3.3.1.2 Preliminary tests about temperature

The optimum temperaire for L. reuteriDSM 17938 growth was formerly demonstrated at
being 37 °¢Hernéndezet al, 2019 and this value was included in the Plackett and Burman
design as the first level of this factor. Two other temperatures, namely 33 °C and 41 °C, were
tested to verify that they coudl be included in the experimental design as the second level.
They were chosen inside the range of growth temperatures of lactobacilli that is comprised
between 30 °C and 45 °[Uan De Guchtet al, 2002) and by conslering a temperature
difference of at least 4 °C from the optimum. Results obtained at these two temperatures, as
well as at 37 °C, are giverjRigure3.3jandTable3.2]
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Figure3.3. Base consumption during growth lofreuteriDSM 17938 at various
temperatures

From Figure 3.3, the time lag corresponding to the base consumption was longer at 33 °C
(13.2 h) than at 37 °C (7.4 h) and 41 °C (6.4 h). In contrast, the duration of base consumption
(6.2 h) was not significantly diffemg depending on the temperatures (between 5.8 h and 7.2

h). Additionally, no statistical difference was found in the maximum rate of base consumption
between the three conditions, which revealed that it was not significantly affected in this

range of temeratures|Table3.2).

Table3.2. Comparison of the growth performanceslofreuteriDSM 17938 during duires
performed at different temperatures

Temperature (°C)

33 37 41
Cell concentration (gowL™?) 4.41 4.34 4.38
Active cells and not permeabilized (cell-miL 4.120° 4520 nd
Consumed basémol-LY) 0.36 0.30 0.31
Maximum baseconsumption rate (mol-t-h?) 0.05 0.04 0.05
Lactic acid produced (g4 23.0 17.4 16.9
Acetic acid produced (g 0.9 0.9 0.9
Ethanol produced (g-t) 3.7 8.4 6.8

nd: not determined

Fron{Table3.2] the temperature of 33 °C led to a slightly higher base consumption than at
41°C or 37°C. This result was confirmed by the higher concemtrafitactic acid at 33 °C
whereas similar concentrations of acetic acid were obtai||1'édb(e3.2. Conversely, the
ethanol concentration was lower at 33 °C that at higher temperatlifeble3.2). The molar
ratio of the sum of [acetic acid + ethanol] to lactic acid was lower at 33 °C (0.3nohbl
instead of 0.87 maknol* at 41 °C.
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AsL. reuteriuses bothPK and EMP pathways for glycoly#isskoldet al., 200§, the result
obtained in this set of experiments revealed ttlihe part of gtucosethatentered the EMP
pathway, as compared to that entering the PK pathway, was more important at 33 °C than at
higher temperatures. The proportion of glucose entering the EMP pathway at 33 °C is 48 %,
which is higher than at 41° C wiL2 % of EMP pathway. The increase in lactic acid production
observed at the low temperature is in agreement with the result{sémfamberget al, 2003

who explained that, by increasing the culture temperature at 41 °C, cells required more
energy for maintenance, which could be due to the synthesis of heat shock proteins
(Adamberget al., 2003.

However, despite the higher efficiency of EMP pathéaayATP synthesis as compared to PK
pathway[Burgéet al, 2015t}, the growth ofL. reuterwas not improved, as the final biorss
concentrations were similar at the three temperaturgGable 3.2). This similarity was
unfortunately not confirmed by the concentrations of activdlg¢hat were not measured at

41 °C (due to a technical problem). From these results, it can be hypothesized that the higher
ATP quantity that may be produced at 33 °C may serve later, during the bioconversion step.

Finally, by considering that the finaliomass concentration was similar at the two
temperatures of 33 °C and 41 °C, and by taking into account that the condition of temperature
of 33 °C led to a switch of a higher part of the central metabolism to EMP pathway, and then
possibly to more ATP thatan further help the cells to produce or to cope with mor&iB,

the temperature of 33 °C was retained to be included in the first experimental design as the
second level.

3.3.1.3 Preliminary tests about controlled pH

As an important factor that impacts intracallhr enzyme activity, the pH has already been
studied. By considering. reuterisp, {Kandleret al, 198(} indicated that pH 6.0 was an
optimal value for the growth of this species. As it is used in manyquswiorksDishishaet |

[al., 2014 (Krauteret al, 2013, it was then selected as the first level in the experimental
design. Three other pH valuesre tested in order to evaluate the capacitylofreuterDSM
17938 to grow in nofoptimal conditions: pH 5.0, pH 5.5 and pH 6.7. Results obtained at these
four pH levels are given|figure3.4landTable3.3]
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Figure3.4. Base consumption durirgyowth of L. reuteriDSM 17938 performed at various
pH values

Figure 3.4 shows that the base consumption was only slightly different at pH 5.5 and 6.7, as
compared to pH 6.0. However, it was negatively affected when the growth was conducted at
pH 5.0. Theate of base consumption was similar at the three highest pH values, but was
lower at pH 5.0. This information is confirmed by the results showfahle 3.3 The
concentration of base consumed was similar at pH 5.5, pH 6.0 and pH 6.7 but lower at pH 5.0,
thus indicating that the final concentration of organic acids was lower in this latest condition.

Table3.3. Comparisomf the growth performances df. reuteriDSM 17938 during cultures
performed at different pH values

pH

5.0 55 6.0 6.7
Cell concentration @cowL?) 2.29 3.14 3.0 1.39
Active and not permeabilized cells (cetL?) 2.210° 2910° 2410° 1.010°
Consumed base (mdt?) 0.19 0.33 0.35 0.35
Lactic acid produced (g4 16.5 15.9 15.1 16.1
Acetic acid produced (g 0.7 0.8 0.9 0.6
Ethanol produced (g-t) 6.4 6.4 6.9 6.6

By considering the bacterial growthgble3.3), the final biomass concentration was higher at
pH 5.5 and pH 6.0 than at pH 5.0 that was a deleterious condition for both growth and
acidification (as indirectly determined from base consuimp}. Moreover, the maximum
biomass concentration that was found at pH 5.5 that is in agreement with the res@of
|Ziney, 201§3and in accordance with the concentration of active and not paamkzed cells
Table3.3). At pH 6.7, the growth was more affected, thus leading to lower concentrations,
as measured in terms of cell dry weight arfgobysiologicallyactive cells.
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The poor results obtained at pH 5.0 can be explained by considering the inhibiting effect of
lactic acid and acetic acid on the bacterial grov[/ﬂcheperset al, 2002}, which differs
according to the relative proportions of dissociated @hd undissociated (AH) forms of these
organic acids. Fror{Fu and Mathews, 1999the relationship between dissociated and
undissociated organic acid defines theakthe molecule by the following equation:

pKa = pH tlog([AJ/[AR]) Eq. 3.1

With pka of lactic acid and acetic acid being equal to 3.86 and 4.76, respediddyns and
Hall, 1988.

Fram Scheper®t al. (2002), lactic acid affected much more the bacterial growth when the
non-dissociated form was predominant. They showed that the specific growth rate of
helveticusvas not significantly affected at pH 6.0, i.e. when lactic acid wasstloomnpletely
dissociated (> 99 % of the total), whereas it was strongly reduced at pH 4.5 where the
undissociated form represented 19 % of the total lactic acid. In our study, at pH 5.5, the
undissociated form of lactic and acetic acids represented 2 &4l&rfo, respectively. At pH

5.0, they rose to 7 % and 37 %, respectively. These differences partly explained the poor
results obtained at pH 5.0 compared to pH 5.5.

At pH 6.7, the final cell concentration was three times lower than at pH 5.5, whereacthe |
acid production remained similar. This indicates that the optimal pH for the production of
lactic acid differed from that for cell growth, as previously indicate@qwmfeldt and Haht|1
|Hégerda|, 200pNith L. reuteriATCC 55730. The result is also in agreement with the range of
pH canprised between 6.0 and 6that maximized the lactic acid volumetric production rate
from glucose and corn hyactobacillus amylophiIL{Mercieret al, 1992}.

Regarding these results, &éise biomass production should be favored at the end of the
growth phase, pH 5.5 was finally selected to be considered as the second level of pH in first
the experimental design.

3.3.2 Kinetics of cell growth and glycerol bioconversion lhy reuteri DSM
17938 in the reference condition of the first experimental design

The Plackett and Burman experimental design recommends performing a duplicate of the
reference condition. In our study, the experiments are complex because of the succession of
two biotransformation steps in bioreactors: growth in batch mode to produce active cells,
then bioconversion by resting cells in fedtch mode, with a harvesting and concentration
step between them. For this reason, we decided to triplicate the reference congditimrder

to better characterize the repeatability of the experiments.

The nutritional and environmental characteristics during the growth phase of this reference
condition were defined by an initial glucose concentration of 4¢ {that correspondedo
the concentration in MRS added with 20-§,Lan initial yeast extract concentration of 5¢.L
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(contained in the MRS broth), no addition of any other component, a temperature of 37°C
and a pH equal to 6.0 that was controlled with /0 14.8 M. The emonmental
characteristics during the bioconversion phase were fixed for all experiments: the pH at 6.0,
the temperature at 37C and the glycerol feeding rate at 0dgd@roth™.

The results obtained in this reference condition during the growth phase are summarized in
Figure 3.5 and in Table 3.Bhe results obtained during the bioconversion phase are shown
in Figure 3.6 and in Table 3.5.

From Figure 3.6he glycerol consumptiorate was constant all along the biotransformation,

at 5.6 (+ 0.13) mmol:hcorresponding to 0.51 (+ 0.01)}ygeroh™®, in agreement with the
delivered feeding rate. This indicates that substrate was totally consumed as and when it was
supplied, which as confirmed by the residual glycerol concentration that was equal to zero
during the whole bioconversion. The glycerol consumption ceased concomitantly to the base
consumption (with a slight difference that was ascribed to the variability), which was
confirmed from HPLC analyses. This indicated that the base profile was a relevant indicator
of the cessation of the bioconversion.

3.3.2.1 Kinetics ofL. reuteriDSM 17938 growth in the reference conditlon

Figure 3.5/ shows the growth and the base consumption curves, measured during three
repetitions in the reference condition, together with standard deviations.

Figure3.5. Kinetics of celgrowth and base consumption &f reuteriDSM 17938n the
reference condition (T1, 3 replicates)the first experimental desigffinal volume5.01+
0.00b

By considering the growth curve, it can be seen that thegrelivth displayed a lag phase (4
h), two successive exponential phases (from 6.0 h to 9.0 h, and from 10.5 h to 14.0 h) and a
stationary phase (after 14.5 h). The maximum specific growth rates corresponding to each
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successive exponential phase were eqod 01 (+ 0.01)hand 0.13 (+ 0.01)h This biphasic
growth was not related to a substrate limitation, as the glucose concentration was equal to
8.5 (x 1.2) g:Lafter 10 h of growth. In addition, the same biphasic kinetics was observed
when cells wee cultured at higher glucose concentrations (50‘ghd 80 g-£) [Figure3.2).

This biphasic behavior might be caused by the lack of another nutrient than glucose that was
not identified in this study, or by the accumulation of metabolic products which could inhibit
cell growth. These products are lactic agichinoseet al, 202Q, ethanol{van Bokhorswan|

[de Veenet al, 2011) and acetic acid from the PK and EMP pathways. Their concentration
reached 4.5 (+ 0.7) g"12.0 (+ 0.3) g-Land 0.2(x 0.0) g-£, respectivelyafter 10 h of culture.
Although these concentrations remained moderate and the inhibition due t@amogacids

was quite limited as they were mainly under the dissociated form at pH 6.0, they may
contribute partly to the decrease of the specific growth rate. However, Schepats(2002)
indicated that, at pH 6.0, cell inhibition occurred at concernitmas higher than 1@-L* for L.
helveticusR211

At the end of the growth phase, a final cell concentratafi8.3 (+ 0.3pcowl? was achieved
(Table3.4). This was similar to previous results obtained with the saneuteristrain at pH

5.5 (3.1gcowl?) [Dishishaet al, 2014. Concomitantly, 87.745.6) % of cells were detelined

as being enzymaticalgctive and not permeabilized when the growth ended, before being
harvested to be used for glycerol bioconversion. This result indicated that these reference
conditions were favorable fdr. reuterDSM 17938 growth.

Table3.4. Data characterizing the end bf reuterDSM 17938 growth phase in the
reference condition (T1, 3 replicates) of the first experimental design

Cell concentration at the Lactic aail production  Ratio of [acetic acid + ethanol]

end of growth(gcowl?)  yield (g agcow?) to lactic acid fnol-mol?)
Tla 34 4.88 0.98
Tib 3.0 5.10 0.97
Tlc 3.6 4.81 0.96

CDW: Cell dry weight

By considering the base consumption, a total quantity of 2.0 (+ 0.02) malseaisduring the
growth to neutralize both lactic acid and acetic acid formation. Contrary to the growth, no
inhibition of organic acids production was seer{Rigure35] as the base consumption
stopped suddenly because of glucose starvation.

The growth phase stopped when all supplied glucose was consumed, which was confirmed
by HPLC analyses. In other wottthie cells entered the stationary phase when no more base
solution was consumed as no more organic acids were produced due to the lack of @cose (

Figure3.5). This behavior characterized a primary metabolism that could be explained by the
low initial glucose concentration in the medium. Thus, in this reference condition, the glucose
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availability might be a limitation for cell growth, which can be furtimeproved by supplying
more initial glucose.

In addition, the simultaneity of the end of growth and the end of base consumption in this
reference condition allowed using the base profile to detect indirectly the growth cessation.
In the case of a 50 gtlglucose addition, the growth however stopped a few minutes before
the end of base consumption (as seen in [&8.1.1andFigure3.2). But from a practical
point of view, this odine indicator was very useful to check that the growth was really
stopped before harvesting, as the growth step occurred during night. It allowed dgfinen
time at which bacterial cells have to be harvested and concentrated, and to start the
bioconversion in the morning of the next day.

Final concentrations of metabolites were determined from HPLC analyses. Aftge160LH

h of culture, the lactic acidcetic acid and ethanaloncentrations reached6.4 (+ 1.2) g+,
3.7 (£ 0.4) g'Land 7.6 (£ 0.8) g4. respectively The lactic acid production yield was
determined as 4.9%t 0.15) gxgeow'. This value was in agreement wjghevious result
[and Mathews, 199p

The molar ratio between the sum of [acetic acid + ethanol] concentrations and lactic acid
concentration was calculated at 0.97 (+ 0.01) mol™that is very closéo 1 . This
revealed that the PK pathway of glycolysis was predominant, to the detriment of EMP
pathway. This result obtained at controlled pH is consisteith previous studies done with

L. reuteriATCC 55730 at pH JArskoldet al, 2009 andL. reuterDSM 17938 grown at free

pH [Burgéet al, 2015kj. Regarding the efficiency of ATP synthesis, the domination of PK
pathway is unfavorable compared to EMP pathway (production of 1 instead of 2 ATP per mole
of glucose). Nevertheless, by producing less organic acids, the PK pathway reduced the
baderial cell inhibition by organic acids, thus improving their survival in an acidic environment
(Burgéet al., 2015H).

The moleular balances and the carbon mass balances were calculated during the growth step
(see part 2.5.5 for the mode of calculation). They were equal to 9&.9A8) % and 106.71

(£ 3.76) %, respectively. The difference between these two calculations isreglay the

fact that the carbon mass balance takes into account the carbon included in the cellular
biomass that was not the case of the molecular balance. The carbon mass balance was slightly
higher than 100 %. This could be explained by the presenaghef carbon sources in
addition to glucose that could enter the glycolysis pathway. These other sources were
identified as yeast extracts and peptones of MRS broth, whose elemental analysis revealed
an organic carbon content of 40 fthompsoret al., 2017.

