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RESUME

Tarayre, Cédric (2014) - Etude du complexe enzymajiie des symbiontes du termite
Reticulitermes flavipes(ex. santonensis These de doctorat. Université de Liege —
Gembloux Agro-Bio Tech, Belgique.

Au vu du contexte économique, environnemental etatalans lequel nous nous
trouvons actuellement, il est devenu indéniable lusage des énergies fossiles n'est pas
concevable a long terme. Des alternatives ont demergé ces dernieres années. Les
biocarburants de seconde génération constituentdenees alternatives et sont basés sur
I'exploitation de biomasse végétale, dite lignadekique. Cette matiere, pour étre utilisable,

requiert une étape d’hydrolyse réalisable notammant utilisation d’enzymes.

Certains insectes, tels que les termites, abraensein de leur systeme digestif des
communautés microbiennes complexes. Celles-ci sapables de produire des enzymes
utilisables dans le domaine de I'hydrolyse de tantdsse végétale. Le présent travail se situe
dans cette optique.

La majeure partie du travail accompli s'est foeaissur la recherche de
microorganismes (bactéries, mycetes et protistesjysteurs d’enzymes responsables de la
dégradation des hémicelluloses et de la cellulakmt I'hydrolyse libere des sucres
fermentescibles. L'insecte utilisé dans le cadreceldravail esReticulitermes flavipegex.
santonensis termite inférieur, possédant une microflore ingéque tres diversifiee. Cette
these décrit la caractérisation des souches mamabs isolées ainsi que des enzymes

gu’elles sécrétent.

Une partie complémentaire a cette recherche ststentrée sur des termites élevés
sur dietes artificielles. L'objectif de cette partiétait multiple : isoler des souches
microbiennes productrices d’enzymes, non extragigen la méthode conventionnelle, et
caractériser les microflores induites par les diéatificielles appliguées. Cette analyse
pluridisciplinaire s’est basée sur la microscop& protéomique, la métagénomique et la

caractérisation du métabolisme appliquées auxrdiité consortia microbiens.



SUMMARY

Tarayre, Cédric (2014) — Study of the enzyme compteof the symbionts of the termite
Reticulitermes flavipegex. santonensis Doctoral thesis. University of Liege — Gembloux
Agro-Bio Tech, Belgium.

In the light of the economic, environmental andiglocontext in which we live today,
it has become obvious that the use of fossil fiset®ot conceivable over the long term. Some
alternatives have therefore emerged in recent y&wasond-generation biofuels are one of
those alternatives and are based on the explaitabib vegetal biomass, also called
lignocellulosic biomass. These materials requir@ydrolysis step which can notably be

achieved by enzymes.

Some insects, such as termites, harbor complexobarcommunities inside their
digestive tracts. Those communities are able tayme enzymes which can be used in the
field of the hydrolysis of vegetal biomass. Thisvisat this thesis deals with.

The main part of the work done focused on the rebeaf enzyme-producing
microorganisms (bacteria, mycetes and protistsparsble for the degradation of
hemicelluloses and cellulose, the hydrolysis ofclivieleases fermentable sugars. The insect
which was used in this work wadeticulitermes flavipegex. santonensis a lower termite,
harboring a highly diversified internal microflorghis thesis describes the characterization of
the microbial strains which were isolated and theyenes they secrete.

A complementary part of this research focussedeamites grown on artificial diets.
The objective of this part was multiple : isolatiagzyme-producing strains, not extractable
according to the standard technique, and charattgrithe microflora resulting from the
applied artificial diets. This multidisciplinary pppach was based on microscopy, proteomics,
metagenomics and the assessment of metabolisnedpplthe different microbial consortia.
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CHAPITRE L.

Introduction géneérale et
méthodologie du travail






l.1. Introduction générale

Au cours du 28" siécle, 'Homme a tenté d’exploiter au mieux l€searves de
pétrole, de charbon et de gaz naturel. Ces matgessieres, anciennement abondantes, ont
ete transformées selon divers procédés afin d'ererales produits hautement diversifiés :
carburants, produits chimiques raffinés, produitsarmaceutiques, détergents, fibres
synthétiques, plastiques, pesticides, produitsiligants, lubrifiants, solvants, cire, coke,
asphalte, etc. [1].

A T'heure actuelle, les matiéres premieres d’omlgifossile voient leurs réserves
diminuer de plus en plus. Cette tendance a poet efévitable une hausse progressive du
colt de ces matiéres mais aussi des divers produiten proviennent. L'un des aspects
principaux de la problématique est situé dans maioe du carburant, 'un des nombreux
sous-produits du pétrole brut. L’exploitation desssources fossiles est progressivement
devenue discutable sur le plan économique. Enssi@t apparus deux aspects

supplémentaires de la problématique : I'écologiéeetvironnement [2].

Dans ce contexte bien défini, l'intérét croissamiump les technologies nouvelles
appliguées a la biomasse est devenu indéniableiehement, la recherche focalisée sur ce
sujet explore différentes possibilités afin de sfarmer la biomasse en carburant, appelé sous
cette condition « biocarburant ». Jusqu’a aujowr’trois grandes notions ont été décrites :

les biocarburants de premiere, seconde et troisgg&mération.

Les biocarburants de premiere génération désigiethanol et le biodiesel (esters
meéthyliques d’acides gras) produits a partir deriaisse comestible dans la plupart des cas.
Ces deux types de carburants sont les seuls p@umeits a I'échelle industrielle en ce qui
concerne les biocarburants de premiére générdtiétihanol est majoritairement produit par
la fermentation du glucose obtenu par I'hydrolysd’@midon ou du saccharose. Les matieres
premieres sont principalement le blé, le sucreatme et les betteraves. Les biocarburants de
seconde génération sont issus de biomasse non tilolmes d’origine trés diversifiee. Le prix
de ce type de matiéres est trés inférieur a celsiindatieres premieres utilisées pour produire
le biocarburant de premiere génération. Deux tygedraitements sont possibles : la voie
thermique et la voie biochimique. La premiére wmesiste a effectuer un procédé thermique
sur la matiére, de maniere a produire du charberl’)hdile et du gaz de synthése. Ensuite,
une conversion catalytique permet de synthétisdridéthanol. La voie biochimique repose
sur le traitement de la cellulose et des hémiawdked de la matiére. Les polyméres sont



d’abord rendus disponibles par divers traitemetiexplosion a la vapeur, les prétraitements
chimiques, etc. La cellulose et les hémicellulosemt ensuite hydrolysées par voie
enzymatique, puis le glucose et les autres monagreen résultent sont fermentés par des
levures afin de produire du bioéthanol dit de sdeogénération. Enfin, les biocarburants de
troisieme génération sont a ce jour les moins d@pds a I'échelle industrielle. lls sont
produits dans la plupart des cas a partir desdipidfalgues. Ceux-ci sont traités par trans-
estérification pour produire du biodiesel. Pourspiiinformations, la revue de Lee et Lavoie

[3] peut étre consultée.

Le présent travail s’'inscrit dans le cadre géndrwatiéveloppement des biocarburants
de seconde génération. Il est essentiellement iaska recherche de nouvelles enzymes de
type cellulases et hémicellulases. Les procédésarfhiappel a de telles enzymes sont
incontournables dans le domaine des biocarburamtsedonde génération. La fermentation

des sucres simples en bioéthanol, en revanche,pdsesonsidérée dans ce travalil.

Il est utile de citer ici I'étendue des applicasotles cellulases et des hémicellulases
au-dela du domaine des biocarburartes cellulases sont produites par des bactéries,
actinobactéries et mycétes. Elles sont utiliséesamment dans lindustrie textile, la
fabrication des détergents, le secteur alimentdisdimentation animale et l'industrie
papetiére [4]. Les hémicellulases sont beaucoup plumbreuses que les cellulases en raison
de la complexité des hémicelluloses. Les princgpagmzymes sont les xylanases,
glucuronidases, a-arabinofuranosidases, arabinases, endo-mannanfisemnnosidases,
acétyl-xylane estérases et féruloyl-xylane estérdses xylanases sont les hémicellulases les
plus exploitées a I'échelle industrielle. Elles tsgroduites par les mémes types de
microorganismes que les cellulases. Elles sontipatement utilisées dans le domaine de
lindustrie textile, le blanchiment biologique da tellulose, le recyclage du papier, la
bioconversion du xylane, la clarification des jlaspoulangerie, I'alimentation animale, etc.
[5] Les applications des autres hémicellulases ass¢z comparables : alimentations humaine

et animale, détergents, industrie papetiere... [6]

Les Tableaux 1 et 2 présentent les propriétés de quelques xylanaseslletases
produites a I'échelle industrielle. Les applicaigrossibles de ces enzymes sont citées ainsi
gue les conditions d'utilisation en termes de terajpuge et de pH. Ces tableaux seront

analysés plus en détail @lnapitre VIII .



en Unités Internationales par gramme.

Tableau 1.Liste non exhaustive de xylanases industriellesaeictéristiques générales. L'activité enzymatigsteexprimée

) o Gamme de Activité
Firme Application(s) Gamme de pH
température (Ul/g)
Mianyang Habio Alimentation Optimal : 6,5 Optimal : 8C 10,000
Bioeng. Co., Ltd. animale
Mianyang Habio Alimentation Optimal : 6,5 Optimal : 8€ 200,000
Bioengineering Co., Ltd. |animale
Shaanxi Top Pharm Alimentation 3,5-6,5 45-6C 40,000
Chemical Co., Ltd. animale Optimal : 5,3
Sunson Industry Boulangerie 5-7 50-8C 2,000,000
Group Co., Ltd.
Wuxi General Corp. Boulangerie 3,5-6,5 45-8G 20,000
of Supply & Marketing
Sukahan (Weifang) Général sauf 3-6 35-6C non
Bio-Technology Co., Ltd. | alimentaire spécifié
Mianyang Habio Industrie 5,5-10,5 40-7C 5,000
Bioengineering Co., Ltd. | papetiére
Sukahan (Weifang) Industrie 6,5-9,5 45-5€ 77,000
Bio-Technology Co., Ltd. | papetiere
Wuhan Rison Industrie 5-7 50-8tC 2,000,000
Trading Co., Ltd. papetiére
Sukahan (Weifang) Industrie papetiere 3-6 35-60 85,000
Bio-Technology Co., Ltd. | Industrie textile
Secteur alimentaire
Traitement de I'eau
Changzhou Comwin Secteur alimentaire 3-5,5 35%5 5,000
Fine Chemicals Co., Ltd.
Suntaq International Secteur alimentaire 3,5-6,5 35 50,000
Limited Optimal : 4,5-5,5 | Optimal : 35-5Q
Mianyang Habio Industrie papetiere étendue 80% &80 10,000
Bioeng. Co., Ltd. Industrie textile
Traitement de I'eau
Mianyang Habio Industrie papetiére 5,5-10,5 40°1 150,000
Bioeng. Co., Ltd. Industrie textile Optimal : 7 Optimal : 86

Traitement de I'eau




en Unités Internationales par gramme.

Tableau 2.Liste non exhaustive de cellulases industriellesaehctéristiques générales. L'activité enzymatiegsteexprimée

Gamme de Activité
Firme Application(s) Gamme de pH
température (Ullg)

JinanJunda Industrial Alimentation 4-7 30-7T 10,000
Technology Co., Ltd. animale Optimal: 4,5-5,5 Optimal: 50-95
Shenzhen Ideal Alimentation 5,5-7,5 45-66 10,000
Pharmtech Co., Ltd. animale Optimal: 6 Optimal: 5%&
Shanghai Soyoung Alimentation 3,5-5,5 40-8C non
Biotech Company animale Optimal: 4,6-4,9 Optimal: 80 spécifié

Bioéthanol

Industrie textile

Secteur alimentaire
Shandong Longda Bioéthanol 4-6 50-AC 10,000
Bio-Products Co., Ltd. Industrie textile Optimal: 4,8-5,2 Optimal: 558D

Secteur alimentaire
Suntaq International Boulangerie 4-7 30-7AC 4,000
Limited Optimal: 4,5-5,5 Optimal: 50-5&
Beijing Winovazyme Biol. | Industrie papetiére 2,5-7,5 30-3D 500
Sci. & Technol. Co., Ltd. | Industrie textile
Sukahan (Weifang) Industrie papetiére 4,5-55 40-8D 20,000/ml
Bio-Technology Co., Ltd. | Industrie textile Optimal: 4,8
Enzymes Naveen Industrie textile 4555 45-60°C 3,000
Shi jiazhuang Huancheng | Industrie textile 4-5 45-6C 10,000/ml
Biochemical Factory
Sukahan (Weifang) Industrie textile 4,5-55 40-6G non
Bio-Technology Co., Ltd. Optimal: 4,8 Optimal: 5% spécifié
Sunson Industry Industrie textile 5,5-7,5 45-66 non
Group Co., Ltd. Optimal: 6 Optimal: 58C spécifié
Wuxi Colotex Bio-Tech. [ Industrie textile 5,5-7,5 45-86 84,000
Co., Ltd. Optimal: 6,8 Optimal: 58C
Shaanxi Fuheng (FH) Secteur alimentaire 4-6,5 20-%5 20,000
Biotechnology Co.,Ltd 5,5-7 30-58C 20,000
Beijing Winovazyme Bio. | Traitement de I'eau 4-8 40-8D 20,000
Sci. & Technol. Co., Ltd. Optimal: 4,8-5 Optimal: 50-5%

Ces derniéres années, de nombreuses recherché&éomenées afin de mettre au
point des procédés enzymatiques de plus en plisrpamts. Une question qui émerge alors

naturellement est la suivante : ou peut-on trolegenzymes les plus efficaces?