3.3.2.2 Kinetics of glycerol bioconversion by. reuteri DSM 17938 in the reference
condition

The second step of the bioprocess corresponds to glycerol bioconversion using resting cells
of L. reuteriDSM 17938. This biotransformati@lowed ATP production through thekP
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production and NADNADR equilibrium thanks to the parallel oxidative and reductive
branches of the Pdu pathway, together with -EBO synthesis. The glycerol was fed into the
bioreactor at a constant rate of 0.5ggerth until the bioconversion stopped. The
temperature was controlled at 37 °C and the pH was maintained at 6.0 wi®NH48 mM
The partial dissolved oxygen press(pé€r) was measured withouieingcontrolled, to create
and check microaerobic conditiorsinetics of glycerol bioconversion inteH8? and 1,3?DO
are illustrated ifFigure3.6| by considering the three repetitiord the reference condition.

Figure3.6. Kinetics of glycerol bioconversion intdH®, 3HPA and 1; DO byL. reuteri
DSM 17938 in the reference condition (T1, 3 replicates) of the first experimental design
(final volume 1.14:0.25 1)

FromFigure3.6, the glycerol consumption rate was constant all along the biotransformation,

at 5.6 (x 0.13) mmol:hcorresponding to 0.51 (+ 0.01)ygerash™, in agreement with the
deliveredglycerolfeeding rate. This indicates that substrate was totally consumed as and
when it was supplied, which was confirmed by the residual glycerol concentration that was
equal to zero during the whole bioconversion. The glycerol consumption ceased
concomitantly to the base consumption (with a slight difference that was ascribed to the
variability), which was confirmed from HPLC analyses. This indicated that the base profile was
a relevant indicator of the cessation of the bioconversion.

The data characterizing the bioconversion performances are shgwalle3.5
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Table3.5. Data characterizing the-3P bioproduction from glycerol ky reuteriDSM
17938 in the reference condition (T1, 3 replicates) of the first experimental désigh
volume 1.14£0.25 |)

Final 3HP  Final 1,8PDO 3-HP conversior 3-HP production Bioconversion
quantity (g) quantity (g)  yield (@+rggy?) Yield (Grrgecow') duration (h)

Tla 124 10.4 0.43 0.76 57.7
Tib 13.7 10.4 0.51 0.90 53.4
Tlc 141 115 0.51 0.68 56.2

Firstly, the carbon madsalances during bioconversion were verified at 100.12 (+ 4.39) %.
They were equivalent to the molecular balance, as no biomass was produced during the
bioconversion step, and no complex components (such as yeast extracts or phytone
peptones) were used durg this second step of the bioprocess.

The 3HP conversion yield was equal to 0.48 + 04k ggiyceroi*. This value was very close to
the theoretical value 00.49 @HHgglyceroi* that corresponds to 0.5 mehe/molgiyceror*.

After 55.8 (= 2.2) bf bioconversion, the two final productsi3P and 1,3°DO were obtained
at final concentrations of 11.8 (+ 0.5) ¢-and 9.5 (x 0.5) gi. respectively. These
concentrations corresponded to total amounts oH®P and 1,3°DO produced at the end of
the fed-batches that were respectively equal to 13.4 (x 08&p@nd 10.8 (= 0.7)1@¢rpo

In comparison with the previous study fishishaet al,, 2019 usingL. reuteriDSM 20016,
the duration of the bioconversion was similar (56 h), but the fireRBtiters andjuantities
were 16 % lower in our study. This could be ascribed to the lower substrate feeding rate used
in the present work (0.5¢ceroth® instead of 0.75 @yceroth™ in|Dishishzet al., 2015.

The 3HP production yield was equal to 0.78 (+ 0.1sl)rmcow!, which was also lower than

the value reported by{Dishishaet al, 2019 (i.e., 1.65gsnrgcow'). All along the
bioconversion, HP was produced equimolarly to I2DO Figure3.6), as the molar ratio was
equal to 1.04 (+ 0.06) mol-mbl This indicated that the redox balance between NAabd

NADH was well maintained during the whole glycerol bioconversion. These results were also
in accordance with those obtained [iyishishaet al., 2014{Dishishaet al, 2019 a molar ratio

of 1 mol-mot.

As it can beseen fronEigure3.6 a small amount of-BIPA was transiently accumulated when
bioconversion stopped. The maximaHBPA concentration detected into tHaoconversion
broth was equal to 0.4 (= 0.1) g:l13-HPA is an intermediate product of glycerol bioconversion
into 3-HP that is known to display an inhibitory effect agalnsr(euteri[CIeusbet al,, 2007}.
However, this value was about 10 times lower than the minimum inhibition concentration
reported forL. reuteriDSM 20016 (2.2 3.7 g-L%), thus limiting the detrimental effects of 3
HPA[CIeusixet al, 2007}. As 3HPA was slightly accumulated at the precise moment when
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bioconversion ceased, it might be hypothesized that the incriminated enzyme(s) is(are)
involved in the second part of the Pdu pathway (i.e. betwedtP3\ and 34P, se¢Figurel.7).

The molar ratio between-8iP and NkOH was equal to 1.08 + 0.01 mol-rhalvhich is a little

bit higher than 1. As no other organic acid was detected from HPLC analyses, this small
divergence could be explained by a slight volatilization of the ammonia solution during the
bioconversion.

Micro-aerobic conditions were applied ithis study to facilitate the glycerol metabolism
toward 3HP production[Zabedet al, 2019. It means that neither air nor nitrogen was
transferred to the bioconversion broth during the process. However, a slight oxygen transfer
occurred thanks to the equilibrium of the gaseous phase with the liquidunedt the stirring

rate of 100 rpm, thus creating microaerobic conditions. During the bioconversion, the partial
dissolved oxygen pressure (§0Gn the medium remained at a value lower than 0.5 % from
the beginning of glycerol supply until 5{Figure3.6). At that time, the p@increased, which
meant that dissolved oxygen was not consumed anymore by bacterial cells. At the same time,
the base consumption started to deease and 3HP and 1,3?DO production ceased, thus
indicating that these variables were related. This link between the ip€rease and the
cessation of bioconversion is consistent with recent wgikshishzet al., 2019|Zabedet al., |
. The pQincrease may be due to a reduction ofetlactivity of the enzyme NAD(P)H
oxidase that uses molecular oxygen as a subs(faimwishaet al, 2019. We may hypothesize

that the stop of the bioconversion corresponded to a global dysfunction of the whole enzyme
pool of bacterial cells. In that case, the catalytic work of the NAD(P)H oxidase stopped
concomitantly with that othe enzymes of the Pdu pathway that drive th&lB bioproduction
(notably the coenzymeA dependent enzyme and phosphotransacy)aséhe decrease in
oxygen consumption was thus observed simultaneously to the reduction -HP 3
bioproduction.Moreover, our results indicate that the p@heasurement may constitute an
early orn-line indicator of the cessation of bioconversion, which is an original approach for
controlling the fedbatch bioconversion of glycerol inteksP.

The cell physiologicalae was evaluated by measuring the concentrations of enzymatically
active and not permeabilized cells in the medium all along the bioconversion prifigase]

37).
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Figure3.7. Evolution of the physiological state lofreuteriDSM 17938 during-BIP
bioproduction from glycerol bioconversion in the reference condition (T1) of the first
experimental desigiffinal volume 115 L)

The initial percentage of active and not permeabilized cells was similar at the beginning of the
bioconversion phase (8352.3 %) than at the end of the growth phase (8%.5.6 %). This
indicates that the harvesting and concentration steps tharevdone between the growth

and the bioconversion stages did not significantly affect the physiological stateretiteri

DSM 17938 cells. During the bioconversion, the percentage of active and not permeabilized
cells remained constant during the firsd 2, at 86.3t 3.2 %. Then, it decreased to reach 65
+0.9 % between 45 h and 51 h, and finally decreased t088.9 % at 116 h.

This behavior could be explained by the combination of three factors: the total absence of
nutrients and energy sources in the medium during the bioconversion step; an inhibiting
effect of 3HP that reached 6.4 0.2 gL! at 26 h, as[Ramakrishnamat al,, 2013 indicated

that a 3HP titer of 315 gL-* was inhibiting fol. reuterRPRB 3007; and perhaps an inhibiting
effect of 3HPA whose concentration was equal to 4.5 minblat 26 h, even if this
concentration was lower than that indicated t@abetAzadet al, 201:—} (8.1 mmolL?Y). Then,
between about 27 h and 51 h, the ATP production continued but the highdiP 3
concentration (between 6.20.1 gl-and 10.6+0.9 g.t), together with the accumulation of
3-HPA (5.5 1.7 nmol-LY) and the absence of growth substratéight bedetrimental to the

cells, thus lowering their physiological state. At the end of the bioconversion, the Hitfh 3
concentration (9.2 0.8 gL' at 116 h) led to a stronger inhibition that blocked its own
synthesis and the corresponding ATP production.séhghenomena, together with the total
absence of nutrients and energy sources in the medium during the bioconversion step,
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combined to reduce the proportion of active and not permeabilized cells in the medium.
Moreover, it has to be kept in mind that thgpparent absence of-BIPA observed at the end

of the bioconversion was explained by its difficult quantification, due to the dilution of the
bioconversion broth linked to the introduction of glycerol and base solutions.

3.3.2.3 Summary of information

From this information, the reference condition led teHP bioproduction in fedbatch mode

but in limited amounts as compared to results displayed in the bibliography. The cells were
able to maintain an active physiological state for at least 2 days cbbw@rsion, and no-3

HPA significantly accumulated in the medium. However, a possible inhibiting effeddi®f 3
was pointed out.

The variability of these experiments was considered as correct, regarding the complexity of
the bioprocess that included a gmth phase, a harvesting and concentration phase, and then

a bioconversion phase. In addition to these results, theldatth process was shown to be
controlled by considering both NBBH consumption and pQariation.

Consequently, the implementation of an experimental design is of great interest, to
circumvent these limitations and to define culture conditions able to incread#P3
concentration, quantity and production rate.

3.3.3 Effect of growth culture conditions on groth performance ofL. reuteri
DSM 17938

According to the Plackett and Burman experimental degibable 2.2), various growth
medium recipes and environmental conditiongn® designed to screen, among 11 factors,

the best combination to improve bacterial growth with the aim to enhandgRBproduction
performance. The final biomass concentratigapivL?) at the end of growth was retained as
the variable to characterize théacterial growth performance. Indeed, as the growth
occurred during night without possibility to monitor it by a biomass probe at that step of the
thesis, the effect of the experimental factors on the specific growth rate could not be
established. The laéic acid production yield was also used to characterize the metabolic
activity of bacterial cells during their growth.

Before analyzing the results, the molecular balances and the carbon mass balances during the
growth phase were verified for all the perfoed experiments. They were equal to 99.51 (+
2.54) % and 104.33 (x 3.82) %, respectively. The values exceeding 100 % in the case of the
carbon mass balance could be ascribed to the utilization of other organic carbon from yeast
extract, peptones and/or pjtone peptone than only from glucose, as aforementioned. The
results obtained from the 14 experiments (i.e., 3 repetitions of the reference condition and

11 experiments of the Plackett and Burman experimental design) are summar|Zedble
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Table3.6. Data characterizing bacterial growthlafreuteriDSM 17938 in the experiments
of the first experimental design

Experiment Cell concentration Lactic acid production Ratio of [acetic acid +

code at the end of growth yield (@.agcow?) ethanol] to lactic acid
(geowl?) (mol-mol?)

T1 3.3+ 0.3 4.93+ 0.15 0.97+ 0.01

T2 3.0 8.69 0.91

T3 4.8 5.72 0.89

T4 3.2 3.51 0.93

T5 51 6.39 0.95

T6 5.7 4.63 0.89

T7 4.5 5.61 1.01

T8 3.0 4.72 0.93

T9 4.5 3.27 0.98

T10 2.4 6.68 0.92

T11 3.8 7.37 0.92

T12 3.5 3.51 1.05

T1: reference condition, including 3 replicates

These data were used for statistical analyses whose results on several response variables are
presented inTable 3.7} with the aim to assess the effect each factor on the selected

response variables.

Table3.7. Effect of growth conditions on growtherformances ot.. reuteriDSM 17938

Cell concentration Lactic acid Ratio of [acetic acid +
at the end of growth  production yield ethanol] to lactic acid
(geowl™) (9ageow?) (mol-mol™)

Constant 3.90 5.42 0.95

Additional glucose 0.58** 0.98** -0.0175 **

Additional yeast extract ns -0.80** ns

Phytone peptone ns ns ns

Tween 80 ns ns ns

Vitamin B12 ns ns 0.014**

1,2-propanediol ns -0.18** -0.019**

Cysteine ns -0.24** ns

Betaine and KCI ns 0.29** 0.0175 **

Temperature 0.53** -0.70** 0.029***

pH ns 0.46** ns

Base ns 0.15* ns

R 0.873 0.990 0.952

Confidence level: * 90 %; ** 95 %; *** 99% confidence level; ns: not significant;
R regression coefficient adjusted for degree of freedom
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This table summarizes the values of the parameters of the models that were obtained by
analyzing the results dhe 14 experiments in the different conditions, including the three
repetitions of the reference condition. When the parameters were not significant at a
confidence level of at least 90 %, they were not retained. This low confidence level was
retained becase of the complexity of the experiments. The significant parameters were then
introduced in the models, whatever the confidence level (90 % and 95 %) to estimate the
response variables.

3.3.3.1 Effect of growth conditions on the finatell concentration

Fron{Table3.7] only two factors displayed a significant effect lonreuteriDSM 17938 cell
concentration at the end of growth, namely the addition of glucose ahe higher
temperature, which positively influenced the final biomass concentration by 18 % and 15 %,
respectively.

Results related to the glucose addition were confirmed by considering the concentration of
active and norpermeabilized cells at the eraf the culture, enumerated by flow cytometry.

It was improved by 134 % in the presence of 50' gdditional glucose (7.5-2@&ell-mLY)
compared to a 20 gladdition (5.610° cell-mLY), which matched with the aforementioned
result. This positive efts of glucose orlL. reuterigrowth was also consistent with early
studies(Burgéet al, 2015k Couvreuret al., 2017.

The temperature affected the biomass concentration at the end of growth that was higher at
37 °C than at 33 °C, which was also confirmed by flow cytometry measurements of cell
concentrationg(5.610° cell- mLt instead of 4.51C° cell-mLY). This result was consistent with

the temperature found in the digestive tract, the ecological niché.ofeuterifDuaret al, |

i)

The addition of yeast extract (25Lg) or phytone peptone (25-g*) to the MRS medium as
nitrogen sources did not improved neither theolmass concentration nor the cellular state.
This result is contrary to those obtained in previous stu@#esola et al., 2015(Couvreuret |

and suggested that the growth limitation previously observed during the growth
phasecannot be justified by a lack of these nutrients. The existence of interactions between
the tested factors, which cannot be considered by the type of experimental design used in
the present study, may however partly hinder this effect. This means thaetbesiponents

may perhaps influence positively the bacterial growth in one set of conditions, but negatively
in another set of conditions, what was not possible to demonstrate with the adopted
experimental strategy.

Tween 80 and cysteine are both growth ctars for lactobacill. However, the
supplementation of the growth medium with 4 ¢-({in addition to the 1 g-Lalready included

in MRS broth) and 1 g‘lof these compounds, respectively, seemed not enough to impact
the cell concentration.
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The addition of vitamin B12 (0.1 mig'), 1,2PDO (3 ¢1!) and betaine (0.234-g%) together
with KCI (7.455 -g%) did not affect the growth, which was expected as they were added to
act during the bioconversion stage.

Finally, the pH value (pH 5.5 or pH 6.0) #mel base used for pH control (MBIH or NaOH)
did not significantly modify the final cell concentrationlofreuteribSM 17938. Therefore,
they can be used equally to maintain the pH during the growth phase.

3.3.3.2 Effect of growth conditions on the lactic acigroduction yield

Some experimental factors of the experimental design were shown to improve the lactic acid
production yield. They corresponded to the addition of 50'glucose to the MRS medium,

the addition of betaine plus KCI, the pH control at 6.0 and the use of NaOH as the base for pH
control [Table3.7). Conversely, this variable was negatively affected by the addition of yeast
extract, 1,2PDO and cysteine, and at the higher temperature.

The initial glucose concentration showed the highest impact, corresponding to an increase of
18 % of the lactic acid pduction yield with the addition of 50-Ig* glucose to the MRS broth
(6.40g.~gcow?) as compared to 20-g* (5.42g.agecow?). By looking back to the results about

cell concentratior{Table3.7), the higher initial glucose concentration was directed towards
both lactic acid production and biomass production. Nevertheless, these results differed from
that of the preliminary tests (segectiof3.3.1.]) showing that additional glucose of 84

led to more organic acid production without improving biomass concentration, compared to
additional glucose of 50-ig'. Theuncouplingbetween lactic acid production and biomass
production was then more pronounced at glucose concentrations higher thay 30

A slight positive effect of betaine + KCI addition (0.234 ¢ 7.455 ¢-!) was detected, as
these components improved the lactic acid production yield by 5 %. This might be ascribed to
the osmoprotectant role of betaine in lactobacilli, as damtrated withL. buchnerR1102
{Louesdoret al, 2014. This reult is in agreement with a previous study which reported that
addition of 2 g- betaine led to a maximum lactic acid titer lin caseZW-63A
. These authors explained their results by an improvement of the lactate dehythiege
activity in the presence of betainf@ouet al., 2013.

The pH 6.0 induced a slight increase (+ 8 %) in the lactic acid production yield, as compared
to pH 5.5{Table3.7). The result is in agreement with those obtained[B}Ziney, 201pwith

L. reuteriDSM 12246 that increasing pH from 5.5 to 6.0utesl in raising of lactic acid
production yield by 13 %. Generally, lactic acid bacteria haveresistance systems to
ensure intracellular pH homeostasis. However, the key mechanism for intracellular pH
maintenance requires high ATP consumption forwdgion of dissociated acids and protons
from the cytoplasm through HATPasdCotter and Hill, 200BSinghviet al, 201§. The less
expenditure of energy at pH 6.0 to maintain the intracellular pH could be a reason to explain
this result.
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By considering the type of base employed for pH control, the use of sodium hydroxide 8.75
mol-L:? slightly improved the lactic acid production yield (+ 3 % at a confident level of 90 %)
as compared to ammonium hydroxide 14.8 rdl Even if this difference is very low, it is
consistent with the observation dVasilevic et al, 2009 who indicated that NkDH was
better for the growth ofL. delbrueckisubsp.bulgaricusATCC 11842 than for the lactic acid
production, as compared to NaOH.

The lactic acid production yield was negatively affected by the additioeadtyextract (25
gLY), 1,2PDO (3 ¢Y) and cysteine (1-g%). It was significantly reduced by 15 % when the
medium was supplemented with 25Lg yeast extract. As yeast extramintains some carbon
source that constitutes 40 % (mwlol?) of its com;msition[Thompsonet al, 2017p, it could

be hypothesized that this compound acts as a carbon source for cell growth, thus being in
competition with glucose.

The addition of 1,2PDO and cysteine in the medium was done tdher improve glycerol
bioconversion. 1,PDO might help the cells to prepare their dedicated enzymatic machinery
for 3-HP bioproductior{Dishisheet al, 2015). Cysteine was added to counteract the oxidative
stress caused by-BPA that is a precursor of reuterﬁﬁchaefeet al, 201Q. Their impact on

the lactic acid production yield was however very modest (reduction by 3 % and 4 %,
respectively).

Finally, a culture temperature of 37 °C induced a reductignlB % of the lactic acid
production yield in comparison with 33 °C. As this higher temperature led to a significant
increase in biomass concentration (see paragraph 3.3.3.1) as compared to 33 °C, and as the
guantity of lactic acid produced (82.2 + 5.9vegs not affected by the temperature, the
production yield decreased only because of the biomass increase.

3.3.3.3 Effect of growth conditions on the ratio between [acetic acid + ethanol] and lactic
acid

The analysis of the molar ratio between the sum of [acetid & ethanol] and lactic acid
informs the relative part of PK pathway and EMP pathway for glucose cataligliskdldet
al., 2009. In this study, the constant characterizing this molar ratio was equdaito%
3.7). It was close to the value of 1.0 that indicates a dominant PK pathway in the glycolysis
process, as it was already observeo[IByrgéet al, 2015@.

FromTable3.7] two factors negatively affected this variable, i.e. the addition of glucose 50
gLtand 1,2PDO, and three factors showed a positive influence. However, since their impact
was always lower than 3 % compared to the constant, the PK pathway remained superior to
the EMP pathway in all set of conditions tested. In contrast, addition amit B12 and
betaine + KCl as well as a high temperature slightly reduced the ratio, thus decreasing the part
of PK pathway in the glycolysis reactions.
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3.3.4 Effect of culture conditions on bioconversion performance lof reuteri
DSM 17938

The Plackett and Buram experimental design allowed identifying the growth medium
composition and culture conditions that affected the ability.ofeuterDSM 17938 to further
perform glycerol bioconversion intol3P.

During all bioconversion experiments, no residual glycesas detected in the bioconversion
broth, which indicated that it was completely converted int¢1® and 1,3°DO as soon as it
was supplied to the bioreactor.

The carbon mass balances of the bioconversion step were established at #0.32 %,
whichallowed to be confident in the further analysis of the ressummarizes the
results obtained from the 14 different experiments (includingee replicates of the
reference condition), to explain the effects of the 11 factors on three variables that
characterized the bioconversion step: final quantity éfiB produced, 3P production yield
and bioconversion duration.

Table3.8. Data characterizing glycerol bioconversion fé#R bioproduction by. reuteri
DSM 17938 in the experiments of the first experimental design

Experiment Final volume Total 3HP 3-HPproduction yield  Bioconversion
code (L) produced (g) (gs-HPOeow?) duration (h)
Tl 1.14+0.25 13.4+ 0.89 0.78+ 0.11 55.6+ 3

T2 1.13 12.4 0.60 51.4

T3 1.12 11.1 0.42 52.2

T4 1.21 13.3 0.88 63.2

T5 1.36 18.9 0.61 92.3

T6 1.27 16.1 0.50 75.6

T7 1.20 11.9 0.35 64.3

T8 1.33 19.6 1.99 88.6

T9 1.09 14.3 0.68 58.8

T10 1.09 11.0 0.83 44.1

T11 1.26 16.3 0.63 72.7

T12 1.14 11.1 0.68 50.1

T1: reference condition, including 3 replicates

These data allowed performing statistical analyses to reveal the factors disptayed
significant effects on the variables characterizing thgRB bioproduction. The corresponding

results are presented |able3.9
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Table3.9. Effect of growth conditions oglycerol bioconversion performanceslafreuteri
DSM 1793&Final volume 1.120.09 L)

Total 3HP 3-HP production yield Bioconversiol

produced(g) (gzHrGeow?) duration (h)
Constant 14.12 0.75 64.1
Additional glucose ns -0.23** 4.0%*
Additional yeast extract ns ns ns
Phytone peptone 0.94* 0.11* B.7**
Tween 80 0.84* 0.10* 2.1*
Vitamin B12 -2.16** -0.15** -10.6***
1,2-propanediol 1.03* 0.093* 4.5%*
Cysteine ns -0.10* ns
Betaine and KCI ns 0.10* 4.6%*
Temperature ns -0.15** 2.1*
pH ns 0.096* ns
Base ns ns ns
R 0.893 0.919 0.978

Confidence level: * 90 %; ** 95 %; *** 99 %; ns: not significahgdjusted for degree of freedom.

From(Table 3.9] nine factors displayed a statistically significant effect on one or several
variables. Only two factors did not show any significant effect on the characteristics of the 3
HP production stepthe addition of yeast extract and the type of base used for pH control.

The three response variables were positively influenced by the addition of phytone peptone,
Tween 80 and 1;PDO, but negatively by a vitamin B12 supplementation. The addition of
betaine enhanced the-BIP production yield and the bioconversion duration. A high glucose
concentration and a high temperature positively affected the bioconversion duration but
negatively the 3HP production yield. Finally, the addition of cysteine and a pélwalue
negatively influenced the-BIP production yield.

In addition to these three variables, the quantity of -BBO produced and the molar ratio
between 3HP and 1,3’°DO were also determined and will be analyzed when required.

3.3.4.1 Effect of glucose suppmentation on 3HP bioproduction

As explained above, the growth medium supplementation with a higher glucose
concentration led to a higher quantity of harvested biomass and a higher percentage of active
cells at the beginning of bioconversion. Howeverthe experimental conditions chosen
during the bioconversion step, no increase #iB production was observed. This result can
be explained by the moderate glycerol feeding rate (Queghth™) used in this study. As a
consequence, the quantity of gl provided was insufficient to feed the higher cell
guantity obtained in the presence of a higher initial glucose concentration. The specific
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glycerol feeding rate was thus lower in this condition (18.1 + 3.5y&ggcow-h?) as
compared to that dbserved with the lower level of glucose addition (32.9 * 8.6y3@tgcow
Lh1). This observation was confirmed by the decrease in thi®3roduction yield-30.7 %).

The longer duration of bioconversion (+ 6.2 %) noticed when the cells were psBviou
cultivated in the presence of a higher glucose concentration might be explained by a better
enzymatic activity of the bacterial population at the beginning of bioconversion stage, as
confirmed by the concentrations of active cells (4@° + 0.9-10'° cells-mt! with 50 g-t!
added glucose, instead of 119'° + 0.6-10*° cells-mt! with 20 g-t! added glucose). This
higher concentration of active cells allowkedreuteriDSM 17938 total population to convert
glycerol for a longer time.

3.3.4.2 Effect ofyeast extract and phytone peptone addition on-BP bioproduction

Results showed that phytone peptone slightly promoted thelB bioproduction whereas
yeast extract did nofTable3.9). As these two compounds act as amino acid sources, the
positive effect of phytone peptone can be related to a specific amino acid composition that
differs from that of yeast extract. From the information available from the suppliers, phytone
peptone contained more arginine, histidine, tyrosine (+ 200 %) and glycine (+ 90 %) than yeast
extract. Particularly, the amino acids arginine and glycine have been shown to be used for
energy production and were linked to the survival lagfctococcus laist under starvation
Stuartet al, 1999 and Lactobacillus sakeinder acidic conditionﬁChampomier Vergéet|

|a|., 1999.

3.3.4.3 Effect of Tween 80 addition on-BIP bioproduction

A positive effect of Tween 80 supplementation was observed on the cell ability to ge@lu
HP that is consistent witfCouvreuret al, 2019. This component is known to
support cell division ofactobacilli by modifying the cell membrane fatty acid composition
{Béalet al, 200]}. In addiion, it induces a dowanegulation of thede novdatty acid synthesis
that helps the cells to save intracellular ene{ﬁl;eitermayeret al,, 201& that could thus be
better directed towards HP bioproduction and excretion.

3.3.4.4 Effect of vitamin B12 addition on-BIP bioproduction

A negative effect of the addition of 0.1 mg-kitamin B12 in the growth medium was
observed on the quantity of -BIP produced, the bioconversion duration and theédB
production yield[Table3.9). This result was amnintended outcome because this compound
is a required cofactor of the first enzyme of thRdumetabolic pathwa)[Dishish'cet al, 2014.
It was reported that a supplementation with 0.1 md-itamin B12 in the bioconversion
medium showed a gsitive impact on 4P production by.. reuteriDSM 1793gCouvreuret]
al., 2017. At that step of the study,He question remains about the ability bf reuterito
internalize vitamin B12 that is a large molecule of molecular weight of 135l
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{PubChem, 2041Another hypothesis ithat the early addition of exogenous vitamin B12 in
the growth medium (i.e. before the bioconversion step) may reduce the ability of bacterial
cells to produce endogenous vitamin B12 during the subsequentdadtbmconversion.

3.3.4.5 Effect of 1,2PDO addition on 3HP bioproduction

Addition of 3 g-£ 1,2-PDO in the growth medium significantly improved the three variables
characterizing the bioconversion stfgiable3.9] in agreement withDishishaet al, 201§.
Here we consider that, due to the structural similarity between glycerol anéPD@), the
addition of the latter in the growth medium might help the cells to prepare their enzymatic
machinery[Sriramquet al, 2006}. More particuarly, these authors showed that :DO
induced the synthesis of glycerol dehydratase, which was confirmed by our results.

3.3.4.6 Effect of cysteine addition on-BiP bioproduction

The addition of cysteine was related to a reduction of thidR production yielTable3.9).

This observation can be explained by its negative effect on vitamin B12 biosynthdsis by
reuteri, as previously demonstrated l@antoset al, 2009. As another hypothesis, cysteine
may counteract the oxygen utilization by the cells, as suggestrdeLbyeret al., 1999}.

3.3.4.7 Effect of the addition of betaine and KCI onFP bioproduction

The addition of betaine (0.234:lg) together with KCI (7.455g") led to a longer
bioconversion, together with a higher production yi m} that can be explained by

the protective effect of betaine against osmotic stre§l§sts and De Bont, 19P4T his result

can be linked to that o{Louesdonet al, 2014 who related a higher intracellular betaine
content to a more rigid membrane. This phenomenon led to the reduction of the exchanges
between the intracellular and extracellular compartmentd.irobuchnerR1102, thus making

the cells more resistar{t ouesdoret al,, 2014.

3.3.4.8 Effect of growth temperature on 3HP bioproduction

Regarding the influence of the growth temperature on the further bioconversion step, a
higher 3HP production yield but a shorter bioconversion duration was observed when the
previous growth was conducted at 33 °C instead of 3Ta6le3.9). As the glycerol feeding

rate was fixed at 0.54gceroth™® during bioconversion, this highert3P production yield was

the consequence of the lower cell concentration achieved at the end of the growth phase, as
already observed by considering the effect of the glucose addition (see part 3.3.3.1).

3.3.4.9 Effect of growh pH and base used for pH control oAHP bioproduction

The pH value during growth had a very little effect on the bioconversion step. OnlyHiffe 3
production yield decreased slightly when the pH was reduced from 6.0 @ &tBe3.9). This
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difference could be ascribed to a small, even not significant, increase in the final biomass
concentration when the growth was conducted at pH 5.5.

In addition, it was demonstratethat the type of base used (NEH or NaOH) had no effect,
thus allowing us to use them equally. However, as the bas®©NHbrevents the formation of
salt in the medium, it might be preferred to facilitate further downstream processes.

3.3.5 Selected growth coditions that improvelL. reuteriDSM 17938 ability to
convert glycerol into 3HP

In order to enhance the capacity bf reuterDSM 17938 to perform-BIP bioproduction at a
glycerol feeding rate of 0.5ygeroth™, the growth conditions leading to the be3-HP titer,
bioconversion duration and-BIP production yield have been identified. They consist in MRS
medium added with glucose (20 g)l.phytone peptone (25 g4, Tween 80 (4 g4, 1,2PDO

(3 g-th), betaine (0.234 g-t£) plusKCI(0.745 g-tf), temperature (33 °C) and pH 6.0. No
additional yeast extract, neither supplementation with vitamin B12 nor cysteine were
required. The base used to control the pH was®H as it was likely unimportant.

This set of conditions has been implemented in anitoltal experiment to confirm its
positive effects on the bioconversion performances. The conditions used during the
bioconversion step were identical as in the experimental design. Results are siGigurig

In comparison to the reference growth condition, when the bioconversion was launched after
a growth step performed with the selected conditions, a real improvement of tHiéP3
bioproduction was observed.