Comme il a été dit préecédemment, les enzymes pmtit a I'hydrolyse de la
cellulose et des hémicelluloses sont sécrétéedgmbactéries, actinobactéries et mycetes. |l
existe dans la nature des situations particulietebhydrolyse de ces polyméres est réalisée
non pas par un microorganisme mais par un réseasodehes liees entre elles. Ces
associations symbiotiques sont des consortia mengbDe tels réseaux ont pu étre identifiés

dans le rumen des ruminants et chez certains esgLt8].

Les termites qui se nourrissent de bois, dits eplyages », sont capables de
métaboliser 85% du glucose contenu dans la cedués83% du xylose contenu dans les
hémicelluloses [9]. Cette efficacité surpasse addle consortia qui se développent au sein du
rumen. Par conséquent, le tube digestif du termp#at étre considéré comme source
potentielle de cellulases et d’hémicellulases.xibte deux types de termites : les termites
inférieurs et les termites supérieurs. Les termitégieurs contiennent, en plus des bactéries,
archéobactéries et mycétes communs aux termité€sisups, des protistes supposés jouer un
réle clé dans la digestion de la cellulose au seirtube digestif [10]. lls sont capables de
phagocyter les particules de bois pour les hydeslgs les fermenter [11]. Par conséquent, les
termites inférieurs possédent un potentiel hydiglg plus élevé que les termites supérieurs.
L’essentiel de la microflore est contenu dans uoeezélargie du tube digestif nommeée

« hindgut », en fin de tube digestif, apres leredoit » et le « midgut » [11].

Dans le cadre de ce travail, le choix a été faisel concentrer sur un termite inférieur
en particulier: le termite Reticulitermes flavipes(Kollar), anciennement nommeé
Reticulitermes santonensfgeytaud). Cet insecte a été choisi comme sountenpielle de
nouvelles enzymes. A chaque essai, seul le hindguube digestif, contenant la majeure
partie de la microflore, a été prélevé. En effatplus d’étre biologiquement tres riche, cette
portion est aussi le lieu de concentration deslsesidéveloppant des activités cellulolytiques
et hémicellulolytiques [11]. Le termite est app@@ son ancien nom dans les premiers
chapitres de ce travaiRgéticulitermes santonengist par son nouveau nom dans les derniers

(Reticulitermes flavipgs il s’agit toutefois du méme organisme.

|.2. Méthodologie du travail

La méthodologie générale adoptée dans ce travatl giee résumeée selon le schéma
suivant Figure 1). Deux axes de recherche peuvent étre décrits deux basés sur la
dissection des termites et I'extraction de leurbetu digestifs. Dans les deux cas, un

enrichissement en milieu liquide a été nécessaire.
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Figure 1. Stratégie générale utilisée pour isoler les soudeggrotistes, myceétes et bactéries a partir deebtin du termite

Reticulitermes flavipes



Un premier aspect de la recherche s’est conceuntrésolement de microorganismes
en milieu liquide. Cette méthode a permis de cildsrprotistes. Il est important de noter que
leur isolement n'est pas possible selon la métlomiel appliquée aux bactéries et aux
mycetes, pouvant étre isolés facilement sur miliggélosés. Un second aspect s’est donc
focalisé sur des isolements en milieu solide, apééspe d’enrichissement en milieu liquide.

Cette méthode a permis de cibler les bactériessanlycetes.

La premiere étape a conduit a la conclusion queedssais en atmosphere micro-
aérobie, voire aérobie, étaient bien plus promettdun second aspect de la recherche, par
conséquent beaucoup plus développé, s’est foclisdes isolements en atmosphére aérobie.
Dans cette seconde partie, des diétes artificiellété appliquées au termite, en plus de la
diete originale de bois de peuplier, dans le bathdchir la microflore intestinale en souches

cellulolytiques et hémicellulolytiques.

Ce travail se décline en un chapitre introductf grésent chapitre), un chapitre de
revue bibliographique, 5 chapitres de résultatsshapitre de discussion globale et un dernier

chapitre de conclusion.
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CHAPITRE IIL

Review - The termite gut
as a source of new

enzymes: an approach by
microbiological and
“omics” techniques

Ce chapitre correspond a l'article intitulBeview — The termite gut as a source of
new enzymes : an approach by microbiological anohits” techniques”(Julien Bauwens*,
Cédric Tarayre*, Frédéric Francis, Eric Haubrugacqglieline Destain, Philippe Thonart,
Edwin De Pauw, Micheline Vandenbol, Daniel Porte}ehctuellement soumis a la revue
World Journal of Microbiology and Biotechnology.

*premiers co-auteurs
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Les aspects abordés dans cette revue bibliogragpkimut les suivants :

- En premier lieu, I'intérét que présentent les itsgcpar rapport a la problématique de
I'hydrolyse de la cellulose et des hémicellulosstsirvestigué; le but étant d’obtenir &
partir de matériaux lignocellulosiques des sucresméntescibles exploitables
notamment dans le domaine des biocarburants dedeggnération.

- Ensuite, lintérét se focalise sur le termiReticulitermes flavipegéquivalent de
Reticulitermes santonengigermite inférieur, en caractérisant les condigioégnant
au sein de son systeme digestif ainsi que les omriganismes qui y vivent. Le termite
inférieur a été choisi comme sujet d’étude en raide sa microflore hautement
diversifie.

- La derniére partie, plus pratique, passe en rimaitechniques applicables pour isoler
les microorganismes cellulolytiques et hémicelliglues associés aux termites dans

le but de produire ces nouvelles enzymes.

Reticulitermes flavipes, termite inférieur, est @ lbase de tous les chapitres
expérimentaux de ce travail. Par conséquent, uneiepamportante de la synthese

bibliographique lui est consacrée.
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Résumé

Les biocarburants de seconde génération sont alfjpurdevenus une alternative
sérieuse aux carburants fossiles. lls sont basés I'eyploitation de la biomasse
lignocellulosique. Un tel substrat n'est pas faédilelegrader, et des pré-traitements peuvent
étre nécessaires a I'’hydrolyse des composants ladg&ellulose. De nombreuses études ont
ete realisées afin de mettre au point un systengnodellulolytique efficace.
Malheureusement, cette recherche ne s’est paspaepnent parler soldée par un succes. Par

conséquent, la recherche de nouvelles enzymesas’ésie nécessaire.

L'intestin des termites inférieurs et supérieursitabde nombreux microorganismes
liés par une symbiose complexe. Chez les termité&rieurs, les bactéries, protistes et
mycetes synthétisent un véritable arsenal enzymatgui dégrade presque totalement les
hémicelluloses et la cellulose. La recherche d’eresydans lintestin des termites peut étre
réalisée par différentes méthodes. L'isolementisigvlia culture de microorganismes est un
premier moyen de criblage. Cependant, cette approcéne a une perte d’informations
inévitable car de nombreux microorganismes ne pdugas étre cultivés. Les méthodes
“culture-indépendantes” permettent de contournetecdifficulté. La génomique et la
métagénomique fournissent plus d’informations ett dmasées sur I'analyse de 'ADN des
microorganismes. Elles peuvent étre utilisées polmer des geéenes spécifiqgues. La
transcriptomique est plus précise et cible l'infatimn contenue dans I'ARN, passant outre
I'étape de transcription. Enfin, la protéomique g&tement la technique la plus puissante car

elle s’intéresse jusqu’a la structure méme despres.

Cette revue bibliographique décrit les différerdasdes qui ont été effectuées afin de
trouver de nouvelles enzymes cellulolytiques et ihéhulolytigues chez la microflore du
termite, tout en considérant I'immense complexiééla symbiose qui y est installée. Les
différentes méthodes sont décrites : la culturend@oorganismes et I'isolement d’enzymes

par la génomique et la protéomique.

Mots-clés :Enzyme, Termite, Bio-carburant, Culture, Génomjdqretéomique
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Abstract

Second-generation biofuels have now become a sealbernative to the use of fossil
fuels. They are based on the exploitation of ligrilodosic biomass. Such a substrate is not
easy to degrade, and pre-treatments may be negelséore enzymatic hydrolysis of
lignocellulose components. Many studies have fotusen finding an efficient
lignocellulolytic system without much success. Gapgently, looking for new efficient

enzymes is necessary.

The gut of lower and higher termites harbors mangreorganisms bound by a
complex symbiosis. In lower termite guts, bactepetists and mycetes synthesize a real
enzymatic arsenal, which degrades hemicellulosescafiulose almost totally. Recovering
enzymes from termite guts can be achieved throuffgreht methods. Isolation followed by
cultivation of microorganisms is a first way to afe that screening. However, this approach
leads to an unavoidable loss of data because magrparganisms cannot be cultivated.
“Culture-independent” methods circumvent that diffty. Genomics and metagenomics
provide more information and are based on DNA asialffom microorganisms. They can be
used to detect specific genes. Transcriptomicsoigeraccurate and targets RNA information,
passing through a transcription step. Finally, @oatics is certainly the most powerful
technique because it considers the protein streictiectly.

This review describes the different studies thatrewearried out to find new
cellulolytic and hemicellulolytic enzymes in therrtete microflora, considering the huge
complexity of symbiosis. The following pathways amescribed : cultivation of

microorganisms and isolation of enzymes by genomaicsproteomics.

Keywords :Enzyme, termite, biofuel, culture, genomics, poates
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I1.1. Introduction

Evidence of the need for sustainable alternatigesidual petroleum-based energy
sources has been accepted for a few decades. rBhéififuels were based on the use of
starch and vegetable oils. However, their use coespeith food and depends on the amount
of available fertile soil. Moreover, energy is ngs&y to grow crops and convert them to
biofuel. Consequently, this solution is not susthie in the long term, and the use of
lignocellulosic materials leading to second-genenabioethanol has become necessary [1,
2].

Second-generation biofuel then came out as a kieyi@o in view of the relatively
low valorization of lignocellulosic materials in iman activities and on the other hand, the
growing need for new and sustainable energy sourpesticularly in the field of
transportation.

Lignocellulose and"® generation bioethanot process= improvement enzymes

The typical composition of biomass is 45% of celbd, 25% of hemicelluloses, 25%
of lignin and 5% of other components [3]. Cellulas reach 30 to 50% of the plant cell
walls in stems and roots as well as in foliage [4gnocellulose is now an important natural
resource that can be used in various fields : lisfuheat, pyrolysis, gasification,
biopolymers, biolubricants, biosurfactants and diwsnts [2, 3]. Lignocellulosic biomass
could be valued from agro-residues, forestry ressdumunicipal solid wastes and various
industrial wastes [1]. In addition to valorizati@i diverse wastes, direct lignocellulosic
biomass production for biofuels has been suggesiedever, this point of view is more
debatable as it applies more to first-generatioofuels. Life cycle assessment of such
productions has been reviewed [5]. Potential oatidon ranges from biomass selection to
pretreatment or conversion yield itself. One of Key points pertaining to yield is enzyme

efficiency [6]. This suggests that new enzymat&tems need to be found or engineered.

Hydrolysis of lignocellulose followed by sugar cemsion is essential to synthesize
biofuel. This requires removing lignin and hemiaokdses from the lignocellulosic matrix.
Then, the fermentation of sugars is necessaryt@robioethanol [2]. The pretreated biomass
can be processed through different ways : sephyat®lysis and fermentation, simultaneous
saccharification and fermentation, simultaneouslsadfication and co-fermentatiofigure

1) or consolidated biomass processing.
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Figure 1. Bioethanol production process from lignocellulosiatenials by simultaneous saccharification and covéatation

(figure derived from [1]). In that system, the femmation of pentoses and hexoses is achieved isatine vessel, by contrast

with the simultaneous saccharification and fermi@maprocess which requires two separate vessels.