The bioconversion lasted longer, from 55.8 + 2® 88.6 h, and the total -BHiP produced
increased from 148.9 + 9.9 mmol to 211.8 mi{féh(re3.8). The 3HP titer was increased
from 11.8 + 0.5 g+tto 14.7 g-t1, andthe 3-HP production yield from 0.8 + 0.4.+g-gcow" to
2.0 g-Hrpocow®. In addition, the specific-BIP production rate was improved from 14.0 + 2.5
Mgs-Hpgeowr-h?t to 22.5 mgnergeowht. The volumetric productivity measured at the
moment when 3HP production ceased was doubled from 0.24-gH! to 0.48 g-t*-h?,
Finally, no 3HPA accumulation was found in this bioconversion (tHéP& concentration
could not be detected by HLPC).
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Figure3.8. 3-HP bioproduction from glycerol iy reuterDSM 17938 in the selected
conditions for the growth steffinal volume 1.33) in comparison with the reference
condition of the first experimental desigfinal volume 1.14:0.25 L)

As the cell concentration at the end of the growth phase performed with this new set of
conditions (3.@cowl?) was similar to that of the reference condition (3.3 + @8wL?), the
observed improvement could be explained by a better abiliteach cell to produce-BiP
from glycerol. This was supported by the higher ratio betwed#P3to enzymaticallgctive
cells determined by flow cytometry, which increaskdm 0.98 + 0.21 gr.Qeeist in the
reference condition to 2.05zgir.geenst in the optimized recipe

Finally, as the validation conditions allowed confirming the improvement of théP3
bioproduction performance, they were retained for the further steps of the study.

3.3.6 Effect of harvest time on the ability of. reuteriDSM 17938 tgroduce
3-HP from glycerol

The physiological state of cells that will enter the bioconversion process as resting cells is of
great importance. As this state is defined at the end of the growth phase, the harvesting time
is an important factor, in additioto the other growth conditions, as previously demonstrated

by [Raultet al,, 2003. It was thus of great importance to determine if the moment at which
the cells oflL. reuteriDSM 17938 were harvested, may influence, or not, their performances
during bioconversion, and to determine the best harvesting time feif3bioproduction.
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Two havesting times ofL. reuteriDSM 17938 cells have been tested: the first one
corresponded to the end of growth phase, i.e. to the very beginning of the stationary phase.
It was detected from the cessation of base consumption at the end of the growth passe,
being equal to 14.6 0.9 h from the three repeated experiments of the experimental design.
The second harvesting time was delayed by 6 h from the first one, in order to recover the cells
in more advanced stationary phase, i.e. at 20.6 h. The kineticge bioconversions
performed with resting cells harvested in advanced stationary phase (i.e., 6 h after the base
consumption stopped) were compared with those of the reference condition of the first

experimental design. They are illustrateqFigure3.9

Figure3.9. Comparison of kinetics of glycerol bioconversion.byeuteriDSM 17938 cells
harvested at the beginning of stationary phase (reference, in gréea volumel.14+
0.25 ) and in advanced stationary phase (after 6 h, in orarifyedl volumel L)

The rates of base consumption andHP bioproduction remained constant all along the
bioconversion, whatever the harvesting tinfigigure3.9). They were slightly lower for cells
harvestedafter 6 h in stationary phaseWhen no more 34P was produced, the base
consumption stopped and the dissolved oxygen concentration started increasing (data not

shown) as previously mentioned in Sec{&B.2.2

By considering the other variables, strong differences were pointed out during the
bioconversion phase, when the cells we harvested at the two different nmbsnef the
growth phaseThe results obtained from these two experiments are summarizfiéigare]

39

FromFigure3.10] the final biomass concentration measured at the moment when the cells
were harvestedslightly differed between the two harvest times. It was lower after 6 h in
stationary phase (2.7cgwL?) than at the beginning of stationary phase (2.8.3 gowlL?),
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by taking into account the standard variation. This result is in agreement withot{@abed

e, 208

The 3HP titer and 3HP fnal quantity were lower when the cells were recovered in the
advanced stationary phase. The titer was reduced by 34 % and-the §uantity was
decreased by 42 %. Consequently, tHelR production yield decreased by 3QPiggre3.10).
These results can be linked to the reduction in the bioconversion duration that was lowered
by 44 % when the cells were harvested in advanced stationary gjRaner€3.9|andFigure|
. Meanwhile, the3-HPA concentratiorwas not significantly affected and remained
below 0.5 g+pal:t in both cases

Figure3.10. Effect of harvesting time on cell concentration and bioconversion
performances otf.. reuteriDSM 17938 cellsarvested at the beginning of stationary phase
(reference, in greenffinal volumel.14+0.25 L)yand in advanced stationary phase (after 6

h, inorange)(final volume 1 L)

A few authors demonstrated that cells bf reuteriharvested in stationary phase exhibited a
better 3-HP bioproduction than cells recovered in exponential phase. That was the case of
reuteri ATCC 5573{Ramakrishnaret al, 2019 and L. reuteriFXZ014Zabedet al., 2019.
Results of this test thus otribute to enlarge the knowledge that recovering cells at the early
stationary phase maximized their ability to further convert glycerol iHdP3 compared to
cells harvested in more advanced stationary phase.

The influence of carbohydrate depletion inetlup-regulation of some micreompartmental
genes inL. reuteri(Kimet al, 2014|Ramakrishnaret al., 2015(Sriramuluet al., 2004 or in

the reduction of the concentration of pyridine nucleotides (i.e., precursors of 'RN\DH
cofactors[Nakamuraet al,, 2013) could be hypothesized to explain this effect of harvesting
time on the 3HP bioproduction.

From this analysis, harvesting the celld. ofeuteriDSM 17938 in advanced stationary phase
showed a significant decreaseliimconversion performances in comparison to the beginning

of stationary phase. Consequently, for the next experiments, cell will be harvested in this last
condition.
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3.4 Conclusion of Chapter 3

In conclusion, the influence of various growth conditions wasessed on the growth
efficiency and on the ability of resting cellsLofreuterDSM 17938 to produceBP at a given
glycerol feeding rate of 0.5 gthThe implementation of a Plackett and Burman experimental
design enabled 11 factors to be tested. B¢ tend, glycerol bioconversion intek8P by resting
cells was affected by nine growth conditions.

From the results obtained in the reference condition that was triplicated, a good repeatability
was achieved, despite the complexity of the bioprocess theliaged two successive phases

of growth and bioconversion, both performed in bioreactors. These reference conditions
allowed to identify indicators of the end of the cultures, by considering the two steps. Within
the used conditions, the base consumptiorathresulted from the neutralization of organic
acids produced during growth was used as an indicator to define the end of growth. During
the bioconversion step, two complementary indicators have been pointed out to define the
end of the bioconversion: théase consumption that stopped when no moreH® was
produced in the medium and the p@hat increased when the bioconversion ceased.

The results obtained from this first experimental design indicated that the supplementation
of MRS medium with 50 gtlglucose and the use of a temperature of 37 °C led to a greater
cell quantity at the end of the growth phase. Meanwhile, the addition of phytone peptone,
Tween 80, 1,2PDO, betaine with KCI and the use of a suboptimal temperature, together with
an optimal pHwere recognized as relevant options to improve the bioconversion duration
and the 3HP production yield at a given glycerol feeding rate of 0.8.g-h

The best set of conditions has been identified and validated as it enhancedHifetider (+
25 %), the3-HP production yield (+ 150 %) and the specHitFRBproduction rate (+ 61 %), as
compared to the reference condition.

As cells recovered in advanced stationary phase showed a reduction of bioconversion
performances compared to those harvested in eatigtionary phase, these last conditions
will be retained for further studies.

With the aim of further improving the -BIP bioproduction by.. reuteriDSM 17938, the
environmental conditions during the bioconversion step should be optimized, together with
awiding 3HPA accumulation. This part of the study will be presented in the following chapter

96



Chapter 4. Effect of environmental conditions
during bioconversion on 3HP bioproduction by
L. reuteriDSM 17938

4.1 Introduction

As described previously, the bioproduction ofhydroxypropionic acid by reuteri is
performed through a twestep processncluding a growth step performed in batch mode and
1} JVA Ee]}v 8 % pe]vP -30&] ]} 2 AP X

the cells are harvested and concentrated, before being used as resting cells that convert

glycerol into 3HP in &d-batch mode.

SA v §Z -«

Some important environmental factors affect the performance of the glycerol bioconversion
by L. reuteri They include the composition of the bioconversion med{t@nuvreuret aI.,|
[2017[Doleyreset al, 2005(LuthiPenget al, 2003, the bioconversion temperature and pH

Herlet et al, 2017, the gaseous atmosphef®oleyreset al., 2005(Zabedet al, 2019, and

the glycerol éeding rate or the specific glycerol feeding rate during thebatth process

(Dishishaet al, 2014|Dishisheet al., 2015|Doleyreset al., 2003.

From (Doleyreset al., 2009, the composition of bioconversion medium was shown to
influence the bioproduction of the metabolic intermediateHPA, notably the glycerol
concentration. The authors obtained thatt8PA bioproduction was proportiongl the initial
glycerol concentration, the highest concentration GH®RA was achieved with the highest
concentration of egcerdDoleyreset al,, 2005). A study performed in the lab indicated that

L. reuteriDSM 17938 cells harvested then suspended in osmosis water showed a better

physiological state than cells-seispended in potassium phalsate buffer(Gérge, 201

The temperature has been studied by several authors. Most of them agreed to define 37 °C
as a convenient temperature since this level is the optimal condition for highest activity of the

enzyme glycerol dehydrataselinreuteriCGOO0XHuilianget al.,, 201&) and for specific activity

of the propanediol utilization protein PdyRuoet al., 2011]]

. However a low temperature of

30 °C was noticed bfpoleyreset al, 200§ as theoptimum condition to maximize-BIPA

production in ATCC 53608. The hypothesis of testing a temperature lower than the optimum
is that cells might undergo less stress in the bioconversion conditions and can possibly keep

on producing for a longer period. brder to prevent the low rate of bioconversion at a too
low temperature, a value of 3Z was retained for the test.

The pH acts on-BIP bioproduction as demonstrated

ishisheet al.,, 2014

. A higher pH

(pH 7.0 instead of pH 5.0) was showy these authors to improve the performance of the
bioproduction. However, it is also important to consider this environmental factor in
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relationship with the further downstream processes. Indeed, the extraction and separation
of 3HP can be achieved hxarious downstream processes, such cagstallization, ionic
chromatography or liquidiquid extraction[" Vv Z Ir S etal, 202Q. Among these
processes, liquitiquid reactive membrane extraction using primary amines is an interesting
process that was successfully applied {bIB[" v Z Ir § wgtal, 202(). By considering

this process, a low pH is required to allow the reaction between primary amines and the
undissociated form of -BIP. Consequently, it could be interesting to test the effect of low pH
during the bioconversion step and assess the bioprodacperformance in this particular
condition.

The preliminary tests regarding temperature and pH were done by fixing growth volume (5 L)
and growth conditions (pH 6.0, temperature 37) as in the reference of experimental design

1, to be able to evaluatehe effect of new conditions of pH and temperature during
bioconversion. The comparisons are presented in followingpsuts.

The effect of gaseous atmosphere has already been studied on the productiotiBA3
(Doleyreset al, 2009 and 3HP(Zabedet al, 2019. The study ofDoleyreset al, 2009
showed that anaerobic conditions are required for glycerol bioconversion Hi®A&, which
was explained by the sensitivity of the glycerol dehydratase enzyme to ofghenet al, |
. Furthermore, the production bly. reuterdCM1112 of vitamin B12, which is a required
cofactor of glycerol dehydratase, increased by 30 % under strict anaerobic con
[et al, 2009. Anaerobic conditions maintained by continuous biiplof nitrogen gas was
applied for 3HP bioproduction from glycerol ly reuteriDSM 2001¢Dishishaet al, 2015).
The recent study qTZabedet al,, 2019 was dedicated to the definiin of aeration conditions
to obtain various targeted products of the Pdu pathway. These authors reported that
microaerobic conditions were favorable to maximiz&iB production by. reuteriFXZ014.
These microaerobic conditions were achieved by gentlyngithe bioconversion medium
without adding any gas during the bioconversion.

Finally, the glycerol feeding rate and the specific glycerol feeding rate were identified as
important factors that influenced -BIP bioproduction from glycerol. It has been
demorstrated that increasing the glycerol feeding rate resulted in accelerating tHé¢ 3
bioproduction performed by.. reuterDSM 2001¢Dishishaet al, 2014. Moreover, aspecific
glycerol feeding rate of 62.5 mgerotgcow’-h* was determined as the maximum value to
obtain 3HP with this strain, without accumulation of toxid—ﬂPA[Dishishaet al, 2015). As

the aim of this chapter is to improve thelP bioproduction from glycerol ly reuteriDSM
17938, specific glycerol feeding ratas retained as a factor for the CCRD.

From this short synthesis of the literature, the factors temperature, pH and specific glycerol
feeding rate seem to be the most promising drivers to improve the bioproductiorHi? By

L. reuteri The objective oftis part of the study was to characterize the abilityLofreuteri

DSM 17938 to perform-BIP bioproduction in different environmental conditions during the
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bioconversion phase and to define optimized conditions by considering the pH and the
specific glyceol feeding rate.

4.2 Experimental strategy

Some preliminary tests have first been performed, in order to define the conditions to be
used during the second experimental design. As being summariggidure4.1{ these tests
included:

- The freezing and storage of the frozen cells for one month or three months between
the growth and the bioconversion steps,

- The implementation of two steps of centrifugation between the growth and the
bioconversion steps,

- The use of a double cell conceation during the bioconversion step.

Using the conditions defined from these preliminary tests, another set of preliminary
experiments was conducted in order to determine the second experimental factor to be
tested in addition to the specific glycerol faad rate. The effects of bioconversion
temperature and pH were investigated, with the aim to determine if these factors may be
retained and to define their limit that will be tested in the second experimental deBigui]

4.1).

Figure4.1. Overall methodology for the study of the effects of environmental conditions
during the bioconversion step on the abilitylofrederi DSM 17938 to perform glycerol
bioconversion into 3ydroxypropionic acid

Then, a CCR{[Box and Wilson, 19$Szvas established in order to define optimized conditions
for the bioconversion step, by considering two important environmental and operational
factors: the pH and the specific glycerol feeding rate. This kind efrempntal design allowed

us to determine the optimal values of these factors that maximize the characteristic variables
of the bioconversion, including the3P titer, 3HP maximal quantity,-BIP production yield,
3-HP production rate,-BP specific produion rate, 3HP volumetric productivity and specific
glycerol consumption rate.
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The conditions implemented during the growth and the bioconversion steps were defined for
the whole experimental design. For the growth step, the conditions were selectedtfrem
results of the first experimental design. They consisted in using MRS medium added with
glucose (20 g+), phytone peptone (25 g¥), added Tween 80 (4 ¢, 1,2PDO(3 g:b), and
betaine (0.234 g:) plus KCI (0.745 ¢t\. The addition of 2@-L* glucose (and not 50 gL

was chosen to avoid the slight downshiftq %) of the 3HP to 1,3PDO molar ratio observed

as a result of the first experimental design. The growth temperature was fixed at 37 °C, the
pH was controlled at pH 6.0 with MBH (14.8 mol-t), and no gas was added in the growth
medium stirred at 100 rpm.

The conditions of the bioconversion step were fixed by considering the literature data or the
results of preliminary experiments. The bioconversion medium was composed ofsissmo
water in which bacterial cells were-sispended after harvestir{g’;)ishishaet al, 2014. The
agitation rate was fixed at 100 rpm and the gaseous atmosphere was not controlled (no air
nor nitrogen transfer), thus generating microaerobicnddions [Zabedet al, 2019. The
temperature wasset at 37°C from the results of preliminary tests displayed in Section 4.4.1.

4.3 Preliminary tests to define the conditions to be used before
and during the bioconversion step

All preliminary tests were conducted with reuteriDSM 17938, in the growth cditions of

the reference condition of the first experimental design, in order to allow a comparison of the
results. These conditions are fixed and consisted in MRS medium added with components
defined from the results of the first experimental design (i20 g-t* additional glucose, 25

g-L! phytone peptone, 4 g-Ladditional Tween 80, 3 g*1,2-PDO, 0.234 gibetaine plus

0.745 g-t KCI), a temperature of 37 °C, a stirring rate of 100 rpm and a pH controlled at 6.0
with NHWOH (14.8 mol-t). Onlythe test of a double centrifugation was done with a glucose
concentration of 50 g-L In that precise case, the aim was to obtain more lactic acid in order
to better highlight the efficiency of eliminating this unexpected product for the subsequent
bioconversion stepThe bioconversions were carried out in the same conditions than those
of the reference conditions of the experimental design 1 to allow comparisthe
bioconversion temperature and pH were set at 37 °C and pH 6.0. The glycerol feeding rate
was fixed at 0.5dgyceroth™. In the preliminary test to assess the effect of a double resting cell
concentration and a double glycerol feeding rate, all otlenvironmental conditions
remained unchanged.

For all experiments, the biomass concentration at the beginning of the bioconversion step
was similar at 18.4% 2.49 gpwl?, as it was the consequence of the growth phase that was
conducted in identical aaditions. In the case of the experiments to test the effects of a
double centrifugation and a double cell concentration, the biomass concentration reached
44.5 gpwl™.

100



Concerning the bioconversion step, the carbon mass balances were verified beforeiamal
the results at 9% 3 %. As the 1;DO was produced in equimolar proportion witi® (i.e.,
molar ratio 0.9 0.11 mol sppomokwpt for all the experiments), its concentration will not be
analyzed in the next subhapters.

4.3.1 Effect of freezingrozen storage on glycerol bioconversion hy reuteri
DSM 17938

The objective of these experiments was to determine whether freezing and storing the
concentrated cells at 80 °C for one or three months may affect the ability_ofeuteriDSM
17938 to cowert glycerol into 3HP. The idea was to facilitate the further bioconversion
studies, by producing large quantities of concentrated cells from large batches, and to use
them for several bioconversion experiments.

From a methodologic point of view, the gvth was performed in three bioreactors
simultaneously, from the same inoculum and in the reference conditions of the first
experimental design. At the end of growth, cells were harvested at the beginning of stationary
phase, but not washed, which means thhey were subjected to only one centrifugation.
Cell pellets obtained from two bioreactors were rapidly frozen by immersion in liquid nitrogen
and stored att 80 °C for 1 and 3 months, respectively. Cell pellets from the third bioreactor
were used diredy (without freezing) as a control, by suspension in osmosis water to achieve
a cell concentration of about 1®cell-mLL. All the three bioconversion experiments were
conducted in the same conditions, i.e. at 37 °C, pH 6.0 and at a glycerol feeding efe
gglycerorh_l-

Results corresponding to the final biomass concentrations at the end of the growth phase
were comparable in the threkioreactors at 3.15 + 0.2&pwlL?* and 4.010° + 0.310° cell-mL

1. Theywere similar to that obtained in the reference experiments of first experimental
design (namely, 3.3 + 0.3mvL* and 4.2.10° £ 07-10° cell-mL!). This good repeatability
allowed us to study the effect of freezing and frozen storage on the ability of resting cells of
L. reuteriDSM17938 to convert glycerol inteH8P.

Comparison of bioconversion performances reached by unfrozen cells, frozesiaests for
one month and for three months are summed upTiable4.1
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Table4.1. Effect of freezing and frozen storage for 1 and 3 months on biomass
concentration and performance of glycerol bioconversion iHaB byL. reuteriDSM17938

Fresh cells Cells frozen Cells frozen
for 1 month  for 3 months

Concentration of active andot permeabilized 1.4%01 1.0201° 1.2201
cells at the beginning of bioconversion (cell-fHL

3-HP titer (g-L) 11.2 13.7 11.2
3-HP final quantity (g) 124 15.3 12.7
3-HPA (g-t) 0.5 0.6 1.0
Specific glycerol consumption yieldd@erorgcow'!)  1.98 2.22 1.92
Specific 3HP production yield (gnrgcow?) 0.73 0.86 0.88
Bioconversion duration (h) 57.7 62.1 50.9
Final volume (L) 1.11 1.11 1.14

After rapid freezing in liquid nitrogen and storage at very low temperatui@)(°C), the
percentage ofactive and nofpermeabilizedcells on total cells was affected, as it decreased
from 85 %by considering fresh cells 163-66 %with frozen cells This led to a lower
concentration of active and not permeabilized cells entering the bioconversion
. However, the main effect was linked to losses aive cells due to centrifugation and
handling[Streit, 2003, as the concentration of active and not permeabilized cells was only
slightly higher for fresh cells.

The 3-HP titer and 2HP final quantity at the end of bioconversion were not significantly
affected by the celfreezing and the frozen storage, as they remained quite stable for the
three conditiongTable4.1). The obtained values were closethat reached in the reference
condition of the first experimental desigi{.8+ 0.5 gxeLtand13.4+ 0.9 g.1p, respectively.
Nevertheless, a higher accumulation eHBPA by the cells frozen and stored for three months
was observed, as the-BPA titer was doubledTable4.1). Although this corentration
remained lower than the 3PA inhibitory concentration (22.7 g-L:%) [Cleusi>et al, 2007},

it indicates that the balance between trenzymes activities was modified. In addition, this
higher 3HPA titer can explain the shorter duration of the bioconversion carried out with cells
frozen and stored for 3 months.

With a glycerol feeding rate fixed at 0.5,g-oth™, the specific glycet consumption yield and

the specific 3HP productionyield were similar whatever the state of the cefEable4.1).
They were comparable to the values obtained for the reference condition of the first
experimental design (2.8 0.3gglycerotdcow! and 0.83 + 0.11 gHpgeow?, respectively).

In summarygdespite the good reproducibility ofBP bioproduction performed by frozen cells
compared to fresh cells, the bioconversion process was slightly affected by the cell freezing,
by considering the process duration, theHPA accumulation and the enzymatitigity of
bacterial cells. The consequences of these effects on the bioconversion performances
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remained low because the specific glycerol feeding rate was moderate in this set of
experiments (i.e., 33.3 2.9 mgyycerotgcow’-ht). But in the context ofhe next experimental
design in which the specific substrate feeding rate will be varied, this negative impact may
interfere more with the future results. Finally, even these tests indicated thatuteriDSM
17938 was quite resistant to freezing andZem storage, this methodology was not retained
for the next experiments.

4.3.2 Effect of two centrifugation steps on the ability df. reuteriDSM 17938
to produce 3HP from glycerol

The objective of these experiments was to better eliminate the remaining noditab that
originated from growth ol.. reuteriDSM 17938, in order to reduce their possible inhibiting
effect and to facilitate the further extraction processes. During the growth stepeuteri
synthesizes lactic acid, acetic acid, ethanol and & metabolites that originate from
glycolysis. As demonstrated in Sec the concentrations of these products reached
16.4 (x 1.2) g, 7.6 (= 0.8) gLand 3.7 (+ 0.4) g¥. respectively when the growth was
performed in the reference conditions. As a reminder; @@duction was not measured but
assumed to be produced equimolarly to ethanBefore the process of-dP bioproduction
begins, most of thes products are removed during the concentration stepcentrifugation

and diluted in the bioconversion medium that corresponded to osmosis water. However, a
remaining lactic acid concentration @f7 + 1.5 g-t! was detected at the beginning of the
biocorversion phase in the reference condition. When the growth was performed with a
glucose supplementation of 50 d¢;lthe remaining lactic acid concentration was equaB®

+ 1.0 g-t*. This remaining lactic acid may negatively affect the ability of t®ltonvert
glycerol into 3HP. In addition, it could be an impediment to the future extraction process, as
it will be extracted along with the-BIP that will complicate the purification of the targeted
molecule.

In order to better eliminate these remainingroducts a washing step was added to the
concentration step by performing two runs of centrifugation instead of one. The fermentation
was done with extra glucose addition of 50tgind was compared, at the same initial glucose
concentration, with an exeriment involving only one centrifugation. All other conditions
were similar to those of the reference condition of the first experimental design. After each
centrifugation, the cells were recovered in 0.8 L of sterile osmosis water. Results are

presentedin|Table4.2
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Table4.2. Effects of one or two centrifugation steps on the lactic acid and active cells
concentrations

End of growth phase Lactic acid (gt 26.4 26.8
Before centrifugation Active cells (cellssmb)  7.920° 4640°
Number of centrifugations 1 2
Beginning of bioconversion phase Lactic acid (g-t) 3.3 0.4
After centrifugation Active cells (cells-mt)  3.8401° 1.4%0%
Bioconversion duration (h) 75.6 40.8
3-HP titer (g-1) 16.1 9.5
3-HP final quantity (g) 12.72 9.1
Final volume (L) 1.27 1.04

From|Table 4.2 the concentrations of lactic acid and of enzymaticalljive and not
permeabilized cells at the end of growth phase were similar for the two experiments, by
considering the standard deviatis given in Chapte@ As expected, the lactic acid
concentration decreased by 88 % after one centrifugation and by 99 % after two
centrifugations.

However, althoughthe number of active cells was not significantly deteriorated after one
centrifugation (2 % losses, fromi14' to 3.910'3 cells), it was more affected after two
centrifugations as it decreased by 39 % (fromI0% to 1.410%cells. This negative effeof
centrifugation could be ascribed to losses of bacterial cells due to multiple cell handling and
to losses of intracellular enzymatic activity and bacterial membrane integrity due to repeated
centrifugations. This result is in agreement with that obairby(Streit, 2004 who showed

that centrifugation ofL. bulgaricusvas more deleterious than microfiltration, the latter being
more adapted to maintain a good physiological state after concentration.

The negative impact of two centrifugation steps on the performancetdPBroduction (i.e.,
shorter bioconversion duration and loweft8P concentration and final quantity) was due to
the lower quantity of active cells recovered in that case.

Thus, despite the advantage of better removing undesirable metabolites, a two
centrifugaion step clearly showed a disadvantage faB bioproduction, by decreasing the
guantity of enzymaticalbactivel. reuterDSM 17938 cells. This methodological approach will
then not be retained for the next steps of the study.
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4.3.3 Effect of cell concentrabn and glycerol feeding rate on -BIP
bioproduction byL. reuteriDSM 17938

With the aim to enhance the efficiency oftf# bioproduction, increasing the glycerol feeding
rate is a relevant strategy, as explained in Chdn fact, a limitation due to the glycerol
feeding rate fixed at 0.5 &r* was observed when growth conditions allowed increasing the
quantity of active cells harvested at the end of growth (Sed@od.4.3. In that case,
increasing thededing rate (in dn!) together with keeping the same specific glycerol feeding
rate (in mg@uycerotgcow-h ™) could be interesting to enhance the efficiency dfiB production.

By considerind.. reuteriDSM 17938, the aim of this part of the study wasquantify the
consequences of doubling the glycerol feeding rate together with doubling the cell
concentration during the bioconversion step, in order to reach the same specific glycerol
feeding rate. The tests were done using the conditions of the refe¥ecultures of
experimental design 1. Detailed results are present¢tahle4.3

Table4.3. Effect of ell concentration and glycerol feeding rate on the performance of
glycerol bioconversion into-BIP byL. reuteriDSM 17938

Reference condition  Double cell concentration
and glycerol feeding rate

Cell concentratiorat the beginning 21.9 44.5

of bioconversion(gcowL?)

Cell concentration at the beginning ~ 1.7-10% 3.1:10%
of bioconversion (cell-mt)

Concentration of active and not 1.4.10% 1.910%
permeabilized cells (cell-mb)

3-HP titer GanrL?) 11.8 20.1
3-HP finalquantity (gs-+p) 13.4 19.4
Max 3HPA @z1pal?) 0.27 0.45
Bioconversion duration (h) 55.8 38.2
3-HP production rate @snrh?) 0.24 0.51
Specific 3HP production rate 13.7 14.3
(MgsHPgcow™h™)

Final volume (L) 1.14 0.97

Thebioconversion was started with a double cell dry weight, which was confirmed by the
guantification of the cell concentrations through flow cytometry measurem%mlﬂ)(e4.3#.

However, a double concentration of active and not permeabilized cells was not [dabte

, which corresponded to a decrease in the percentage of active and not permeabilized
cells from 84 % to 62 %. Since the glycerol feeding rate was doubled frapm®16 1.0 gh-

1 the 3HPspecific production rate was nearly maintained at about 14-gagcow-h?. As a
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consequence, the-8IP production rate was doubled, which was consistent with the targeted

conditions.

Using these new conditions, the finalHP titer was enhanced b0 % and the final -BIP
guantity produced increased by 45 % (the final volume was different due to the various
bioconversion duration of the fetlatch process)These augmentations were however lower
than expected from a double glycerol feeding rate. This disappointing performance could be
explained by two reasons. First, theHPA concentration was twice higher thie double
glycerol feeding ratereaching & mmol-L* that was close to the inhibiting value of 8.1
mmol-L* that affects the activityof the propionaldehyde dehydrogenase enzyme in the Pdu
pathway[SabetAzadet al, 2013. In addition, the duration of the bioconversion step was
lowered by 31 %, which can be a consequence of the high cell concentratiocothdtlead

to transport limitation of glycerol and-BIP. Indeed[Zabedet al, 2019) showed thatthe cell
concentration giving the optimal result of glycerol biotransforrmatprocess in the case bf
reuteri CICC 6118 was around 1&@gL* (in a tested range comprised between 7.5 and 17.5
geowl?). In the present case, the cell concentration reached for the test performed with a
doubled cell concentration was much higher thea g-pwL?, while the lower one obtained

for the reference condition may limit this issue of transport limitation of sudistrand
metabolite.

From all these results, the use of higher values of cell concentration and glycerol feeding rate,
by maintaining the specific glycerol feeding rate, allowed improving tht>3productivity

from 0.21 to 0.37sneL>h?, i.e. by 76 %. dWever, this improvement was partly hidden by

the double investment cost linked to biomass production. Finally, this strategy was not
included in the next experimental design.

4.3.4 Summary of information

In summary, four sets of conditions have been testedipri@lary to the second experimental
design, in order to enhance-13P bioproduction. However, despite their own advantages,
some of them were deleterious and were not retained for the next steps of the study.

When the cells were harvested in advanced stadiy phase of growth instead of early
stationary phase, the bioconversion step was shorter, tHéFP3titer was lower and-BIPA
slightly accumulated. Consequently, time at which the cells will be harvest was chosen at the
early stationary phase.

Freezing ad storing the cells at 80 °C for one or three months allowed maintaining a high
level of cell concentration, but generated higher amounts ¢R3A that could hinder the
bioconversion process. Accordingly, the next experiments will be done with frdsh cel

The interest of a better elimination of lactic acidHi) remaining from growth in the medium
surrounding the resting cells, by two centrifugations instead of one, was depleted by the
higher decline in enzymaticalbctive cell concentration that a#tt the bioconversion
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duration and consequently, theBP production. Therefore, only one centrifugation step was
retained for cell harvesting and concentration.

A test was performed by doubling both cell concentration and glycerol feeding rate. This
appraach allowed obtaining a doubleB3P production rate, but the finatdP concentration
remained limited, as a possible of the increasedRBA production or of transport limitations.

The next preliminary experiments will be conducted at the initial valueglbtoncentration

and glycerol feeding rate, before studying the impact of the specific glycerol feeding rate as a
factor of the central composite rotatable design.

These operational conditions were selected and retained to be implemented in the second
experimental design.

4.4 Preliminary tests to define the fact@to be retained in the
second experimental design

Temperature and pH are two important environmental factors for the glycerol bioconversion
into 3-HP byL. reuteriDSM 17938. As the selected expaental design should include only
two factors, and as the specific glycerol feeding rate was already retained as the first factor,
preparatory experiments were done in order to determine, among temperature and pH,
which one might be kept and to define tihéower limits.