The production of fermentable sugars is processé&do steps :

1. Pretreatment : steam explosion, ammonia fiber ex@hp microwave-chemical

pretreatment, chemical pretreatments (acid, al&adjanic acids, pH-controlled hot

water and ionic liquids) or biological pretreatment

2. Enzymatic hydrolysis to fermentable sugars and éerattion into bioethanol [1].

Other interesting substances can be derived frgnodellulose component$able 1

presents the different components that can be radatairom cellulose, hemicelluloses and

lignin [1].

Table 1.Products derived from cellulose, hemicelluloses lagrdn [1].

Lignocellulose component

Derived molecules

Cellulose

Polymers, levulinic acid, ethanol, lactic acid,
hydroxypropanoic acid, itaconic acid, glutamic aq
glucuronic acid, succinic acid

3_
id

Hemicelluloses

Xylitol, ethanol, butanol, hydrogen, 2,3-butanéd
ferulic acid, lactic acid, furfural, chitosan, xyl
oligosaccharides

0]

O

Lignin

Syngas, syngas products, hydrocarbons, phe

nols,

oxidized products, macromolecules

17



Some animals are able to metabolize lignocellukef§ieiently. Termites are able to
digest up to 85 and 83% of glucosyl and xylosyidass from lignocellulose, respectively
[7]. However, ruminants are able to digest up tty d9% of parietal polysaccharides [8].

[1.2. Structure of lignocellulose

Typical lignocellulose is mainly composed of cedlsg, lignin and hemicelluloses [1].
Cellulose consists of polymers of glucose units] begether in bundles by hemicelluloses. In
higher plants, the degree of polymerization of lele is about 14,000. Cellulose is not
bound to hemicelluloses, but their associationlte$tom hydrogen bonds [9].

Hemicelluloses are more diverse and consist of Dsey L-arabinose, D-mannose, D-
glucose, D-galactose and D-glucuronic acid [1, Hmicelluloses are soluble and can be
hydrolyzed by acids. Their degree of polymerizai®nsually between 100 and 200. Xylan is
the most abundant hemicellulose and is composead agntral chain op-1,4-xylopyranose
residues, linked toa-D-glucuronic acid, 4-O-methyl-D-glucuronic acid or a-L-
arabinofuranose. Xylosyl residues can be substitutéh acetylated groups. Hemicelluloses

are linked to lignin by ester and ether bonds [9].

Finally, lignin is a complex macromolecule composefl p-coumaryl alcohol,
coniferyl alcohol and sinapyl alcohol [1]. Hemicdtises are esterified with lignin
components [10]. The principal bond in lignin igplenylglycerolB-arylether, followed by
phenylcoumaran (ring 3-2), diarylpropane (ring 9;Xind biphenyl (ring 3-5) linkages. The
degree of polymerization is about 100. Lignin comiem complex reactions of
polymerization, and its structure depends on thetptonsidered. The removal of lignin from
the lignocellulosic complex causes a partial demiton, which is due to the breaking of
covalent bonds [9].

[1.3. Herbivorous and xylophagous insects as soursef new enzymes

Enzymes can be used to hydrolyze lignocellulosd,thase biochemical catalysts can
be found in many places. Some insects can be amesidas interesting enzyme sources.
Willis et al. [11] reviewed the methods applicalbtethe research of enzymes in insects.
Large-scale prospection for degradation of carbaetinyl cellulose (CMC) and
microcrystalline cellulose (MCC) activity in insscthighlighted insect orders showing
significant cellulase activity in the gut or hedwlids [12]. ParticularlyBlattodea(cockroach
and termite),Coleopteraand Orthopterashowed the highest activity on CMC, while MCC
was more degraded @oleoptera HymenopteralLepidopteraandOrthoptera These insects
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have developed the ability to digest cellulose logirtown or in association with microbial
populations, like some scarab larvae producing gexous proteinases in the midgut and
benefitting from cellulolytic enzymes produced bymdiotic microorganisms [13]. The
hindguts of such scarab larvae contain high comagons of volatile fatty acids, fermenting

bacteria and typical anaerobic activities, sucmathanogenesis [13].

Wood-eating termites digest lignocellulose withighhefficiency [14] and represent a
relevant insect model. Some studies advocate faallph and somewhat independent
cellulose-digestive systems represented by the hodt the symbiotic community [14].
However, recent work demonstrated a synergistiecefbetween enzymes from host and

native gut tissues [15].

Termites are symbiotically associated with variouisroorganisms including bacteria,
protists and mycetes. Bacteria can be found indrighd lower termites, while protists live in
the lower termite gut only. Mycetes, also presensome termites, are supposed to play
different roles in the termite gut : they are arseuof proteins, are able to degrade lignin,
decrease the carbon/nitrogen ratio and finallyeteccellulases and xylanases [16]. Mycetes
can degrade lignin into carbon dioxide, which is¢ attackable by bacteria and protists [7].
The digestion of lignocellulose by lower and highermites depends on various strains,

producing enzymes able to hydrolyze lignocellulegimmponents.

What makes termites good candidates for the iswmaif cellulolytic, xylanolytic and
lignolytic strains is the fact that they can remowest neutral polysaccharides and more than

half of the acidic sugars contained in lignoceléds [17].

Wood digestion is mainly performed inside the téentiindgut, which harbors 10
microbial cells/ml [17]. The termite ingests smalbod particles by the action of its
mandibles (20-100 um). Flagellated protists cargpbyose these fragments and ferment
them [17].

Wood-eating termites ferment sugars into acetatdyan dioxide and hydrogen. The
highest concentrations of hydrogen are found insige hingut in lower termites. Lactate,
formate, succinate and propionate remain a minangyde the termite gut. Carbon dioxide
and hydrogen can be further transformed into aeeiatmethane [7]. Cellulose metabolism
has been observed in the profisichomitopsis termopsidighis microorganism can ferment

cellulose into acetate, carbon dioxide and hydrogydrogen production was found to be

19



very common in parabasalid flagellates. Bacteryahlsionts use the sugars released by the
action of the protist enzyme€andidatus Endomicrobium trichonymphaad Candidatus
Azobacteroides pseudotrichonymphaendosymbionts of Trichonympha agilis and
Pseudotrichonympha grassierment the sugars released by the action ofgprerizymes into
acetate. However, the metabolism of oxymonadsti&mown because no oxymonad has been

cultivated in pure culture up to now [17].

Lactate is thought to be an important intermedlaéveen primary and secondary
fermentations. It is released by protists, lactec@nd enterococci. These two are able to
produce lactate from xylose and cellobiose. Thactate is consumed by peripheric bacteria,
which ferment it into butyrate, propionate and mamcetate. Fermentative bacteria are able
to change their metabolic pathways in favor of aeetvhen oxygen is available. This was
proven in the case of the gutRéticulitermes santonengik7].

Large amounts of hydrogen accumulate in the guehluof lower and higher termites.
Hydrogen is formed by protists and bacteria in loased higher termites, respectively. It can
be metabolized into acetate or methane [17]. Tgedtiion process occurring in the gut of the

termiteReticulitermes santonensssillustrated inFigure 2.
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Figure 2. Digestion of wood polysaccharides occurring indigestive tract of the termifeeticulitermes santonengiigure

derived from [17]). Wood polysaccharides are hygretl by the action of microbial enzymes, releasinluble sugars.
Pentoses and hexoses are then fermented and gesboat fatty acids, formate, lactate and hydrodéris hydrogen is
produced in the gut lumen by symbiotic bacterialfler termites) or protists (lower termites). Itfaées to the gut wall,

creating a gradient. Oxygen diffuses in the oppddiitection (from the gut wall to the lumen).

II.4. Enzymatic activities developed in the termitegut

The degradation of cellulose depends on three eegynkEndo-1,4-glucanase
hydrolyzes internal bonds of cellulose and is a&ction its amorphous areas and
carboxymethylcellulose. Cellobiohydrolase is martve on microcrystalline cellulose, while
exoglucohydrolase is active on cellodextrins. Fingd-glucosidase hydrolyzes cellobiose and
cellodextrins to release glucose. Other secondaryrees participate in the final step of
cellulose hydrolysis, such as cellobiose oxidasellolsiose-quinone oxydoreductase,
cellobiose phosphorylase and cellodextrin phosphasey The degradation of hemicelluloses
is performed by endo-1@xylanases which hydrolyze the xylose backbdhi&ylosidase
which hydrolyzes xylobiose, and debranching enzynsgh asa-glucuronidase,o-L-
arabinofuranosidase and acetylesterase. The déigradaf lignin involves peroxydases

secreted by mycetes. The reaction is initiatedhleygeneration of an aryl cation and phenoxy
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radicals, formed by the action of lignin peroxydas® Mn-peroxydases, which cause a

fragmentation of lignin. However, those reactioaguire oxygen [9].

Wood-eating termites offer many possibilities ie tiesearch of new enzymes. Indeed,
those termites contain numerous enzyme-produchnagnstable to digest lignocellulose [18].
Cellulases produced by the termite itself are “mpete”. Endogenous cellulases of termites
are mostly found in salivary glands and midgut [TBjese enzymes belong to the glycosyl
hydrolase family (GHF) 9 and <can hydrolyze amorghoucellulose and
carboxymethylcellulose, but are not efficient ogstalline cellulose [17]. The hydrolysis of
cellulose could not be achieved without the exogenenzymes coming from microbial
strains [18]. The cellulases secreted by the terrndnsist of endoglucanases ander
glucosidase. However, the termite is not able twete cellobiohydrolase, which is necessary
for a complete hydrolysis. This enzyme is foundbigcteria, mycetes and protists [18].
Protists synthesize enzymes belonging to the GHF,5and 45, while bacteria release
enzymes belonging to the GHF 10 and 11 [17]. Hellileses, such as xylanase, mannanase
and arabinosidase, are also necessary for the diggna of lignocelluloses. Indeed, the
removal of hemicelluloses increases cellulose adodisy [18]. Xylanase, arabinosidase,
mannosidase and arabinofuranosidase activities detected in the termitReticulitermes
speratuq17]. The genetic diversity of endogenous terroglulase systems is poor compared
with the one of cellulolytic microbes, such &asichoderma reeseior Clostridium

cellulovorang[18].

Termites themselves are able to produce celluldmesalso secrete lysozyme in their
salivary glands, able to destroy the bacterialwall peptidoglycan. This was observed in the
termite Reticulitermes hesperusligh concentrations of proteases were also founthe
midgut [7].

[1.5. The debate relating to lignin digestion in temites

The digestion of lignin by termites is an importaopic because this component is
highly resisting in the lignocellulosic complex.gninases can degrade lignin, which is a
problematic macromolecule of lignocellulose. Somthars studied the degradation of lignin
inside the termite gut. Katsumata et al. [19] stddihe modification of lignin structure
through the termite gut by nuclear magnetic reso@al was possible to conclude that, in the
case of the termit€ryptotermes brevjsno significant change of structure is observable.
Aliphatic groups were hydroxylated, and new bondsendetected in guaiacyl nuclei. The
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degradation of lignin can be achieved if oxygeniclvhs necessary to break aromatic cycles,
is sufficiently available [20]. All the studies dom that only lateral chains of lignin are
modified [7]. The degradation of lignin was detecten the termite Reticulitermes
santonensis but the mechanism was aerobic and consequengignificant. However,
ligninase activities, although weak, were detedigd That degradation comes from the
secretion of laccases released by some microorganiand monomers released from the
hydrolysis can be further metabolized by specifraiss [7]. Some species 8urkholderia
andCitrobacterare able to degrade lignin through a detoxifyiaghgvay [7]. Actinobacteria
and mycetes are also thought to play a role in degradation of lignin [7]. Some
actinomycetes have been isolated from termite gats were able to solubilize lignin and
secrete extracellular peroxidases [9]. Ke et dl] Rudied the degradation products of lignin
after the digestion of different biomass substralbgs the lower termiteCoptotermes
formosanusby pyrolysis followed by GC/MS analysis. The studgncluded that lignin
coming from hardwood and barley straw was modiffedugh the gut, leading to an increase
in solubility. These transformations depended oa s$lource of lignin. Significant lignin
transformations were detected in the second parthefintestine (midgut). Reactions of
carbonylation, methoxylation, esterification and hygdroxylation were reported.
Transformations on the side chains were also redealch as oxidations, esterifications and
carbonylations. That study also revealed a possiblp breaking happening in the midgut

[22]. Consequently, the termite gut can be a paksburce of new ligninases.