4.4.1 Effect of the bioconversion temperature on the ability &f reuteriDSM
17938 to produce dHP from glycerol

Temperature is a crucial environmental factor that affects the biological transformations, and
was thus considered as a possibletéa in the next experimental design. In order to evaluate
the effect of temperature on the glycerol bioconversion int¢B byl. reuteriDSM 17938,

two experiments were done at two different temperatures, 37 °C and 32 °C. All other
conditions, during thegrowth and the bioconversion steps, were similar to those of the
reference condition. At the end of growth phase, the cell concentrations obtained were equal
to 3.6:10° cells-mt and3.210° cells-mt, respectivelyResults are summarizedTrable4.4]
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Table4.4. Effect of the bioconversion temperature on the performance of glycerol
bioconvesion into 3HP byL. reuteriDSM 17938

37°C 32°C
3-HP titer (g-1rL?) 11.8 9.3
3-HP final quantity (g+p) 134 10.4
Max 3FHPA (ngA-L'l) 0.27 2.1
Bioconversion dration (h) 55.8 41.3
Concentration of active and not permeabilized cedifter 1.510% 5.810°
24 h of bioconversion (cell-mt)
3-HP production rate gsnrh™) 0.24 0.25
Specific 3HP production rate (gurgeow*-h?) 13.8 19.4
Final volume (L) 1.14 1.08

FromTable4.4] it can be seen that the-BIP titer and the 3HP final quantity were negatively
affected, by about 21 %, when the bioconversion temperature was lower. This is linked to the
reduction by 26 %fathe bioconversion duratiofiT@ble4.4). This shorter duration might be

due to the strong increase int3PA concentration at 32 °C (28mnol.L!) that approached

the inhibiting concentration demonstrated far. reuterDSM 2001¢Cleusi>et al, 2007), and

that exceeded by three times the levelffecting the activityof the propionaldehyde
dehydrogenase enzyme in the Pdu pathw@yl mmolL?) reported by|$atet-Azadet aI.,|

2013

Moreover, it is notable that, at lower temperature, the concentration of enzymaticadtive
cells after 24 h decreased strongly by 64Table4.4). This resulted in raising the specific
glycerol feeding rate related to active cells up to 10m&ycerotgcow'-ht (compared to a
value of47.3mggycerotgcow-ht for the bioconversion carried out at 37 °C). The value at 32 °C
was much higher than the level of 62.5 ggpgrotgcow-h reported by[Dishishaet al., 2019

as the upper limit to avoid -BIPA accumulation. It could explain the accumulation of this
metabolic intermediate observed in this conditiofhe decrease in active cell concentration
at 32 °C could be due to the difference of 5 °C with the optimum tempssaof 37 °C fot..
reuteriDSM 17938, resulting in a general impact on cell physiological stdterametabolic
reaction rates.

The lower performance of-BIP production reached at 32 °C may be explained by a lower rate
of enzymes of the second part dfd Pdu pathway. From previous studies, the temperature
of 37 °C has been reported #ge optimal temperature for activity of the enzyme glycerol
dehydratase irL. reuteriCGOOl[HuiIianget al,, 201:-), of the propanediol utilization protein
PduP[Luoet al, 2011, and of the 1,8?DO oxidoreductase in Pdu pathw@heret al., 201]).
Moreover, the optimum temperature for the reduction ofl8PA into 1,PDO byL. reuteri
CGO0O0L1 resting cellsas observed at 45C, that was explained by a probable higher enzyme
stability than that at 37 °(Chenet al., 2011).
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As shown ifTable4.4{ the 3HP production rate was not affected by the lower temperature
of 32 °C in comparison to 37 °C. This can be explained lgyiterol feeding rate fixed at 0.5
g-h, which might be a liftation in the case of the bioconversion performed at 37 as
aforementioned.This result explained the increase in #ecific 3HP production ratevhen
the bioconversion temperature was fixed at 32 °C compared td6G37as cell concentration

was lowerat 32 °(Table4.4).

As a consequence of this result, due to the significant negative effect of temperature on active
cell concentration and on the ftirer bioconversion performances, the factor temperature
was not the best option to be included tihe second experimental design.

4.4.2 Effect of the bioconversion pH on the ability &f reuteriDSM 17938 to
produce 3HP from glycerol

The pH at which the glyoalr bioconversion into 3P is performed is a very important
environmental factor{Dishishaet al, 2014. It may act on intracellular pH, and thus on
enzyme activitie$TaIaricoet al., 199Q Talarico and Dobrogosz, 199ﬁ L. reuteri It may also
influence the bioprocess by modifying the ratio between undissociated and dissociated forms
of 3-HP, which can affect its inhibiting eﬁe{&cheperzat al, 2002). In addition, the pH of the
medium is an important factor by considering the further steps of downstream processing,
especally when the separation is coupled to the bioconversion by using a Jiquid
extraction process. Due to the p&f 3-HP equal to 4.5Mishartet al, 2019, a pH close or
lower to this level is required for its reactive extraction by tertiary am(fesv Z Ir 3§ j/

With the aim to study the influence of bioconversion pH on the ability. ofuterDSM 17938

to produce 3HP, some preliminary tests have been programmed in order to determine the
lower pH that was acceptable bydtstrain. Two experiments were performed, at pH 5.0 and
pH 4.5. The growth conditions corresponded to those performed for the reference condition
of the first experimental design. They allowed obtaining concentrations of active and not
permeabilized bacteal cells at the beginning of the bioconversion step that were comprised
between 1.8 and 2.80' cells-mtL. During the bioconversion, the temperature was set at 37
°C and the glycerol feeding rate was fixed at 0.5"gResults are presented[iable4.5and
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Figured.2. Comparison of kinetics of glycerol bioconversiong. lnguteriDSM 17938 cells

performed at pH 6.0 (reference, in greemith the final volume 1.14 13nd pH 5.0 (in
purple, final volume 0.94)L

FromFigure4.2| the rates of glycerol consumption aneH® production were close for the

two pH values. However, the bioconversion duration and the final concentrations were
lower at pH 50 than at pH 6.0.

much

Table4.5. Effect of the bioconversion pH on the performances of glycerol bioconversion

into 3-HP byL. reuteriDSM 17938

pH 6.0 pH 5.0 pH 4.5
3-HP titer (g-nrLY) 11.8 7.2 nd
3-HPquantity (g-xp) 13.4 6.7 nd
Max 3HPA §npg-L7) 0.27 0.15 nd
Bioconversion duration (h) 55.8 33.3 7.4
3-HP production rate z1eLh?) 0.24 0.20 nd
Specific 3HP production rate 13.75 11.38 nd
(MgaHpgeow™h™?)

Final volume (L) 1.14 0.94 0.85

nd: not detected

FromFigure4.2, the rates of glycerol consumption aneH® production were close for th

two pH values. However, the bioconversion duration and the final concentrations were

lower at pH 50 than at pH 6.0. |
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shows that reducing the pH of the bioconversion medium induced a strong decrease
in all measured variables during bioconversion. At pH 4.5, no significant quantitied®f 3
nor 3HPA were detcted in the medium. The bioconversion was very short and the rate of
base consumption, that indirectly represents the rate @fiB production, was only 17 % of
that measured at pH 6.0 (0.42 mndot instead of 2.43 mmaht). The 3HP titer and quantity
obtained at pH 5.0 accounted for almost half of those obtained at pH 6.0. A limited
concentration of 3HPA was produced at pH 6.0 and pH 5.0. Hr#P3oroduction rate and
specific production rate was a little lower at pH 5.5, but the bioconversion duratias
significantly reduced-@0 %) at pH 5.0 compared to pH 6.0.

These results are consistent with those obtainedWu et al,, 201§ who indicated that an
acidic stress due to lactate and IgiH values acted at both proteome and transcriptome
levels inL. acidophiluslt is also in agreement with the studies [Eﬁalarico and Dobrogos[z,
and [Talaricoet al, 199(}, which demonstrated that the optimum pH of the enzyme
glycerol dehydratase, involved 33aHPA synthesis, was pt2 whereas those of propanediol
oxidoreductase that is necessary for the cofactor balance feiP3biosynthesis, was lower
and equal to pH 6.2.

Cell physiological state was also affected by the environmental pH as illustrggegline4.3
It can be seen that, at a fixed pH value of 6.0, the percentage of active cells remained
practically unchanged (8@ 88 %) after 26 hours dfioconversion. It then dropped and
reached about 65 % after 45 h of bioconversion. This evolution was clearly different at pH 5.0,
as the percentage of active cellgs quite stable (8387 %) only during the first 4 hours then
dropped to 78 % after arouh 21 hours, and to 56 % after 43 h. At last, during the
bioconversion performed at pH 4.5, active cells represented only 52 % of the total cell
population at the beginningf bioconversior(after 10 mir). This value then decreased to 37

% after 2 hours antbecame stable around 3@ 35 % thereafter. This explained why the
glycerol metabolism proceeded only for few hours at pH 4.5. Consequently, the
environmental pH of 5.0 and 4.5 were deleterious for the physiological state of bacterial cells.
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Figure4.3. Evolution of the percentage of active and not permeabilizeceuteriDSM
17938 cells during glycerol bioconversion performed at pH 6.0 (reference, in green), pH 5.0
(in purple) and pH 4.5 (in orange)

To conclude on this preliminary test concerning pH, the results demonstrated that the
bioconversion was possible, even ifleted, at pH 5.0. In contrast, at pH 4.5, the performance
of the bioprocess was too much lowered, which made it impossible to be implemented.
Consequently, the factor pH will be retained to be included in the second experimental design
and the lower valu¢hat will be tested was chosen as pH 5.0.

4.4.3 Summary of information

The effect of a low temperature during bioconversion has been tested in order to decide if
this factor could be, or not, included in the next experimental design. A bioconversion
temperatureof 32 °C was shown to permitkP production at slightly lower concentration
and quantity than a temperature of 37 °C. But th&lBA concentration was highly increased,
which affected the bioconversion duration. This environmental factor was thus nahezta

to be included in the second experimental design.

By considering the bioconversion pH, preliminary tests indicated that this factor affected the
bioconversion, but that the level pH 5.0 decreased only slightly thi& $roduction rate and
specific 3HP production rate, even if it shortened the bioproduction. However, the level pH
4.5 was too much deleterious.

&]v ooCU 8Z ( 3}E "%, A+« E §]v &} ]Jv opn 1v vEE o
Al8Z 8Z ( 3}E "“+% ](] PoC at@a®cdnsidpved a&E alecis&& factor to
optimize 3HP production.
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4.5 Optimization of 3HP bioproduction from glycerol bi. reuteri
DSM 17938

4.5.1 Experimental approach

To implement a tweactor CCRD, the central point and the boundary conditions have to be
determined first.

By considering the pH, the central point was set at pH 6.0 that was the value employed during
the first experimental design performed in this thesis, and that was already used in the
literature {Burgéet al,, 2015(). According to the results obtained from the preliminary study

on pH effect during the bioconversion phase, the lower limit for pH was chosen as pH 4.8,
because the limitation was too strong at pH 4.5. As a consszpief these choices, the upper
limit for pH was fixed at pH 7.2.

During the first experimental design, one experiment was performed at a low specific glycerol
feeding rate of 20 mgcerotgcow-h2, as a result of the high biomass concentration obteine
from the growth phase and of the fixed glycerol feeding rate (at gy&@h?). This value was
then retained as the lower limit for the specific glycerol feeding rate. On the other hand, the
upper limit can be defined by considering the result$‘shishaet al, 2015) who indicated

that a maximum specific glycerol feeding rate of 62.5yagtgcow-ht could be achieved
without detrimental 3HPA accumulation. To include this value in thpezimental design,

the upper limit was then selected at 80 gygerorgcow*ht. Consequently, the central point
was fixed at 50 mgcerotgcow?-ht and the other levels involved in the experimental design
were deduced from these choices.

Eleven expements were performed, including one duplicate at the central point. The growth
phase that preceded the bioconversion phase was performed as defined in chapter 3. They
corresponded to MRS broth supplemented with glucose 20L7g (to limit 1,3PDO
accumulatbn), phytone peptone 2511, 1,2PDO 3y-L1, betaine 0.234gL* plus KCI 7.455

gLt Tween 80 4gL!. During the bioconversion, the temperature was set at 37 °C, the
agitation rate at 100 rpm and the pH was controlled by the additiontéfH1.48 mol-t.

At the end of the biomass production phase, the bacterial concentrations were equalto 3.1
0.3 gow'-LL. These results were not significantly different from one biomass production to
another, which indicated that the further bioconversmwere started in similar conditions.

4.5.2 Results of the twefactors central composite rotatable design

The repeatability of the duplicate experiments corresponding to the conditions of the central
point was satisfactory, as can be seen from the resultdndited inFigured.4/summarized in
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Figure4.4. Kinetics of glycerol bioconversion intdH® byl. reuteriDSM 17938 in the
conditions of the central point of CCRD, i.e. pH 6.0 and specific glycerol feeding rate of 50
Maglycerotgeow-h 2, (A) central point 1 (CPfinal volume0.36 1), (B) central point 2 (CP2

final volume 0.39 L

Table4.6. 3-HP bioproduction by.. reuteriDSM 17938 at the central point of the CCRD, i.e.
pH 6.0 and specific glycerol production rate of 5Qypagotgcow-ht

Variables Central point 1 Central point 2
Specific 3HP production ate (Mg geow*-h?) 30.6 29

3-HP titer @seL?) 109 10.7

3-HPfinal quantity (g) 3.9 4.2

3-HP production yield (gnp.gcow?) 1.1 1.2

3-HP production rate (gnurh?) 0.1 0.1

3-HP volumetric productivity(g-L*-h?) 0.37 0.35
Finalvolume (L) 0.36 0.39

The influence of pH and specific glycerol feeding rate on glycerol bioconversionHiRdas
been quantified on the following variables: glycerol specific consumption rate, maxirial 3
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titer, 3-HP final quantity, 31P production yield, -BIP production ate, specific HP
production rate and volumetric productivity ofl3P. The final quantity ofBP was quantified

by measuring the final volume inside the bioreactor at the end of eacivétch experiment,

in order to facilitate the comparison of the exji@ents. Because of the heaviness and the
complexity of these experiments, is was not possible to characterize the physiological state
of the cells during these experiments.

Before any further analyses, the carbon mass balances during the bioconversiuensden
verified at 97.2 6.3 % which was considered as satisfactory. In addition, the molar ratios
between 3HP and 1,3?DO were established for each set of conditions. There were equal to
1.0+ 0.1 which confirmed that these two metabolites were equiarbl produced during the
bioconversion, thus balancing the NANRADH cofactoriDishishaet al, 2014.

Multivariable second order linear regressions were carried out for each explained variable as
a function of pH and specific glycerol feeding rate. The coefficients of the corresponding
polynomials are summed up|irable4.7| They are analyzed in following subparts.

From this table, the multiple correlation coefficients were comprised between 0.71 and 0.94.
By considering the complexity of the experiments, which inclutheal successive steps of
growth and subsequent bioconversion with a harvesting and concentration step between
them, it was considered that they were satisfactory, except for théP3titer that displayed

the lowest value.
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Table4.7. Coefficients of the polynomials describing the effects of pH and specific glycerol feeding rate on glycerol biocont@&idR i
byL. reuteriDSM 17938

Polynomial Variables characterizing theioconversion performances

parameters
Specific glycerol 3-HP titer 3-HP final 3-HP production 3-HP production Specific 3HP 3-HP volumetric
consumption rate  (gsrrL?) guantity (isnp)  Vield (nrgeow?) rate (gurh?) production rate productivity
(MyycerorGeow™+h™) (M@Errgeow™h?)  (gerHeLt-h?)

o 54.999 10.805 4.015 1.100 0.105 29.755 0.36

a1 2.500% -0.036" -0.145% -0.041" 0.006* 0.695* -0.019*

a 21.339" 0.697 0.497" 0.118" 0.045™ 10.398™ 0.056™

an -5.623* -1.248" -0.945™ -0.329™ 0.011% -1.611s -0.025"

ax -3.128% -1.418° -0.700™ -0.239™ -0.001's -2.531's -0.033*

a2 0.000* -0.009* -0.070" -0.038* 0.008* 0.045* -0.033*

STD 0.010 0.762 0.213 0.073 0.023 3.955 0.03

R 0.83 0.71 0.94 0.93 0.75 0.85 0.86

ao: regression coefficient corresponding to the central po@at;linear coefficient for pHae: linear coefficient for specific glycerol feeding rade;: quadratic coefficient for
pH; az2: quadratic coefficient for specific glycerol theg rate; a1z crossproduct coefficient; STD: standard error of estimation of the variabtenRiltiple correlation
coefficient; * 90 %; ** 95 %; *** 99 %; ns: not significant at 90 % level.
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4.5.3 Effect of pH and specific glycerol feeding rate on specific glycerol
consumption rate

[Figure4.5|depicts the surface response of specific glycerol consumption ratduasction of
specific glycerol feeding rate and pH. The glycerol consumption was well linked to the
substrate feeding. This result is confirmed by the absence of glycerol accumulation in the
medium during the bioconversion phase. It indicates that glycgeasl adequately supplied to

the cells that allowed fixing the rate of the limiting enzyme of Pdu pathway. Meanwhile, no

significant effect of pH was displayed on this varigBkeb{e4.7).

Figure4.5. Effect of pH and specific glycerol feeding rate on the specific glycerol
consumption rate of.. reuteriDSM 17938

4.5.4 Effect of pH and specific glycerol feeding rate ofH® titer, 3HP final
guantity and 3HP production yield by.. reuteriDSM 17938

The coéicients of the polynomials shown|ifable4.7|indicated that pH and specific glycerol
feeding rate both affected the -BIP titer. The threalimensional representatiorf these

effects is displayed ¢Rigure4.6
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Figure4.6. Effect of pH and specific glycerol feeding rate on théP3iter of L. reuteriDSM
17938

From[Figure4.6| the effect of the two factors on-BIP titer remained moderate, which is
consistent with the quite low value of the multiple coefficient of the polynomial (71 %). This
estimation was howeverat completely satisfactory.

As the biomass concentration at the beginning of the bioconversion step was similar for all
experiments, and as the volume variation remained limited between 0.27 L and Q438 L,
final 3HP quantity and -31P production yieldidplayed similar behaviors than thet# titer.
Fron{Table4.7] these variables were affected by both pH and specific glycerol feeding rate,
with a good accuracy (94 %c93 %, respectively). The thrdenensional representations

of the effects of the factors on these variables are displaye#igare4.7|andFigure4.8|

No interaction between pH and specific glycerol feeding rate appeared on these variables.
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Figure4d.7. Effect of pH and specific glycerol feeding rate on ##P3final quantity
produced byL. reuteriDSM 1793&calculated with a final volume @31+ 0.05L)

Figure4.8. Effect of pH and specific glycefeéding rate on the 3P production yield df.
reuteriDSM 17938

FromFigure4.7|and[Figure4.8| 3-HP final quantity and-8iP production yield by. reuteri

DSM 17938 were dramatically low at low pH and low specific glycerol feeding rate. At the
lowest value of two factors, very fewh3P was produced (estimated value of 0.@9#&yand

the yield was nearly zero. By increasing the specific glycerol feeding rate for the low pH values,
these variables remained at very low values, for example, 1 g of produetiénhd 1.19
nrgeow® at pH 4.8 with the feeding rate of 28gyyceroit-gecow?-ht. This indicated that the
resting cells oL. reuterDSM 17938 were strongly stressed at pH 4.8, which is consistent with
the results of the preliminary test performed at pH 4.5. These results are explained by the
inhibitory effect ofthis low pH that is very far from the optimum pH iereuteri
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al., 198Q and from that of the activity of the enzymes involved in the Pdu pathway as
aforementioned(Talaricoet al,, 199(| Talarico and Dobrogosz, 1990

Another noticeable observation is that the finalH® quantity and 3P production yield
obtained at pH 7.2 and a specific glycerol feeding rate ahggcerotgcow'-h'* were close to
zero. This can be explained by the optimal pH of gheerol dehydrease (pH 7.2) that
catalyzes thedehydration of glycerol into -B-iPA[TaIarico and Dobrogosz, 1990\3 this
enzymeis ten-times more rapid than the subsequent enzymes that oxidit¢P2\ into 3HP
(Dishishaet a., 2014, an accumulation of -BIPA occurred in that condition. This was
confirmed experimentally by the quantification of theH?A concentration that reached 0.4
gLt in these conditions.

In addition to this analysis, pH 6.0 was shown to be the bestlition for all levels of specific
glycerol feeding rates tested. This value is close to pH 6.2, which was recommended as the
optimal pH of the enzympropanediol oxidoreductase involved in the reduction éiBA into
1,3PDO[TaIaricoet al,, 199Q. However, it differed from theoptimal pHof the enzyme
glycerol dehydratase involved in the formation of the intermediate produ¢étPA in Pdu
pathway, that was reported as pH 7[Zalarico and Dobrogosz, 1990&3 pH 6.0 was
recognized as the optiom for L. reuterigrowth, this condition could help the cells to
maintain a good physiological state. Moreover, this pH is unfavorable for detrimetBlA3
accumulation{Talarico and Dobrogosz, 1990

The specific gberol feeding rate displayed both linear and quadratic effects on the three
variables[Table4.7). The 3HP titer[Figure4.6), the final 3HP quantity[Figure4.7) and the
3-HP production yiquFGgure4.8p values were maximum in the range of specific glycerol
feeding rates comprised between 55 and ®@yycerotgcow-hL. This result is in accordance
with the observation of[Dishishaet al, 2014 about the maximum specific glycerol feeding
rate.

For these three variables, since the effect of pH is only displayed by its quadratic coefficient,
the higher values were reached at the central point of pH 6.0. On the other hand, as the effect
of specific glycerol feeding rate was displayed by the liaedrquadratic coefficients, a slight
shift of the optimum of this factor from the central point was observed. Consequently, the
optimal value of the specific glycerol feeding rate was calculated for the three variables. It
was equal to 55.2nggycerotgcow’-ht for 3-HP titer, 60 mggiycerotgcow'-ht for 3-HP final
quantity and55.2 mggiycerotgcow-h? for 3-HP production yield. These values were close to
each other and confirmed that these variables were affected similarly by the two tested
factors.

The estimated maximal values of these variables were calculatet. foeuteriDSM 17938.
The maximal 3P titer was estimated at 10.9 £ 0.8g®-L1, the maximal 3HP quantity at
4.1 + 0.2 g3HP, and the maximal-BP production yield at 1.11 + 0.0%Z+ggcow*. These
estimations were consistent with the values obtained at the central point (i.e., pH 6.0 and 50
Mggycerotgcow-h ). However, they remained lower than those obtained with #eected
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conditions of the first experimental design that could be ascribed to the higher temperature
used during the growth phase of the current tests or to the existence of possible interactions

that were not displayed by the kind of experimental design empldiedle4.6).

Finally, the best conditions to improve these three variables were pH 6.0 aspkafic
glycerol feeding rate comprised between 55 and@@ycerorgcow!-h2.

4.5.5 Effect of pH and specific glycerol feeding rate ofH® production rate
and specific AHP production rate of HP byL. reuteriDSM 17938

The specific 3P production rate was calculated as the ratio of tRER production rate to
the biomass concdration. It represents the intrinsic capacity of the cells to produdéRR

From the analysis of varian¢€able4.7), 3HP production rate andpecific 3HP production

rate were affected by the specific glycerol feeding rape @.01) but not by the pHThe
multiple correlation coefficients (75 % and 85 %, respectively) indicated that the polynomials
well represented the experimental results. In addition, no interaction between the two
factors was pointed out.

Figure4.9(and Figure4.10[show the threedimensional representations of the polynomials

characterizing th&-HP production rate and the specifid-8 production rate, which enabled
the response surfaces to be visualized, within the ranges of tested pH and specific glycerol
feeding rates.

Figure4.9. Effect ofpH and specific glycerol feeding rate on thelB production rate of.
reuteriDSM 17938
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Figure4.10. Effect of pH and specific glycerol feeding rate on the specHiP production
rate ofL. reuteriDSM 17938

From these results, it can first be observed that the factor pH did not significantly affect the
3-HP production and specific production rates lof reuteriDSM 17938. This result is in
agreement with that oi{Dishishaet al, 2014 who demonstrated that no effect of pH was
seen on the specific-BIP production rate bi. reuteriDSM 20016. As these authors tested a
lower range of pH (pB and pH 7) and another strain, our results enlarge the validity of this
observation.

At all pH levels, the-BIP production rate andpecific 3HP production ratencreased with
increasing the specific glycerol feeding rate. This result indicated tteatrdates of 3HP
production were directly linked to the specific glycerol feeding rate that was thus the limiting
factor during these experiments, as was hypothesized in chapt&€h&.result is consistent
with those reported b){Dishishaet al,, 2014 who indicated that, by enhancing the glycerol
feeding rate from 0.6 g:hto 1 g-h', irrespective of pH, the specifickP production rate
increased from 4349 mg+pgcowh to 62.4 mgxpgeow-h™.

A slowdown of theproductionrate increasewas observedetween 70 and 80ngyiycerotGcow

Lh1, which could be explained by the accumulation of the inhibitory intermediakéP3.
Indeed, 3HPA accumulation was not significant in all experiments, excepted at the specific
glycerol feeihg rate of 80 mgycerotgcow*-h™* where it reached 0.6 gL This concentration is
close to the minimum 3PA level (8.11 mM, 0.6A.3) that inhibits the activity of the enzyme
propionaldehyde dehydrogenase, which transform$iBA into ahydroxypropionyl CoA
{SabetAzadet al, 2013. However, this 3HPA accumulation was lower than that observed
by (Dishishaet al., 2014}, who detected concentrations comprised between 25.9 mM and
29.0 mM (1.9to 2.1 g%).

From these observations, the optimal conditions that maximized the spedife Broduction
rate of L. reuteriDSM 17938 were determined from the parameters of the equation given in
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No optimal pH was highlighted by the polynomial. This indicates that the
bioconversion could be done either at pH 4.8 or at pH 7.2 without affecting the specific and
the global 3HP production rate. This result was interestingtasdicated that, whatever the
chosen pH, the bioconversion rate will remain stable during the time of bioconversion, even
if low final 3HP concentrations may be obtained at low or high pH. The optimal specific
glycerol feeding rate could not be calculdtas well, but for another reason. From the
polynomial, its value should be higher than B@gycerotgcow*-h? that is out of the range
tested. This expected value will be however higher than that recommendqDibkishaet |

at 62.5 mgycerorgeow-h for L. reuterDSM 20016. However, ad-8PA accumulated

at high specific glycerol feeding rate, it can b@dthesized that the optimum will be not so

far from 80mggiycerotgecow*-ht.

4.5.6 Effect of pH and specific glycerol feeding rate oRH® volumetric
productivity of L. reuteriDSM 17938

The volumetric productivity of-BIP was calculated after 24 h of biocorsien, in order to
better compare the different conditions.

FromFigure4.11| a positive effect of the specific glycerol feeding rate on ##3volumetric
productivity was observed, with a linear coefficient only. Because the quadratic coefficient
was the only signifant one, the pH displayed an optimal value at pH 6.0. The polynomial
described the experimental data with a quite good accuracy as the multiple coefficient of
determination was equal to 86 %. The thrdenensional representation of the effects of

these fictors is given [Figure4.11]

Figure4.11. Effect of pH and specific glycerol feeding rate on ##P3volumetric
productivityof L. reuterDSM 17938
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From these results, pH 6.0 was recognized as the most convenient pH for maximizing the 3
HP volumetric productivity. As for the production rates, the optimal spegl§icerol feeding

rate could not be estimated by the model, as it was out of the rangestéd values, on the
upper side. However, as a slowdown was observed atdpghificglycerol feeding rates, the
optimum should be close 80 mgyycerotgcow*-ht. Although the coefficient of the interaction
between pH and specific glycerol feedingeratas not significant, an interaction could be seen
on[Figure4.1]] It indicated that the range of pH comprised between 6.0 and 4.8 together with
a range of specific ghgrol feeding rates comprised between 55 gpgrotgeow?-h™t and 80
M@ylycerotgeow Nt displayed the best-BIP volumetric productivity.

From the polynomial, the maximumi3P volumetric productivity could be estimated at 0.38
gs-HrL2-h?, at pH 6.0 ad glycerol feeding rate at 80 mgerotgcow?-ht. This value was higher
than the 3HP volumetric productivity obtained at the beginning of the thesis, i.e. 0.25g-L
Lin the reference condition of the first experimental design. It was also hidfzer the result
obtained by[Dishisheet al., 2019 at 0.24 g-t:-h.

4.5.7 Summary of the information

The effects of pH and specific glycerol feeding rate on seven variables characterizifgRhe 3
bioproduction from glycerol bioconvsion byL. reuteriDSM 17938 were established and
analyzed. The results displayed two sets of conditions that maximized these variables.

By considering the variablesHP titer, 3HP final quantity and -BIP production vyield, the
optimal conditions weredund to be at pH 6.0 and at a specific glycerol feeding rate in the
range of 55 ta60 Mgyycerotgeow'-ht. These conditions were explained by the optimal pH of
the enzymes involved in the pathway forHP biosynthesis from glycerol, by the good
physiologcal state of the cells at this pH value and by the low accumulation of detrimental 3
HPA.

In order to validate these results, i.8 maximize these variables, a validation experiment
should be planned. The conditions of this validation experiment wilddeat pH 6.0 and at a
specific glycerol feeding rate 60 mggycerotgcow*-h™.

By considering the specific glycerol consumption rate, #t#P3production rate, the specific
3-HP production rate and the-BP volumetric productivity, the optimal conditis were

found to be at a specific glycerol feeding rate higher tham@gycerotgcow? -, irrespective

of the pH in the range of pH 4.8 and pH.7These results demonstrated that the specific
glycerol feeding rate was the main limiting factor forstiiotransformation. However, as 3

HPA accumulated at high specific glycerol feeding rates, too high values of this factor should
be avoided to prevent inhibition.

With the aim to further validate these results, pH 6.0 was retained in order to meet the
optimal pH found for the previous variables. A specific glycerol feeding rate of 80
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Mgglycerotdeow -t was selected to maximize the rates of the bioprocess, because the
experimental design cannot be extrapolated, and to aveldFB3A accumulation.

Finally, two sets of experimental conditions were selected and will be used, in the next sub
chapter, to validée the estimations given by the models, with the aim to maximize thP3
production byL. reuteriDSM 17938. The results are discussed in the following subparts.

4.6 Validation experiments for the optimization of 3P
bioproduction byL. reuteriDSM 17938

4.6.1 Experimental approach

Two validation experiments were performed to improve the glycerol bioconversion b8 3

by L. reuteriDSM 17938. The growth phase was perfodnirethe same growth conditions of

all experiment in CCRD, as described in Sddtiérd] At the end of the biomass production
phase, the bacterial concentration waqual to 2.9t 0.0 g:pwL* that was in agreement with
previous results. During the bioconversion phase, the temperature was set at 37 °C, the

agitation at 100 rpm and the pH was controlled at pH 6.0 by the addiief©H 1.48 mol-L
1

Before analyzinghte results, the molecular balance and carbon mass balance during the
bioconversion phase were checked. They were equal to 102.8 % that was satisfying. In
addition, the redox balance was well maintained in the two conditions as the molar ratios
between 3-HP and its cproduct 1,3PDO were equal to 1.01 mekmoliszppst and 0.99
mols.wrmoly zppst at the end of the two bioprocesses.

4.6.2 Kinetics of glycerol bioconversion into-BP byL. reuteriDSM 17938 at
pH 6.0 and specific glycerol feeding rate of 60 dygorgecow’-h™

Figure4.12|displays the kinetics of glycerol consumption,s8H consumption and-BIP
production during the bioconversion phase of the validation experiment performed at pH 6.0

and at a specific glycerol feeding rate of 60ggagorgcowt-ht. The results obtained at the
central point of the experimental design are also representeccénparison.

In both cases, no glycerol remained in the medium during the bioconversion, thus indicating
that the substrate was consumed as soon as it was supplied into the bioreactor. The specific
glycerol consumption rate was close to the specific glyidereding rate, at 60 m@cerotgcow

Lht,
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Figure4.12. Kinetics of glycerol bioconversion inteH® byL. reuteriDSM 17938 in the
validation conditions (V60) fixed at pH 6.0 and specific glycerol feeding réte of
Mgglycerotgepw-ht (final volume 0.36 ).in comparison to the conditions of the central point

(CP) of the CCRinal volume 0.3 0.02 1)

The validgtion experiments done at 60 mgerotgcow'-ht showed a shorter duration of
bioconversion than that at the central point (26.5 h instead of 37 + 4 h).