11.6. Difficulties relating to the research of enzynes in the termite gut

The research of enzymes in termites can be donesibg different techniques. Some
techniques lead to the isolation of enzymes, wbtlger techniques can be very useful to
understand the interactions existing between theraoiganisms composing the complex
microflora of termites. This field is particulariynportant because the termite symbionts

degrade lignocellulose over a complex symbiotityaty.

The simplest method consists in extracting enzynoecing organisms from the gut
of termites before cultivating them. The isolatifmlowed by the cultivation of enzyme-
producing strains requires the elimination of &k tinteractions between those strains and
their complex environment. Indeed, the isolatiomaéroorganisms potentially interesting in
the field of enzyme production involves breakingasations between the microbes, leading
to an unavoidable loss of microbial strains [23jeTisolation of microorganisms must take

account of the physicochemical properties of thenite gut.
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The termite gut is full of microbiological and plgiegical heterogeneities, making
the isolation more difficult. The termite gut isghly compartmentalized, creating specific
ecological niches. In higher termites, some pdrtb® gut display a highly alkaline pH. In all
termite genera, the concentrations of hydrogencyden show important gradients [7]. The
microbial microflora is spread over the termite ,gand the setting of the different
microorganisms depends on their optimal conditiborsgrowth [23]. Finally, metabolite
gradients are also created due to these heterdigsndill these gradientd=igure 3) allow

the development of anaerobic and aerobic strairjs [1

Pressure

Distance

Figure 3. H, and Q concentration profiles as a function of the distato the gut walls in termites (figure derivednfril 7]).
Hydrogen is produced by the symbiotic microorgasism the gut lumen and diffuses to the gut wall,ioclhhcan be
considered as a microoxic medium. Oxygen diffusesifthe gut wall to the gut lumen, which is an dngredium because
oxygen is consumed before reaching the centralgbdinie gut.

The majority of microorganisms living in the terengut are attached to the epithelial
wall. Valves and muscular constrictions regulate nmovements of the contents of the gut,
creating a continuous culture chemostat. Flagellg®tists tend to concentrate in the gut
lumen, where they ingest bacteria and wood pastiafel use their cellulases and xylanases to
digest lignocellulose. Protists themselves cortstitu specific habitat and are able to adjust
their redox potential thanks to their endo- andggnbionts [7].

The termite gut is divided into three parts : fargegnidgut and hindgut. The latter part
is the most important, particularly in the caselmfer termites. The hindgut displays a
dilation, which slows down the gut transit and eases the exposure to the symbionts. Given
that the microorganisms can colonize differentisastof the termite gut in accordance with

their optimal environment, specific activities doind in specific zones. For example, in
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Reticulitermes flavipexylanase activities are found in the hindgut ddly]. The hindgut of
termites usually displays a redox potential fro0-20 -50 mV, and the pH value is close to
neutrality (6.2—7.6), except for soil-feeding tetesi In that case, the pH increases drastically
between the midgut and hindgut to reach a valuE2db, 24]. The redox potential is mainly
influenced by bacteria [24]. The junction betweka midgut and the hindgut, called “mixed
segment”, is particular. In the caseMicrocerotermes edendatu$ harbors a pure culture of
spore-forming bacteria [24]. Such an observatiath&r highlights the compartmentalization

of termite guts.

Those characteristics illustrate the complexity tbé termite gut and must be

considered in the field of enzyme research.

11.7. Complexity of the termite gut microflora

The weight of the termite microflora can reach op40% of the total weight of
termites. The termite microflora is supposed tq fday roles in termite metabolism. At first,
the hydrolysis of lignocellulosic materials bringsable carbon sources to the termite and the
microflora itself. Nitrogen can also be fixed byespic microorganisms, providing
assimilable nitrogen inside the termite gut. Sebgnthe consumption of oxygen creates
ecological niches with a central anaerobic zone amdierated peripheric zone in the gut.
Redox balances are created with hydrogen releasedhd microorganisms, thereafter
consumed through acetogenesis or methanogenesimafic molecules are also partially
degraded inside the gut by demethylation, desaateigl and decarboxylation. Finally, soil-
eating termites need their microflora to improvanification through their guts [7]. The
digestion of cellulose in the termite gut can reacyield of 99%. This digestion is partially
achieved by the termite itself, but mainly by itsrbionts [18]. The composition of the gut
microflora is influenced by the termite diet. As amample, strong differences can be
observed between the wood-eating terrRi&ticulitermes speratuand the soil-eating termite
Cubitermes orthognathyg4].

Protists

Protists, if present, can reach up to 60% of thal taveight [7]. In Mastotermes
darwiniensis protists occupy 95% of the hindgut paunch voluared 90% of the bacteria
living in that zone are associated with them [Fotists are able to absorb wood particles
through endocytosis. Their removal from inferiormée guts causes the death of termites

[18]. Protists live in the hindgut of lower ternsteand belong to the class Rérabasaliaor
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the order ofOxymonadidaAbout 400 parabasalids and 70 oxymonads have lsted up to
now. Oxymonads are composed of five families, oficlwhfour are found exclusively in
termites andCryptocercus Parabasalids include hypermastigids and trich@usn[23].
Protists living in the termite hindgut do not hawetochondria, but parabasalids harbor

hydrogenosomes [23]. Protists can produce cellslasd hemicellulases [25].
Bacteria

Bacteria can be associated with protists, attatbdte epithelial wall or free in the
gut medium [17]. The majority of bacteria living the intestine of termites are not being
cultivated yet. In theReticulitermesspecies, the bacterial diversity is distributecrot5
phyla. Spirochetes (particularly those belongingtlte genusTreponema are the most
abundant phylum and are dominant in various infeai superior wood-eating termites [23].
Most spirochetes are acetogenic and consume hyatogelease acetate, suchTasponema
primitia [17]. Moreover, they are associated with protistssarious symbioses. They can
propel the protist cell by a synchronous wavingiomtbeing attached to its surface. Several
spirochete species can colonize specific areas aellaof a protist [23]. The protist
Streblomastix strixs associated with six or seven species of baGtenlonizing the cell
surface through a structured organization [24]. theo example isTrichonympha agilis
which harborDesulfovibrio trichonympha# the front part of the cell, whilEndomicrobia
remain in the back zon&acteroidetesFirmicutesand the TG1 phylum are also abundant.
Bacteroidales share a symbiosis with the protigeseudotrichonympha grassias
endosymbionts. Bacteria belonging to an unculteaybup were classified EBndomicrobia
and are endosymbionts of parabasalids and oxymdB8fisSome bacteria reduce sulfate but
are in the minority because of the low concentratio sulfate inside the termite gut.
Desulfovibrio desulfuricansand Desulfovibrio giganteusconsume hydrogen and some
organic molecules, whilBesulfovibrio termitidisoxidizes sugars [9]. Some bacteria can also
reduce F& in soil-eating and wood-eating termites. Clonegai®d from genomic banks of
Reticulitermesspecies also contained sequences relatédytmplasmatalesStreptococcus
andProteobacteriaThermoplasmaleandThermococcalesiere also detected in the termites

Reticulitermes speratiendCubitermes orthognathy24].
Archaea

Methanogenic archaea can also be found in lowelhagiter termites. Lower termites

only contain the genullethanobrevibacterwhile superior termites also harbor the family
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Methanosarcinaceand the ordeMethanomicrobiales Soil-eating termites contain more
archaea bacteria than wood-eating termites [23]th&tegenic archaea and acetogenic
bacteria consume hydrogen released by other bacteml protists in higher and lower
termites, respectively. Archaea fixed to the epighevall lack hydrogen in the gut of wood-
eating termites, while acetogenic bacteria turnnib acetate in the gut lumen, rich in
hydrogen. The location of methanogens on the dmtheall is enigmatic because of the
oxygen and the lack of hydrogen, which is neces$arymethanogenesis. However, this
attachment protects archaea from washout and poaddi7]. Methanogenesis in termites is
far from negligible and constitutes 5% of globaligsions of methane [9]. Methanogenic

strains offer possibilities in the field of methgm®duction.
Mycetes

Associations between mycetes and termites are \adiserin inferior and superior
termite genera, and both partners depend on edutr.oThe fungus-growing termites
belonging to the subfamilyMacrotermitinae developed a symbiosis with the fungus
TermitomycesEach genus of fungus-growing termite harbors ifipestrains of fungus [16].
Mycetes show hemicellulase, lignolytic and cellelasctivities [9]. Some wood-eating
termites also feed on wood colonized by myceteanfwove the digestion of lignocellulose
[24].

Termites harbor a specific lignocellulose-degradingcroflora. The different
microorganisms that were described in this seatenm be considered as potential sources of

useful enzymes, such as cellulases and hemicedhilas
11.8. Techniques used to isolate and study the enmes of termite guts

[1.8.1. Isolation of microorganisms from the termite gut

The termite gut is a complex culture medium contgmumerous microorganisms
interacting through symbiotic relationships. Marttempts of isolation of potential enzyme-
producing strains were made. Bioethanol can beirahrough the fermentation of sugars
coming from the hydrolysis of cellulose and henlideses. Consequently, the microbial
strains which degrade lignin will not be considehete. Konig et al. [26] reviewed all the
strains that were isolated from termite gutsREticulitermes flavipesnost isolated bacteria
were StreptococcusEnterococcus Bacteroidesspecies andEnterobacteriaceaeCoccoid
lactic acid bacteria were also isolated fraviastotermes darwiniensiand Cryptotermes
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primus Staphylococcivere isolated froniNasutitermes graveolusnd Nasutitermes walkeri
The isolates from termite guts are mostly aerobiaayotolerant anaerobes. However, it was
determined that about 90% of microbial cells carediin the gut oReticulitermes flavipes

escaped cultivation attempts [24].

Casesof isolation of microorganisms from termite gut® aummarized imable 2
(this list in not exhaustive). The many isolateghisis were able to produce cellobiohydrolase,
B-glucosidase, endoglucanasgsxylosidase, endoxylanasej-amylase and filter paper-

cellulase activities.
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Table 2 — Part 1. Microorganisms isolated from digestive tracts ofmtites and their enzymatic activities. EG :
Endoglucanase activity — FP : Filter Paper-cellilastivity —pG : B-glucosidase activity — CBH : Cellobiohydrolase atyiv
— BX: B-xylosidase activity — EX : Endoxylanase activityoA : a-amylase activity — C: Cellulase activity without

specification — X : Xylanase activity without spiazation.

Strain Activity Source Reference
BACTERIA

Acinetobactessp. EG, FP Microcerotermes diversus [27]
Acinetobactesp. EGBG Coptotermes curvignathus [28]
Afipia sp. EG, FP Zootermopsis angusticollis [29]
Bacillus cereus EG, FP Zootermopsis angusticollis [29]
Bacillus cereus EG Reticulitermes hesperus [30]
Bacillus cereus EG,BG Coptotermes curvignathus [28]
Bacillus circulans EG, FP Zootermopsis angusticollis [29]
related isolate

Bacillus megaterium EG, FP Zootermopsis angusticollis [29]
Bacillussp. BG, oA Reticulitermes santonensis [31]
Bacillussp. CBHfG, EG Reticulitermes speratus [32]
Bacillus subtilis EX, oA Reticulitermes santonensis [33]
Brevibacillus brevis EG, FP Zootermopsis angusticollis [29]
Brucella melitensis EG, FP Zootermopsis angusticollis [29]
Cellulomonassp. EG, FP Zootermopsis angusticollis [29]
Cellulosimicrobium EG, X Mastotermes darwiniensis [34]
variabile

Chryseobacterium EG,pG Coptotermes curvignathus [28]
kwangyangense

Chryseobacteriunsp. CBHG, EG Reticulitermes speratus [32]
Citrobactersp. CBHfG, EG Reticulitermes speratus [32]
Clostridium beijerinckii BG Coptotermes formosanus [35]
Clostridium termitidissp. EGJG Nasutitermes lujae [36]
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Table 2 — Part 2. Microorganisms isolated from digestive tracts ofmtites and their enzymatic activities. EG :
Endoglucanase activity — FP : Filter Paper-cellilastivity —pG : B-glucosidase activity — CBH : Cellobiohydrolase atyiv
— BX: B-xylosidase activity — EX : Endoxylanase activityoA : a-amylase activity — C: Cellulase activity without

specification — X : Xylanase activity without spiazation.

Strain Activity Source Reference
BACTERIA

Comamonasp. CBHfG, EG Reticulitermes speratus [32]
Dyella sp. CBHfG, EG Reticulitermes speratus [32]
Enterobacter aerogenes EG,BG Coptotermes curvignathus [28]
Enterobacter cloacae EG,BG Coptotermes curvignathus [28]
Enterobactersp. BG, X Reticulitermes santonensis [37]
Enterobactersp. BG Reticulitermes santonensis [38]
Enterococcus faecalis BG Reticulitermes flavipes [39]
Klebsiellasp. BG Reticulitermes santonensis [38]
Klebsiellasp. CBHfG, EG Reticulitermes speratus [32]
Kocuria varians EG, FP Zootermopsis angusticollis [29]
Lactococcus lactis BG Thoracotermes macrothorax  [39]
Lactococcusp. EX,0A Reticulitermes santonensis [31]
Microbacteriumsp. EG, FP Zootermopsis angusticollis [29]
Micromonosporasp. EG, FP Armitermes, Microcerotermes, [40]

Macrotermes and

Odontotermes spp.

Ochrobactrumsp. EG, FP Zootermopsis angusticollis [29]
Paenibacillussp. EG, FP Zootermopsis angusticollis [29]
Paenibacillussp. EX Sinocapritermes mushae [41]
Pilibacter sp. EX,0A Reticulitermes santonensis [31]
Pseudomonasp. EG, FP Microcerotermes diversus [27]
Rhizobium etli EG, FP Zootermopsis angusticollis [29]
Serratia marcescens EG Reticulitermes hesperus [30]
Serratiasp. CBHfG, EG Reticulitermes speratus [32]
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Table 2 — Part 3. Microorganisms isolated from digestive tracts ofmtites and their enzymatic activities. EG :
Endoglucanase activity — FP : Filter Paper-cellilastivity —pG : B-glucosidase activity — CBH : Cellobiohydrolase atyiv
— BX: B-xylosidase activity — EX : Endoxylanase activityoA : a-amylase activity — C: Cellulase activity without

specification — X : Xylanase activity without spiazation.

Strain Activity Source Reference
BACTERIA
Sphingomonas EG, FP Zootermopsis angusticollis [29]
echinoides
Sphingomonasp. EG, FP Zootermopsis angusticollis [29]
Staphylococcus EG, EX Odontotermes obesus [42]
saprophyticus
Staphylococcusp. EG, FP Microcerotermes diversus [27]
Streptomycesp. EX,0A Reticulitermes santonensis [31]
Streptomycesp. EG, FP Armitermes, Microcerotermes, [40]
Macrotermesand
Odontotermespp.
Zymomonas mobilis EG, FP Zootermopsis angusticollis [29]
PROTISTS
Trichomitopsis termopsidis C Zootermopsigermites [43]
Trichomitopsis termopsidis C Zootermopsigermites [44]
Trichonympha sphaerica C Zootermopsigermites [45]
MYCETES
Sporothrixsp. C Zootermopsis nevadensis [29]

The most common cellulase activity which is obsdrire microorganisms extracted
from termites is endoglucanase. However, the masblematic part of the cellulose in the
lignocellulosic complex is crystalline, not degrddey the action of endoglucanase. This
enzymatic activity only degrades amorphous celkilaghich is more easily accessible than
crystalline cellulose. Xylanases are also necesgamyegrade the lignocellulosic complex,
acting on hemicelluloses. Such enzymes were foonbet produced by many termite gut
bacteria. Protists also produce useful enzymesateutore difficult to obtain in pure cultures.

Only a few examples can be cited, although suchianiganisms are thought to play a key
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role in cellulose digestion. There are also sevgeast species that were isolated from
termites. The study of Schéafer et al. [46] mentisose cases of yeast isolation from termite

guts.

The isolation of pure enzyme-producing microorgarsigocuses on one strain only.
However, another method consists in consideringahial consortia in order to improve the
efficiency of the enzymatic complex. Such heter@gers microbial systems are already being
used in foodstuffs, beverages, biogas and bioethadastries. They could be exploited to
produce more complete enzymatic systems. Of cothreajse of microbial consortia requires
the knowledge of the symbiotic relationships betwte different microorganisms [47]. For
instance, the study of Nanthakumar et al. [48] uagdicial consortia composed of 12
different bacteria extracted froriWlacrotermessp. In that study, bacteria were used to
decolorize dyes. Those bacteria were tested siraglg, different combinations were then
tried. Those artificial associations gave bettesults than the microorganisms considered
alone. Although this study relates to the textidustry, it illustrates a technique that could be
used in the field of enzyme production. Zuroff &t[d9] studied the feasibility of creating
symbiotic consortia for lignocellulosic biofuel ghaction. The study concluded that it would
be possible to create symbiotic cultures by asseglbhe metabolic capabilities of different
microbial strains. Quorum sensing and biofilm fotim@a should also be considered in the
field of industrial applications because naturaismrtia are usually found in surface-attached

communities.

11.8.2. Research of enzymes through microbial commurtgyadion

Some studies analyzed the effect of termite feedhalits and concluded that the
composition of the consortia depends on the di@tber studies compared the microbial
communities in a single insect host species feddibferent diets. Those diets induced
significant modifications in the microbial compaait [50, 51]. In this approach, the termites
can be considered as bioreactors in which theatietposition leads to a specific microbial
consortium. Consequently, even though most analyss® achieved by using culture-
independent techniques, this approach could beidemesl as an intermediate method
between the cultivation of microbial consortia aodture-independent approaches. The

alteration of original consortia may lead to thartterization of new enzymes.
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11.8.3. Omics approaches

The isolation of enzymes and the understandindh@fricrobial interactions can be
achieved through some culture-independent methidusse approaches can be considered as
more holistic because “non-cultivable” microorgamssmay be partially included. In this part
of the review, we will describe some “omics” appmioas with an emphasis on proteomics.

The main outcomes provided by such analyses apiggtmites are also being discussed.

The “omics” techniques refer to global approach&scommon genetic analysis
focuses either on a single gene or on several olweed separately from DNA by the
polymerase chain reaction (PCR) or from RNA by regePCR. By contrast, genomics
encompasses the whole genome, which representsotidle DNA of an organism. This
approach is particularly interesting to charactetncultivable microorganisms, such as TG-1
bacteria [52]. Those organisms were described desymbionts, providing useful amino
acids and cofactors to the termite. Microbial dbigr can be determined by using targeted
amplification. This technique was used to char@agetaxonomic diversity of prokaryotic
microbiota depending on gut fractions using terminmastriction fragment length
polymorphism (T-RFLP) analysis applied to 16S rR[$&]. This study revealed the relative
abundance oFirmicutesassociated with the midgut, whereas representat¥¢he Termite
Group 1-phylum were mostly located in the protissaciated fractions. Major phylogenetic
groups from hindgut fluid or hindgut wall fractiomsere representatives of the TG-1 phylum,
Firmicutesand BacteroidetesMore recently, 454 pyrosequencing of 16S V5-V@hoons
has been done after differential feeding treatmientsder to highlight lignin-poor and lignin-
rich specific microbial communities [54] and showitkdt taxonomic diversity was previously
underestimated. Symbiotic flagellates have alsonbsteidied at the genetic level [55].

However, most studies use a morphological or pleetjc characterization.

Genomic results made the investigation of the gerpeitential of probed organisms
possible, and the subsequent amount of data cadlemtabled scientists to target a gene to
guantify its copy number, characterize polymorphj588] or “visualize” it by fluorescence in
situ hybridization [56]. Metagenomics is a genomapproach applied to samples containing
several species, such as microbial communities symsbionts. Metagenomics applied to
higher termites Nasutitermessp.) illustrated the complexity of a symbiotic noicial
community free from flagellates [57]. No furthefarmation about the dynamics of gene
expression is available. Consequently, the trapsurie is a better basis to study stress

responses, implications in symbiotic systems [58] adaptations of the hindgut microbial
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community to termite diet [59, 60]. Phylogeneticabsis of clones related to cellulolytic
enzymes from protists of several termite specie®aked the specificities of co-evolved
termite species and their protist communities [@Xhnscriptomic data on two co-cultured
termite-isolatedSpirochaeteslso revealed comprehensive and mutualistic iotiers [62].
Thanks to transcriptomics, the analysis of non4tgd®NA is possible as well. However, this
approach is thought to be limited because of thertshalf-life of RNA or the weak
correlation between RNA and functional protein duees [63]. Proteomics offers the
possibility to override some of these problems hyrking with the final product of gene
expression. This discipline encompasses qualitaince quantitative analysis of the proteome
expressed in an organism, an organ, a cell arganelle. It takes account of the interactions,
post-translational modifications and turnover, giaticular time that, considering our current
knowledge, cannot be simply translated from genetaterial. So far, few protein-based
studies were achieved on termites compared to icuateéd-based ones. As an example, the
metaproteome of a&asutitermesspecies has been investigated, particularly fatemms
belonging to CAZy families [64]. More recently, amerdisciplinary study based on 454
pyrosequencing of metatranscriptomic cDNA bank ametaproteomics revealed different
profiles of expression ifReticulitermes flavipesiepending on the polymerization state of
lignin [60]. It is also important to mention thaveral enzymes which do not show cellulase,
hemicellulase or ligninase activity were shown fgngicantly increase lignocellulose
saccharification. Two termite genefdasutitermesand Reticulitermescan be considered as
models of higher and lower termites, respectivBligticulitermes flavipeandReticulitermes
santonensiswhich are now considered as synonymous specigs lj@éve been the topic of
many studies [50, 53, 58, 60, 66].

By considering proteins instead of RNA or DNA, wancdetect or quantify the
enzymatic activities. Common enzymatic activity ess can be used with a variety of
substrates that are specific to those enzymativitaes [50, 67]. Separation steps may be
necessary and can be achieved by liquid chromaibgrg68]. Enzymatic activities can be
highlighted through zymograms, based on gel elpbweeses [69]. Zymography can be
performed in native or denaturing conditions [7Dhis technique can be used for detection
but also identification using mass spectrometry] [@d N-terminal sequencing [72]. Such
high-throughput technologies, especially mass spestry, show more and more
applications, such as MALDI-imaging [73]. The difat techniques often require protein
separation steps which can be performed in geai eolution. Gel separation is generally done
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through isoelectric focusing (IEF) or sodium dodsalfate polyacrylamide gel
electrophoresis (SDS-PAGE). Two-dimensional gattebphoresis (2DE) is a combination of
these two independent features. However, proteirg@Dseparation shows variability [74].
By contrast, Coomassie Brillant Blue staining meth@rovide a quantitative signal and are
MS-compatible though generally less sensitive tedwver staining with a relatively low
dynamic range. The development of differential gkdctrophoresis (DIGE) circumvented
most of these drawbacks. Samples are pre-labelddfiworescent cyanines that can be used
on the same gel, combining highly sensitive det@ctvith a wide dynamic range and limiting
the variability between gels and an extensive dssamples. Data analysis is achieved by
using specific software, and spot picking for magsectrometry analysis can be automated.
The separation and purification of proteins canoalse achieved through liquid
chromatography which can be based on size, elégtiosor hydrophobic interactions.
Sequence-tag affinity is very specific and commarggd in recombinant protein purification
[75].

After separation, protein spots or fractions carubed in a wide range of enzymatic
activity quantification or other bio-assays. Thentification of proteins is generally a major
step. Mass spectrometry is mostly used to idenpifgteins either after gel or gel-free
separation. The analysis of entire proteins isedaftop-down” analysis. However, in most
applications, peptides are analyzed after proteolys a “bottom-up” analysis. “Shotgun
proteomics” is a particular approach consistingdfottom-up analysis of a protein mixture
and has been reviewed by Zhang et al. [74]. It ist;18n hydrolyzing protein mixtures,
separating them by liquid chromatography and amadythem by tandem mass spectrometry.
This technique is generally used in the gel-frealymis of protein mixtures [76]. Finally,
mass spectrometry datasets are compared to aticm gdigested protein database, scoring
peptides and protein matches.