The 3HP concentration at the end of the bioconversion performed in the validation
conditions was eqal to 11.4 g+rL?, which is consistent with the predicted value of 10.9 +
0.8 g+rL%, by taking into account the standard variation. TREIR final quantity was similar

at the end of the validation experiment (4.2 g) and in the central point conditid.0 + 0.2

g) and it was close to the quantity estimated with the model (4.1 + 0.2 g). These similarities
can be explained by the small difference between the specific glycerol feeding rates in the
central point (50 Mmgycerotgcow?-ht) and in this eperiment (60 mgycerotgecow*-ht). As
described previously, the bioconversion stopped when no base was consumed anymore. At
that time, 3HPA started to slightly accumulate, to reach 0.21 @qlthe validation conditions
instead of 0.11 + 0.03 @'lin the central point conditions. These values remained however
lower than the inhibitory concentration of 0.6 d¢-that affects the enzymatic activities linked

to the production of 3|—|P[Sabet—Azadet al,, 2013. The 3HP production yield was equal to

0.9 g-Hrocow' that was lower than that of the central point (04 0.07 gwrgeow?) and of

the predicted value (1a+ 0.07 gxpgcow?).

The 3HP production rate and the specifid-8 production rate were respectively established
at 0.16 g+rh' and 36.9 mgurgcow'-h* for the validation condition. These values agreed
with the predicted values by the model (0.14 + 0.@2rh* and 35.9 + 4.0 mgirgeow*-hY).

The 3HPproduction rate was 52 % higher than in the central point conditions (0.11 + .01 g
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neht) and the specific-BIP production rate was 24 % higher as compared to the central point
conditions (29.8 + 1.1 nagegcow’-ht). This specific-BIP production ra was also higher
than the best performance of-BIP bioproduction that was previously obtained [Bjshishd

et al, 2019 at 28.4 g+pgecow'-h™.

To better compare this validation condition with the previous conditions, t#P3volumetric
productivity at 24 h bbioconversion was calculated. It was equal to 0.4dedr-ht, which

was significantly higher than that obtained in the central point conditions (0.36 + e«(1°g
Lh1). In addition, it was also higher than theHP volumetric productivity that v
determined in the reference condition of chapter 3, at the very beginning of the thesis work
(0.25 gneLt-ht), and than that obtained b@ishish&t al, 2015} at 0.24 g-t-h’X. However,

it was slightly higher than the value estimated by the mq@e88 + 0.03 gpL1h?).

4.6.3 Validation of the glycerol into 3HP bioconversion kinetics bly. reuteri
DSM 17938 at pH 6.0 and specific glycerol feeding rate of 80
rngglycerol'gCDV\il'h_l

Figure4.13[presents the kinetics of glycerol consumptionrHB and NEDH consumption
during the bioconversion phase of the validation experiment performed at pH 6.0 and at a

specific glycerol feeding rate of 80 gygerotgcow'-h?, together with the kinetics obtained in
the central point conditions.

Figure4.13. Kinetics of glycerol bioconversion inteH® bylL. reuteriDSM 17938 in the
validation conditions (V80) fixed at pH 6 fidaspecific glycerol feeding 008ngyiycerotgCow
Lh1 (final volume 0.40).in comparison to the conditions of the ceat point (CP) of CCRD

(final volume 0.37 £ 0.02 L
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Bioconversion duration was lower at the higher specific glycerol feeding rate, as it was equal
to 24.8 hinstead 087.0 £ 4.0 h in the central point conditiofi$ie glycerol consumption rate

was strongly enhancednd the specific glycerol consumption rateas calculated as 80
Magycerotgeow Nt that equal to the specific glycerol feeding rate value.

More 3-HP was produced in these validation conditions, as the final concentration reached
12.2 gL' and the final quantity attained 4.9 g, that was highiean 4.0 g as measured in the
central point conditions. These values are higher with those predicted by the ntbdet 0.8
g+rLtand 3.4+ 0.2 gup. 3HPA accumulated at a final concentration of 0.3t'gwhich
remained lower than its inhibitoryoncentration[SabetAzadet al, 201:-) but higher than in

the previous validation conditianWithin these conditions, the -BIP production yield was
equal to 10 gsxr.gecow!. This value wabwer thanthat of the central point (1.10 + 0.0%.g
nrOcow?) but higher than the predicted value (0.81 + 0.Q7€pcow?).

The 3HP production rate was higher in the validation condition (0.2@:4*) than in the

central point conditions (0.1% 0.01 gnph?). The specific -BIP production rate was
calculated as 40.0 mgegcow-h which is remarkably higher than the specifieHB

production rate at the central point (29.8 1.1 mg-+rgcow!-h™). By comparison with the
predicted values (0.1% 0.02 gneh™ and 39.4+ 4.0 mgrpgeowt-h?), the experimental
results were well fixed to the estimation of specifiti® production rate buslightlyhigher

than the prediction of HP production rate.

Finally, the 3HP volumetric productivity sigiicantly increased from 0.36 + 0.03.gL1h?

in the central point conditions to 0.5Q&.geL>-h! in the validation conditions. This increase
by 39 % was remarkable and confirmed that this validation condition improved a lot the
performance of 2HPbioproduction.

In the conditions of this validation experiment, the results é@fiB specific production rate
was 41l % higher than those reported lﬁl;bishishaet al, 2013. Moreover, the volumetric
productivity was twice higher than that reported pRishisheet al.,, 2015} at 0.24 g-t+htin
different glycerol feeding conditions, thus confirming that the conditions identified in our
study were relevant to improve the-dP bioprodiction.

4.6.4 Summary of the information

Two validation experiments were performed to validate the optimal conditions of pH and
specific glycerol feeding rate that have been identified. From the results obtained with the
experimental design CCRD, they corresponded to a pH value of 6.0 and fec spgcerol
feeding rate 060 mgjycerotgcow-h! to enhance the &P titer, 3HP final quantity and-BIP
production yield, and to pH 6.0 and a specific glycerol feeding rate equél tog@cerotgcow
L.h1to maximize the 3HP production rate, spdia 3-HP production rate and-BIP volumetric
productivity.
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The results showed first that the experimental results fitted well with the estimated results
of the models. The-BIP titer and 2HP final quantity were similar to those obtained in the
reference ondition, which was expected as the optimal pH and specific glycerol feeding rate
were close too. The-BIP production yield was however not improved. THER production

rate and specific-BP production rate were significantly improved with the new caods.

As a final result, the-BIP volumetric productivity was enhanced 198 % at a specific glycerol
feeding rate of60 mgyycerotgeow-h™t and 208 % aBO Mgyiycerotgeow+-ht, as compared to
(Dishishaet al., 2015.

4.7 Assessment of intracellular pH and intracellular energy level
during glycerol bioconversion into-BIP byL. reuteriDSM
17938

In order to understand the reasons why glycerol bioconversion iAttP3oyL. reuteriDSM
17938 stopped, while Igcerol was still fed into the bioreactor and was thus potentially
available for the cells to be converted inte-B> and 1,3°DO, some specific characteristics of
cell physiological state were investigated.

4.7.1 Experimental approach

The intracellular pH (pHiand the intracellular energy level that was linked to the
measurement of DeltalF20 were quantified during the bioconversion phase of the validation
experiments described in Section 2.5.3. These two physiological characteristics have been
identified as fuly informative to understand the microbial behavior and cellular state
throughout a bioprocesgRault, 200§Raultet al., 2009.

The intracellular pH was measured by using a calibration curve after staining the cells with
the fluorescent dye cFDsE[RauItet al,, 2009. The method that was previously developed
in our lab has been adapted in this work forreuteri(Sectiof2.5.3.

The intracellular energy was quantified using the method proposd&hayltet al,, 200§ and
modified as described in Secti It was measured by staining the bacterial cells with
cFDA, then incubating them for 20 min at 40 °C, and by quantifying the fluorescence intensity
by flow cytometry before ad after this incubation period. The difference in fluorescence
intensities (DeltalF20) was related to the active excretion of the fluorescent dye cF that
required intracellular energy under the form of ATP. The higher the excretion level, the higher
the intracellular energy of bacterial cells. Thanks to this method, the intracellular energy was
expressed as DeltalF20 (in %) that corresponded to the loss of intracellular fluorescence
intensity after 20 min of incubation.
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Because these methods were develdpecently forl reuteriDSM 17938 (i.e., at the end of
the experimental work of the thesis), they have been applied during the bioconversion step
of the two validation experiments, performed at pH 6.0 ands@tmgycerotgecow*-ht or 80
mgglycerorgCle'h'l.

4.7.2 Results and discussion

The data obtained during the two validation experiments are showhigure4.14ifor the
bioconversion performed at pH 6.0 @60 mgjycerotgcow-h™? and in[Figure 4.15(for the

bioconversiorat pH 6.0 and @ mgyycerotgeow*-h.

Figured.14. Variation of (A) intracellular pH (pHi) and intracellular energy level (DeltalF20),
(B) 3HP titer and 3HPA concentration during the glycerol bioconversion inrtdRBbyL.
reuteriDSM 17938 performed at pH 6.0 a@@d mgycerorgcow*-ht
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Figure4.15. Variation of (A) intracellular pH (pHi) and intracellular energy level (DeltalF20),
(B) 3HP titer and 3HPA concentration during the glycerol bioconversion irHeRB byl
reuteriDSM 17938 performed at pH 6.0 a8@d mgyycerotgcow!-h?

FromFigure4.14landFigure4.15| the pHi and the intracellular energy level of the bacterial
cells remained constant during the first-2B hours of glycerol bioconversion inted-8°. Then,

they started decreasing simultanesly and these variations were also related to the
cessation of 3HP bioproduction and to the increase irHPA concentration in the medium.

If the two experiments displayed similar behaviors, a difference was observed about the
moment at which these eventsccurred. They happened earlier during the culture performed
at specific glycerol feeding rate 80 mgjycerotgcow-ht than at 60 mgjycerorgeow?-h2.

During the first 22.8 h (@60 mgycerotgcow’-h™) or 21 h(at 80 mgyycerotgeow?-h?), the
intracellular pH was maintained between pH 7&817.31. Then a decrease in pHi occurred,
to reach pH 7.26 after 27 &and 25.5 hyespectively of bioconversion. At that moment, the
cells stopped converting glycerol inteH8? and the 3HPA concentration a#tined 2.8 to 3.7
mmol-L. Finally, at 44 h of bioconversion, the intracellular pH dropped to pH about 7.20.

Even if these experiments were not duplicated, and even if the pH differences were low at
the moment the 3HP production stopped, the similar behar of the bacterial cells between
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the two experiments indicated that the intracellular pH could be a key parameter to explain
why 3HP bioproduction was affected. In fact, the pHi is a very important property for bacteria
as it affects the proton gradi¢s of the cells{RauItet al, 2008}, modifies the rates of many
biological reactions such as nutrient uptakes, protein and nucleic acid synfAésisal. |
, and affects the membrane permeabiI[Mieszkinet al, 2017). Particularly, a low limit

of intracellular pH was identified at 7.26 forreuteriDSM 17938, threshold below which the
performance of 3HP bioproduction began to be affected. This pH value was however slightly
higher than the optimal pH of the enzymes involved in the Pdu patfffagriccet al., 199(
|Ta|arico and Dobrogosz, 19}9CConsequentIy, it could be hypothesized that the most
detrimental factor for 3HP bioproduction was linked to a modification of the proton
gradients, and thus of the intracellular energy level of the bacterial b%ﬂﬂltet al, 2009}

[van Mariset al, 2004

This hypothesis was supported by considering the variation of DeltalF20, as a measurement
of intracellular energy level. FrgRigure4.14jandFigure4.15| DeltalF20 remained unchanged
during the first 22.8 h (a0 mgjiycerotgcow'+ht) or 21 h(at 80 mgyycerotgcow*-ht), at 17.8+

0.6 %, for both conditions. Then the value decreased to reach+1@d.6 % after about 24 h,
which corresponded to the end of-BP synthesis and to the moment when theHBRA
concentration increased. After the cessation of glycerol bioconversion iAtP,3he
intracellular energy level continued to decrease, to reach about 7 % after 27 h and was equal
to 0 % after 44 h. As no energy was supplied within the medium, the only ATP synthesis was
achieved from 3P bioproduction (through the oxidative branch thfe bioconversion
pathway), with a molar ratio of 1 mole of ATP produced per mole of synthesitéid. 3
Consequently, it was consistent to observe that when thEIR8 production ceased, the
intracellular energy level started to decrease.

These experiments va unfortunately not been duplicated, which restrict the scope of the
information provided. In addition, due to their complexity and heaviness, it was not possible
to measure, simultaneously, the variation of the concentrations of the subpopulations of
active, not active, permeabilized and not permeabilized cells. It will then be useful to relate
the actual findings to the level of permeabilization of the cells and to their enzymatic activity
level. As a very importanprospect one has to confirm this infmation in the same
conditions as well as in other bioconversion conditions and with othereuteristrains to
enlarge the range of behaviors and to deepen the understanding of the phenomena
explaining the bioconversion cessation for this species.

4.7.3 Summay of information

The analysis of intracellular pH and intracellular energy level of bacterial cells during glycerol
bioconversion into HP provided deeper understanding about the limitation oHB
bioproduction despite the continuity of glycerol supmyring the fedbatch process. The
decrease in intracellular pH below a limit value of 7.26, together with a decrease in DeltalF20
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that occurred simultaneously, were related to the cessation-bfBbioproduction process by
L. reuteriDSM 17938. These newsights have however to be confirmed by complementary
experiments.

4.8 Conclusion of chapter 4

The bioconversion of glycerol intoFP byL. reuteriDSM 17938 has been improved by
implementing a central composite rotatable design. Five preliminary experiments were first
performed to define some key conditions to be used during the experimental design. From
the obtained results, the number of centrifagons between the growth and the
bioconversion phases was fixed at one step. The cells have to be used under fresh form,
without being frozen and stored. A double glycerol feeding rate associated to a double cell
concentration was shown to be possible mdit sufficient to double the 3P bioproduction.

The temperature was shown to be not sufficiently discriminating to be added in the
experimental design. Finally, the pH was retained as a key factor to be studied and the low
and high limits of pH were idéfied to be introduced in the experimental design.

The central composite rotatable design allowed quantifying the effects of the two factors

A1} JVA Ee]}Vv %, Vv "% ](] PoC E&}o ( JvP E 8§ _ uE]vP §.
a growth phase previgsly performed in identical conditions, as defined from chapter 3.
Statistical analyses allowed identifying optimal conditions of these two factors, by considering

seven variables: specific glycerol consumption raté]P3titer, 3HP final quantity, 3HP

production yield, 3HP production rate, -BHP specific production rate and volumetric
productivity of 3HP.

The pH 6.0 was identified as the optimum pH for the bioprocess, by consideringHRediter,
3-HP final quantity and-8IP production yield. In adabn, these variables were maximized
for a specific glycerol feeding rate comprised betwe®H mgyycerotgeow'-ht and 60
Mggycerotdcowh™. The specific glycerol consumption rateHB production rate, 3P specific
production rate and 3HP volumetricproductivity were maximized at the upper limit the
experimental design that was 80 gigerotgcowh™. But they were not statistically affected by
the pH that could be chosen equally in the range of pH 4.8 to pH 7.2.

These results were then validated byo additional experiments that allowed the-BBP
bioproduction process to be significantly improved. Particularly, the higher volumetric
productivity was achieved at pH 6.0 and at a specific glycerol feeding rate of 80
Mgglycerotdeowh™. 1t was 138 % higer than in the reference experiment of the first
experimental design. However, it was not possible to continue the experiments beyond a
certain limit of time, as the -BIP production stopped even if glycerol was still fed into the
bioreactor.

To better understand this limitation, the intracellular pH and the level of intracellular energy
of bacterial cells were quantified during two bioconversion processes. The results showed
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