Many different workflows can be considered by comnoy separation with ionization
and detection methods. Gel separation is mostly boosd with matrix assisted laser
desorption/ionization (MALDI) and time of flight Q@F) analyses [77]. Relative
guantification is then provided by comparison aftpm spot intensities, particularly in DIGE
experiments. By contrast, liquid samples of prateare often analyzed by electrospray
ionization (ESI) and ion trap or orbitrap analysBglative quantification is possible using
stable isotopes or the less-costly dimethyl lalge[ir8]. Technical improvements in LC-MS

operation and data processing have recently sdtsnar label-free quantitative proteomics
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[74, 79]. Those different techniques can be usedhiiracterize enzymes or other proteins

which can be extracted from the gut of termites.

[1.9. From the digestive tract of termites to indugrial enzyme production

Industrial enzyme production is the final aim of nyastudies. The efficiency of
xylanases and cellulases depends on their peptigeeaces, which depend on the DNA
sequences. These sequences can be processedibgl atigins, or improved to increase the

secretion in industrial reactors.

The simplest way to produce an enzyme consistssatating a microorganism,
cultivating it and recovering enzymes (cellulasescxylanases). The optimal conditions for
enzyme production must also be investigated. Commdustrial processes related to the
production of extracellular enzymes are achievetth werobic submerged cultures in stirred-
tank reactors. Three elements must be considerttke :strain, the equipment and the
fermentation protocol. They must be selected ireotd reach the highest production rates,
and make it possible to achieve an optimal trapgon, expression and posttranslational
processing of enzymes to be optimal. A microorganisan be improved through
mutagenesis, using chemical agents or UV radiatitowever, this method is not easy to
apply because of the high number of colonies teestrin vivo recombination has been used
to increase the efficiency of mutation techniqu€gnetic engineering has considerably
improved the performance of original strains. Ih@awv possible to produce the enzyme in the
strain that initially contained the gene, or toerristhe gene into a specific strain, such as
Escherichia coli A modification of regulation is also possible,m@ving inhibitory
mechanisms and enhancing positive regulation [80&ny microorganisms have been
reported as cellulase and xylanase producers. mhgnes showing a strong tolerance to
temperature are particularly desirable. Indeedsdlenzymes can be used in a wide range of
temperatures, are resistant to high temperatured, the cultivation of thermophilic
microorganisms reduces contamination risks. Theselitons also reduce viscosity and
increase substrate solubility. Some multifunctioeatymes can degrade both cellulose and
xylan simultaneously. This property has been oleskrin Cellulomonas flavigenaand
Terendinibacter turneraeT7902. Other microorganisms can also produce ea#igm
complexes called cellulosomes, characterized by egh hydrolysis efficiency. Artificial
cellulosomes have already been designed, and recanttsequences have been inserted in

Saccharmoyces cervisiaadBacillus subtilis[81].
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Once the cultivation of an isolated strain has ssated up, enzymes still need to get
recovered or purified without losing their activilyjhe complexity of this step depends on the
production process that has been chosen, the defypegity needed and some features of the

enzymes.

[1.10. Conclusions

The research of new enzymes in termite guts seeigmal and interesting. Many
enzymatic activities have been reported : xylanasghiilases and amylases. These activities,
especially cellulases, are being looked for whieosd-generation biofuels are emerging.
Hemicelluloses, which containsSugars, are also important, but their fermentaisonot as
simple as for @sugars. Glucose is the most commapasGgar and the only component of
cellulose, making cellulases particularly importamilthough the understanding of
lignocellulose degradation is becoming more andenecise, efficient enzymatic systems

still need to be found.

Lignocellulose digestion in termite guts can reaehny high levels and is partially
achieved by symbiotic microorganisms : bacteriagtipts and mycetes. However, it is
difficult to understand such an efficiency. Themée gut is a very complex environment, and
some paradoxes still need to be explained. Thatisal of microorganisms could be a
solution. Unfortunately, the opportunities are timal. Protists, supposed to play a key role in
cellulose digestion, are often bound to bacterigri@acarious symbioses. Consequently, a
study based on isolation and further cultivatiorquiees the conservation of fragile
biochemical and physical balances through thogessi&nother point is the lack of studies
relating to mycetes, which are usually excellerdyeme producers. The knowledge in that

field needs to be improved.

Nucleic acid-based methods, metagenomics and raesatiptomics open a wide and
highly detailed frame. They also generate precidata, useful to databanks. This high
resolution combined with the more realistic snapgtrovided by metaproteomics reflects
trends in “omics” approaches and leads to more cehgmsive studies of biological
mechanisms. Integrated omics also progressivelydiecmetabolomics, corresponding to the
study of metabolites present in a defined enviramna a given time or produced by an
enzyme activity on a substrate. Complex biologegtems such as termite gut microbial

communities require integrated approaches for cheraation.
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The cultivation of microbial strains, based on tbelation of purified organisms or
not, is still a source of enzyme discovery. Newdiings in the field of the physicochemical
environment and the biological components of tmmite gut should reach beyond the limits
of the “uncultivable”. This highlights an optimistand somewhat speculative point of view.
Metaproteomic analysis of cultivated consortia dolklp in the characterization of possible
interactions and lead to an understanding of ttssipte roles of microorganisms, considered

as marginal, in buffering alimentary changes.
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Obijectifs de la partie expérimentale

Les objectifs des manipulations entreprises darsagail sont les suivants :

Identifier les conditions d’isolement des microorganes les plus prometteuses a
partir du tube digestif du termiteticulitermes flavipesn tenant compte du fait que
les tentatives d’isolement vont inévitablement roengertaines symbioses.

- Identifier les microorganismes les plus exploitabtians le cadre de la production
d’enzymes parmi les bactéries, les myceétes etrtasstes.

- Décrire quels sont les types d’activités enzymatiqdéveloppés par ces différents
microorganismes, l'intérét étant porté sur lesutadles et les hémicellulases.

- Déterminer quelles sont les sources de carbonpllssadaptées pour développer les
activités enzymatiques recherchées dans les csilfurnes des souches microbiennes
(cellulases et hémicellulases).

- Décrire les propriétés des enzymes : effets dudeHla température, conditions de
travail optimales, poids moléculaires, produitsydifolyse.

- Observer l'effet de dietes artificielles appliquées élevages de termites. Cet aspect

se décline en deux sous-objectifs. Le premier &gtide pluridisciplinaire des

communautés microbiennes résultantes de ces dietes/ers diverses techniques :
microscopie, protéomique, métagénomique et micoqyaa BIOLOG®. Le second
sous-objectif est I'ilsolement de microorganismesdpcteurs d’enzymes a partir des

consortia microbiens issus des dietes artificiedigsliquées.

Chaque chapitre de résultats est introduit par eomate présentation décrivant le

contexte des manipulations ainsi que leurs obgespEcifiques.
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CHAPITRE III.

Isolation of amylolytic,
xylanolytic, and cellulolytic
microorganisms extracted
from the gut of the termite
Reticulitermes flavipes by
means of a micro-aerobic
atmosphere

Ce chapitre correspond a [larticle intituléShHort communication - Isolation of
amylolytic, xylanolytic, and cellulolytic microorgesms extracted from the gut of the termite
Reticulitermes santonensis by means of a microkaertmosphere(Cédric Tarayre, Alison
Brognaux, Julien Bauwens, Catherine Brasseur, thriMattéotti, Catherine Millet,
Jacqueline Destain, Micheline Vandenbol, Daniet&elle, Edwin De Pauw, Eric Haubruge,
Frédéric Francis, Philippe Thonart) publié danseaue World Journal of Microbiology
and BiotechnologyVolume 30, Issue 5, pp 1655-1660 (mai 2014).

47






Le but de cette premiere étape de la recherchel’'issier des microorganismes
capables de produire des enzymes intervenant dangdradation de la cellulose et des

hémicelluloses a partir du termite.

La technique d’isolement utilisée doit tenir com@éeplusieurs parameétres spécifiques

au matériel biologique exploité :

- Premierement, isoler des souches microbiennesres des autres va mener a une
rupture des relations symbiotiques multiples ééablau sein du tube digestif du
termite.

- Deuxiemement, l'isolement suivi de la culture desrobrganismes peut engendrer
une ségrégation parmi les souches présentes. &ntefites ne sont certainement pas
cultivables, gu'’il s’agisse des bactéries commepulesstes.

- Enfin, il faut essayer de reproduire les conditicggnant dans l'intestin du termite.

Cette derniére observation est a la base de napérimentation. Les principales
conditions régnant dans le tube digestif du termdteimportantes dans le cadre des
manipulations en laboratoire sont le pH, la temjpgéea I'oxygéne et la composition du
milieu. Dans le cas du termiieticulitermes santonenside pH est proche de la neutralité,
quelle que soit la portion de l'intestin considénéa température a été fixée &GQour tous
les essais. Cette température est souvent utdise les essais de mise en culture, et est aussi
trés proche de la température appliquée a I'élevdase termites. Les milieux de culture
destinés a obtenir un enrichissement en souchesgédt ont été choisis sur base de
publications antérieures. Ces milieux comportaiemtjours un substrat cellulosique ou
hémicellulosique. Enfin, une des contraintes lass plomplexes a considérer est sans nul
doute celle de la teneur en oxygéne car il existgnadient de concentration dans le tube
digestif des termites. C’est pourquoi des atmosgsheontrolées micro-aérobies ou anaérobies
ont été utilisées. L’hydrogéne est aussi présans te systeme digestif et sa concentration est
également conditionnée par un gradient. Une atnawspénrichie en hydrogene a aussi été
employée. Les souches isolées par ces différeptdmitjues ont été identifiées par voie
géenetique. Elles ont ensuite été soumises a diffeérests de mise en évidence d’activités

enzymatiques sur milieux géloseés.
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Résumé

Le but de ce travail était d’isoler des micro-aniganes producteurs d’enzymes a partir
de lintestin du termit&Reticulitermes santonensises souches microbiennes ont été extraites
des intestins et des atmosphéres anaérobiesdCOQ/H,) et micro-aérobie ont été utilisées
pour tenter de stimuler leur croissance. Troistégias ont été testées. Tout d’abord, la
suspension a été étalée sur un milieu gélosé camtete la carboxymeéthylcellulose, de la
cellulose microcristalline ou du cellobiose. Cettéthode a permis d’isoler 2 bactéries :
Streptomycessp. ABGxAVIAl et Pseudomonassp. ABGxCellA. La seconde stratégie
consistait a enrichir la suspension microbiennesdam milieu liquide spécifique contenant
soit de la carboxyméthylcellulose, soit de la dee microcristalline, soit du cellobiose. Des
échantillons de ces cultures ont ensuite été &aléle milieu solide précédent contenant les 3
substrats précités. Cette méthode a mené a l'isslediAspergillussp. ABGxAVIA2. Enfin,
une troisiéme stratégie consistait a chauffer Béxtition primaire puis a I'étaler sur milieu
solide riche. Cette méthode a permis l'isolementBdeills subtilis ABGx. Toutes ces
opérations ont été menées en atmospheres contrbk®ed souches productrices d’enzymes
isolées ont été obtenues en conditions aérobieguement. Par la suite, des tests
enzymatiques ont été effectués sur ces 4 souStreptomycesp. ABGxAVIALl a produit de
'amylase, tandis quBseudomonasp. ABGxCellA produisait de IB-glucosidase en plus de
'amylase. Aspergillus sp. ABGxAViA2 a montré des activitées de tyfeglucosidase,
amylase, cellulase, et xylanase. Pour termiBacillus subtiliSABGx s’est avéré produire de
la xylanase et de 'amylase.

Mots-clés :Termite,Bacillus PseudomonasStreptomycesAspergillus atmosphere
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Abstract

The aim of this work was to isolate enzyme-prodganicroorganisms from the tract
of the termiteReticulitermes santonensiShe microorganisms were extracted from the guts
and anaerobic (COor CQJ/H;) and micro-aerobic atmospheres were used to siewul
growth. Three different strategies were tried &ust, the sample was spread on Petri dishes
containing solid media with carboxymethylcellulos@crocrystalline cellulose or cellobiose.
This technique allowed us to isolate two bactei&reptomycesp. strain ABGxAviAl and
Pseudomonasp. strain ABGxCellA. The second strategy condisteinoculating a specific
liquid medium containing carboxymethylcellulose,crocrystalline cellulose, or cellobiose.
The samples were then spread on Petri dishes Wwihsame specific medium containing
carboxymethylcellulose, microcrystalline cellulose,cellobiose. This led to the isolation of
the moldAspergillussp. strain ABGxAVIA2. Finally, the third strategyprsisted in heating
the first culture and spreading samples on agaepleontaining rich medium. This led to the
isolation of the bacteriunBacills subtilis strain ABGx. All those steps were achieved in
controlled atmospheres. The four enzyme-producitigins which were isolated were
obtained by using a micro-aerobic atmosphere. Laezymatic assays were performed on
the four strainsStreptomycesp. strain ABGxAvViAl1 was found to produce only dase,
while Pseudomonasp. strain ABGxCellA was found to produgeglucosidase as well.
Aspergillussp. strain ABGxAViIA2 showeg-glucosidase, amylase, cellulase, and xylanase

activities. FinallyBacillus subtilisstrain ABGx produced xylanase and amylase.

Keywords :Termite,Bacillus PseudomonastreptomycesAspergillus atmosphere
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[11.1. Introduction

Termites are able to break the lignocellulosic clamplLignocellulose is composed of
lignin, cellulose, and hemicelluloses. Cellulosa ipolymer of glucose units bound together
by hemicelluloses. These macromolecules are mamplex and made of various monomers :
D-xylose, L-arabinose, D-mannose, D-glucose, Daate, and D-glucuronic acid.
Hemicelluloses are linked to lignin by ester or eettbonds. Lignin is a complex
macromolecule resulting from the polymerization mtoumaryl, coniferyl, and sinapyl

alcohols [1].

The termiteReticulitermes santonensia wood-eating termite, contains a highly
diversified microflora composed of bacteria, myset@nd protists. These microorganisms act
as a microbial consortium which is able to bread lignocellulose components. In 2005,
Yang et al. [2] published an excellent review abth# strains living in the gut oR.
santonensisThe termite gut is divided into three parts efgut, midgut, and hindgut. That
study concluded that there are differences in rbialoccommunities in accordance with the
location considered as well as the distance fraagtit wall. The major phyla of prokaryotes
which were identified werd-irmicutes Bacteroidetes Spirochaetesand Proteobacteria
Tartar et al. [3] identified the fungi generAspergillus Neurospora Verticillium,

TrichodermaandThermomyces

The conditions relating to pH and @ the gut ofR. flavipes which can be considered
asR. santonensipl], were studied previously [5]. The pH valueghe gut vary from 6 to 7.
However, the repartition of oxygen is more compliéxcan penetrate the peripheral hindgut
up to 50 to 200 um. The central zone of the hindgas found to be completely anoxic

because of the oxygen consumption by the hindgatafiora [6].

This study relates to the isolation of enzyme-poiniy strains isolated from the gut of
the termiteR. santonensisSpecific atmospheres were used to simulate naerobic and
anaerobic environments in order to copy the comalitiwhich can be found inside the termite
gut. The most interesting microorganisms able ttlmsize enzymes were identified on the
basis of 16S and 28S rDNA sequences.
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[11.2. Materials and methods

l11.2.1. Termites

Reticulitermes santonendi®eytaud (Rhinotermitidae) was harvested on thendislat
Oleron (France). The termites were kept in darkmésstemperature of 22 with a relative
humidity of 70%. The termites were first fed ongwood which was gradually replaced by

poplar wood.

[11.2.2. Isolation of microorganisms

Some termites were washed in ethanol to preveriacai contaminations, then in
water and held with two dissection forceps, as miesd before [7]. Intestines were extracted
under sterile conditions and put into an Eppendtladoe containing 200 pul of YPD medium
(10 g/l peptone, 5 g/l yeast extract, and 10 gitgbe). The sample was kept af@dor 24
hours. The intestines were then sterilely crushretithe volume was adjusted to 1.5 ml with
sterile YPD medium. The volume was divided intcethparts each of which was put into a
tube containing 5 ml of medium. The first tube vgasurated with an atmosphere composed
of 16% of CQ and 84% of air to simulate a micro-aerobic atmespl{atmosphere A). The
second atmosphere consisted of 100% of, &mosphere B) and the third atmosphere
containing 85% of KHH15% CQ (atmosphere C) were used to create anaerobictcamliThe
tubes were put on an agitator at’G0for 6 days. The first group of microorganisms was
isolated by spreading 100 pl of various dilutioighe contents of each tube on agar plates
containing modified GBG medium [8]. Different sulades were added as carbon sources to
this medium : carboxymethylcellulose 2.5 g/l (CM@licrocrystalline cellulose 2.5 g/l (MC),
or cellobiose 2.5 g/l (CELL). The agar plates wdept in darkness at 30 and the
microorganisms were grown in the atmospheres Ay B dor 3 days before isolation. The
second group of microorganisms was obtained byipgtihe contents of the tubes into flasks
containing liquid GBG medium with the three carlswurces described above. The aim of
this step was to enrich the microbial populatiotedo hydrolyze cellulose or cellobiose.
After 14 days, 100 pl of different dilutions of éaliquid medium were spread on agar plates
containing solid GBG medium with the three carboarses (same concentrations). The agar
plates were kept in the same conditions as befmier to isolating the second group of
strains. The third group of microorganisms was ioleté by heating the microbial suspension
stemming from the crushed intestines (10 mirfC30Then, 100 pl of culture at different

dilution rates were spread on agar plates contgirioh solid medium (glucose 20 g/l, yeast
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extract 10 g/l, casein peptone 10 g/l, agar 17 §h)s method led to the isolation of spore-

developing bacteria. The whole method is illustfateFigure 1.
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Figure 1. Strategies of isolation of enzyme-producing micgamisms from the gut dR. santonensisThe isolation of
microorganisms was performed in different atmosedeand in solid or liqguid media added with carbostmgicellulose
(CMC), microcrystalline cellulose (MC), or cellobio$€ELL). Spore-forming bacteria were isolated afterating the
sample.

[11.2.3. Investigation of enzymatic activities

The following activities were observed in eaclaistr. endo-1,4-D-xylanase, endo-
1,44-D-glucanase,p-glucosidase, andi-amylase. The medium used f@rglucosidase
investigation consisted of casein peptone (8 gixulin sesquihydrate (1 g/l), ammonium
ferric citrate (1 g/l) and agar (17 g/l), pH 7./eTbasic medium used to detect all the other
activities was derived from [9] and composed of gN2 g/l), MgSQ.2H,O (0.5 g/l), KCI
(0.5 g/l), casein peptone (0.2 g/l), agar (17 giPhace elements were added to the medium
(2.86 mg/l HBOs;, 1.81 mg/l MnCl.4H,O, 0.222 mg/l ZnSQ7H,O, 0.39 mgll
NaMo0,.2H,0, 0.079 mg/l CuSE5H,0, and 0.0494 mg/l Co(N{p.6H,0). The following
components were used as carbon sources : 0.5 dlLA¥lan medium (endo-1,8-D-

xylanase activity), 0.5 g/l AZCL-HE-cellulose mediu(endo-1,43-D-glucanase), 0.5 g/l
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AZCL-amylose medium o-amylase activity). AZCL media were supplied by Megne
(Megazyme International Ireland - Bray BusineskRdray, Co. Wicklow, Ireland). All the
strains were first cultivated in rich liquid mediBacteria were grown in the following
medium : glucose 20 g/l, yeast extract 10 g/l, ikapeptone 10 g/l. Molds were cultivated in
potato dextrose broth (24 g/l) containing chlorampbol (0.5 g/l). After 24 hours of
cultivation, 80 pl of each culture were spot platedthe different media (three replicates)
under the atmospheres chosen in accordance wittotiaitions of isolation. The plates were

incubated for 3 days at 30.

[11.2.4. Identification of enzyme-producing microorganisms

DNA was extracted with the Wizard Genomic DNA HRuaoation Kit (Promega
Benelux BV Branch Office - Schipholweg 1 - 2316 XBIDEN - The Netherlands). The
primers were provided by Eurogentec (Eurogentec S.Belgium). They were the universal
primers 357F and 1100 R, 8F, and 1492R [10, 114, |#ROR and LR6 [12]. The primers
357F/1100R and 8F/1492R were used to amplify 16SAf bacteria, while the primers
LROR/LR6 were used to amplify 28S rDNA of myceté&he program used for the
amplification of 16S rDNA (primers 357F/1100R) ad8S rDNA (primers LROR/LR6)
consisted of 5 min of denaturation @3, 25 cycles of amplification composed of 30 s at
95°C, 30 s at 5%, 2 min at 72C, and a final extension of 10 min at’@2 The program used
for 16S rDNA (primers 8F/1492R) amplification indied 10 min of denaturation (85), 30
cycles of amplification composed of 1 min af@51 min at 54C, 2 min at 72C, and a final
extension of 10 min at 7€. PCR products were used for the sequencing o@acti
Sequencing was achieved by Progenus® (Rue deseBraul- 5030 Sauveniere — Belgium)
with a Genetic Analyzer 3130 designed by Appliedsystems®. The sequences were
aligned with the Vector NTI® program and the hongulos sequences present in the
GenBank database were identified using the NCBItigdal Center for Biotechnology

Information, http://www.ncbi.nim.nih.gov/) BlastNgyram [13].
l11.3. Results and discussion

[11.3.1. Isolation and identification of microorganisms

This strategy enabled us to isolate 12 strains. édew the identification was only
performed with the strains displaying enzymatiavées. All the assays were performed in
culture media with low concentrations of nitrogenréconstitute the conditions found in the
termite gut. No strain was isolated in anaerobmaapheres (CO100% and H 85%/CQ

55



15%). This observation may be due to acidificatansed by C® Another gas could have
been used to check that, such as @n the other hand, it was established that oxygen
penetrates the outer part of the hindgut lumen®2@ pm. Consequently, anoxic conditions
are limited to the dilated compartments of the @nhindgut portion, which is mainly
colonized by anaerobic protists in lower termités Another point is that it is particularly
difficult to prevent oxygen transfers during theishing step of the intestines. Therefore, it is

not surprising to isolate only aerobic strains fribra termite gut.

Three strains were isolated in micro-aerobic atrhesgs and one spore-forming
bacterium was found after heating the sample. iln{gortant to note that no anaerobic strain
was isolated. All the strains were identified oe thasis of rDNA sequences. The first strain
belonged to the group &trains IAMC(isolated in micro-aerobic atmosphere, on solid3GB
medium containing microcrystalline cellulose, ségure 1). It was identified as
Streptomycesp., and was namegtreptomycesp. strain ABGxAVIAL (97% identity witls.
sampsoni S somaliensis S. exfoliatus S. albus S. coelicolor, S lividens S griseus S
viridochromogenes GenBank ID : KF297884). The second strain wakated in the group
of Strains IACELL(isolated in micro-aerobic atmosphere, on solid GB&lium containing
cellobiose, seeFigure 1) and was identified a®¥seudomonassp., and further named
Pseudomonasp. strain ABGxCellA (99% identity witlP. citronellolis P. aeruginosaP.
delhiensis P. knackmussii P. denitrificang P. nitroreducens P. azelaica P.
multiresinivorans; GenBank ID : KF297883). The third strain was aldnisolated in the
group of Strains IIAMC (isolated in microaerobic atmosphere, on liquid GB@dium
containing microcrystalline cellulose, segure 1) and was found to be akspergillussp.
The strain was given the nandespergillussp. strain ABGxAVIA2 (95% identity withA.
fumigatus; GenBank ID : KF297885). The identity of the stravas confirmed by the
mycotheque of Louvain-la-Neuve (Croix du sud 2, b#05.06, 1348 Louvain-la-Neuve,
Belgium). The spore-developing bacteriu@r@up 1ll, seeFigure 1) was identified as a
Bacillus sp. (99% identity withB. subtilis B. methylotrophicus B. tequilensis B.
licheniformig. Further DNA analysis was described in anothéclar(Tarayre et al. 2013).
Gyrase (GenBank ID : JX545344) and xylanase (GekBl&n : JX545345) sequences
confirmed that the strain wasBacillus subtilis The strain was namdghcillus subtilisstrain
ABGXx (16S GenBank ID : KF297882).

56



[11.3.2. Enzymatic activities

All the strains which were isolated were aerobion§€equently, the enzymatic assays
were performed in aerobic conditions. The followergymatic activities were tested on the
isolated strains : endo-1p4b-xylanase, endo-1,8-D-glucanase,p-glucosidase, and-
amylase. The results are presentedTable 1. Many examples ofu-amylase- and-
glucosidase-producing strains &seudomonasan be found in literature. For instance,
Kimura et al. [14] studied the maltotetraose-prandgcstrain of Pseudomonas stutzeri
Rickard et al. [15] studied the production of angd p-glucosidase fronPseudomonasp.
strain PS2-2Pseudomonaspecies have already been found in the termite syuah asP.
aeruginosaandP. cepacig16]. Pourramezan et al. [17] isolated an endoftglucanase-
producing strain ofPseudomonassp. from the xylophagous termit®licrocerotermes
diversus Pseudomonassp. strain ABGxCellA was isolated on a medium aonhg
cellobiose. Although it was logical to detecp-@lucosidase activity hydrolyzing esculin, an

amylase activity was also observed.

Table 1 Enzymatic activities detected in the four enzypneducing strains.

Endo-1,44-D- Endo-1,4$-D-
Strain B-glucosidase a-amylase
xylanase Glucanase

Streptomycesp. . - - YES

strain ABGxAViAl

Pseudomonasp. . - YES YES
strain ABGxCellA
Aspergillus fumigatus YES YES YES YES
strain ABGXxAViIA2
Bacillus subtilis YES - - YES

strain ABGx

Streptomycespecies producing xylanase were also founR.isantonensigl8], and

a-amylase-producing strains were studied previoy$B]. Watanabe et al. [20] isolated
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actinomycetes from the termite€optotermes formosanusReticulitermes speratus
Neotermes koshunens@dontotermes formosanasdHodotermopsis japonicalhe strains
which were isolated were closely related Streptomycesnd able to degrade lignin and
carboxymethylcellulose. Pasti et al. [21] extractedinomycetes belonging to the genera
Streptomycesand Micromonospora from the hindgut of the termitedacrotermes
Armitermes Odontotermesand Microcerotermesspp. In the present cas®treptomycesp.
strain ABGxAvViAl1 was only able to produce amylasé¢hough it had been isolated on a

medium containing microcrystalline cellulose.

Another strain oBacillus subtiliswas extracted frorR. santonensigl6]. Bashir et al.
[22] also isolated cellulolytic strains ddacillus subtilis B. cereus B. pumilusand B.
licheniformisshowing endo-1,4-D-glucanase activity from termite guts. Dheeraale{23]
isolated a xylanolytic strain d?aenibacillus maceransom wood-eating higher termites. In
another study, it was possible to identify by DG&lne strains oBacillus able to degrade
xylan and carboxymethylcellulose from the gut & trmiteOdontotermes formosan{@4].
It was also possible to identify a symbiosis betwBacillus and Clostridium Cellulolytic
Bacilli were found to create the anaerobic environmentessey for the growth of
Clostridium [25]. However, this is the first time that a straif Bacillus subtilishas been

extracted from the gut of a termite and showednada and amylase activities.

Other strains oAspergillus fumigatusvere found to produce amylase, cellulase, and
xylanase [26, 27]. As far as we know, this is hogrethe first time that this strain has been
isolated from the gut of this termite. Other filam@us fungi belonging to thAspergillus
genus, such a&. nigerandA. oryzae have been found to be excellent enzyme prody28rs
29]. Moreover, Tartar et al. [3] also identifiedkglanase-producing strain @. nidulansin
the gut ofR. flavipesby transcriptomics. This is nevertheless the firae that a strain close
to A. fumigatus(95 % of identity) has been found inside termitesg Several species of
Aspergilluscause the disease of aspergillodisfumigatuds considered as the most common

etiological agent in that disease [28].

This article provides a new method of isolationnaicroorganisms focusing on a
specific group of strains living in the termite g@dthough it was used for termites, such a
method can apply to other sources. The main prol#ecountered was the difficulty in
simulating the original conditions of the termitetgThis is particularly complex because it is
a culture medium the composition and the microfloiravhich depend on location. It can be
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considered as a natural continuous-flow fermenided into organized sections. Therefore,

termites offer huge prospects as regards the isnlat enzyme-producing microorganisms.
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CHAPITRE1V.

Xylanase production by a
strain of Bacillus subtilis
extracted from the gut of
the termite Reticulitermes

flavipes

Ce chapitre correspond a l'article intitulésdlation and cultivation of a xylanolytic
Bacillus subtilis extracted from the gut of thentée Reticulitermes santonerisiEédric
Tarayre, Alison Brognaux, Catherine Brasseur, duBauwens, Catherine Millet, Christel
Mattéotti, Jacqueline Destain, Micheline VandeniDaniel Portetelle, Edwin De Pauw, Eric
Haubruge, Frédéric Francis, Philippe Thonart) gublans la revuépplied Biochemistry
and BiotechnologyVolume 171, Issue 1, pp 225-245 (septembre 2013).
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L'utilisation d’atmosphéres controlées pour isoles microorganismes du systéme

digestif des termites a abouti aux différents tassilet considérations suivants :

- Seule I'atmosphere micro-aérobie a permis d’isdés microorganismes. Ensuite, les
souches isolées de cette atmosphére ont pu éttigéesl en conditions aérobies
classiques. Cette observation est paradoxale é&annhé qu'une portion non
négligeable du systeme digestif se trouve en abaEe.

- Notre méthode a permis d’isoler des bactéries et mmoisissure. Cette derniére
présente des activités endoglucanase et endoxglamdéressantes. Cependant,
l'identification génétique a montré qu’il s’agitudie souchel’ Aspergillus fumigatys
un organisme de classe Il, donc difficilement ekplde.

- Des activités cellulases n’ont pas pu étre miseévedence chez les bactéries isolées
du termite.

- Une souche dBacillus subtilistnommée ABGX) sporulante et xylanolytique a pe étr

isolée et purifiée.

Le chapitre suivant porte sur la caractérisationcdtte souche d8acillus subtiliset la

production de la xylanase.
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Résumé

Le but de ce travail était d'isoler et cultiver descro-organismes xylanolytiques
extraits du tractus intestinal du termiReticulitermes santonensites sucres réducteurs
libérés suite a I'hydrolyse du xylane peuvent @asuite étre fermentés en bioéthanol. Une
souche xylanolytique dBacillus subtilisa été isolée du hindgut du termite et a montré des
activitéts amylase et xylanase. La bactérie a élivéa en milieu liquide contenant des
déchets agricoles : du son de blé, de la dréch@édet du tourteau de colza. Le son de blé a
mené a l'activité xylanase la plus élevée, bien lgudéveloppement de la souche ait été plus
lent que dans les autres milieux de culture. iéapdssible d’atteindre des activités xylanase
de 44.3, 33.5, and 29.1 U.I./ml dans les milieurtenant respectivement du son de blé, de la
dréche de blé et du tourteau de colza. La spectrmrae masse a permis d’identifier une
large gamme d’oligomeéres de xylose, suggérant ativté de type endo-xylanase. L’enzyme

a montré une stabilité jusqu'a®5Set un pH optimal proche de 8.

Mots-clés :Xylanase Bacillus subtilis termite, intestin de termit&eticulitermes santonensis
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Abstract

The aim of this work was the isolation of xylanadytmicroorganisms from the
digestive tract of the termitReticulitermes santonensi¥he reducing sugars released after
the hydrolysis of xylans can be further fermentegitovide bioethanol. A xylanolytic strain
of Bacillus subtiliswas isolated from the hindgut of the termite angpldiyed amylase and
xylanase activities. The bacterium was grown on im@bntaining agricultural residues :
wheat bran, wheat distiller's grains, and rapeseiédtake. Wheat bran led to the highest
induction of xylanase activity, although the deysl@nt of the strain was less fast than in the
other media. It was possible to reach maximal ag&nactivities of 44.3, 33.5, and 29.1
I.U./ml in the media containing wheat bran, whemtiller's grains, and rapeseed oil cake,
respectively. Mass spectrometry identified a widege of xylose oligomers, highlighting an
endoxylanase activity. The enzyme was stable Wb16 and displayed an optimal pH close
to 8.

Keywords Xylanase Bacillus subtilis termite, termite guRReticulitermes santonensis
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IV.1. Introduction

Reticulitermes santonensis a lower termite symbiotically related to numeso
microorganisms such as bacteria, fungi, and psotigtese symbiotic microorganisms living
in the termite gut play a key role in lignocellutodigestion [1]. Hydrolytic bacteria, fungi,
and protists help the termite to digest the wobeérs [2]. The biodiversity of the termite gut
was studied previously, and different enzymaticvésds coming from the symbionts and the
termite itself were identified. It was demonstratéadt the termite gut contains amylases,

cellulases, and xylanases [3].

Wood is mainly composed of cellulose, hemicellugpsand lignin. Plants are usually
composed of 40-50% cellulose, 27-31% hemicellul@ses20-30% lignin in the dry biomass
[4, 5]. Xylans are hemicelluloses that consist @fypaccharides containing a central chain of
B-1,4-linked D xylosyl residues. ArabinofuranosytO4methylglucuronosyl, acetyl groups,
and phenolic acid residues substitute the cenhaincat various frequencies, depending on
the source of xylan [6, 7]. Xylan structure cansimaple (1,4B-linked polyxylose) or more
complex (highly branched polysaccharides). Hardwgoaxld softwoods are made of 15-30%
and 7-12% xylan, respectively [8].

The degradation of wood fibers involves three type®nzymes. The first group is
composed of oxidative enzymes able to attack lighhee second group comprises enzymes
able to degrade hemicelluloses and cellulose (aaghxylanase), which finally lead to
monosaccharides. The enzymes of the third grouph s superoxide dismutase and
glyoxalate oxidase, cooperate with the enzyme$ofitst group without targeting the wood
directly. They oxidize glucose coming from cellidobydrolysis and reduce quinones [9].
Xylanases are mainly used in the paper, feed, akihdy industries [10]. They can be used to
reduce the use of chlorine and chlorine dioxidedpoed during the paper-making process
[11]. The use of xylanases in the paper industwlires a very low cellulase activity [12].
They are also used in animal feed, improvementaitgells, clarification of juices, and can
be used in the production of biosurfactants [13jaKases can also be used on lignocellulosic
materials to hydrolyze xylans and to produce xylogskich can be fermented to produce

bioethanol by microorganisms suchRashia stipitis[14].

Xylanases have been reported from various micreusgss : bacteria, fungi, yeasts,
and actinomycetes [12, 13, 15-19]. Some speci&aoillus are able to produce xylanase and

have been reported earlier, such Bacillus subtilis circulans cereus pumilusand
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stearothermophilugll, 20-24]. Microbial enzymes are highly specffic their substrates and
no chemical modification of the substrate is obabl®. Moreover, reaction conditions are
easy to obtain. Enzymes that are able to hydradyzeeutral and alkaline pH are particularly

interesting [20].

The termite gut provides opportunities to isolabéeptial wood-degrading strains and

can be used as a source of hydrolytic microorgasism
IV.2. Materials and Methods

IV.2.1. Organisms

Reticulitermes santonensis FeytaiRhinotermitidag was obtained from the Island of
Oleron (France). The termites were cultivated irkdass at 2°C with a relative humidity of
70%. The wood used as a diet was mostly pinewoddvaas gradually replaced by poplar

wood.

IV.2.2. Isolation of Bacillus subtilis from Reticulitermgantonensis

50 termites were washed in ethanol, then waterhatd with two dissection forceps.
One was used to hold the head and the second ahased to remove the cuticle at the back
of the termite. The digestive tracts were thenrpated and put in a tube containing 200 pl
YPD medium (10 g/l peptone, 5 g/l yeast extract & g/l glucose). A disinfected needle
was used to pierce the digestive tracts. Differgiitions were prepared in a solution
containing 1 g/l peptone, 5 g/l NaCl, and 0.2% (wiween80. The different dilutions were
then heated at 8C for 10 minutes. 100 pl of each microbial suspmmsiere finally spread
on Petri dishes containing the following mediun®:dll peptone, 20 g/l glucose, 10 g/l yeast

extract, and 16 g/l agarose.

IV.2.3. Genetic identification

DNA was extracted with a Wizard Genomic DNA Puation Kit (Promega Benelux
BV Branch Office - Schipholweg 1 - 2316 XB LEIDENThe Netherlands). The primers
were provided by Eurogentec (Eurogentec S.A. —iBelyy The primers used were gyrase
primers to amplify the gyrase gene (GyrA : 5-CAGAGGAAATGCGTACGTCCTT-3';
GyrB : 5-CAAGGTAATGCTCCAGGCATTGCT-3’ [25]), and ¥gnase primers to amplify

the xylanase gene :

- XylA: 5-ACGAATTCCATGTTTAAGTTTAAAAAGAATTTCTTAGTT-3 7
- XylB : 5-GAGGATCCTTACCACACTGTTACGTTAGAACTTCCACT-3!
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The primers were derived from [26] and used by [ZHe program used for xylanase
amplification was 5 min of denaturation @3, 35 cycles of amplification composed of 1 min
at 94C, 1 min at 58C, 1 min at 72, and a final extension of 10 min at°@2[27]. The
program used for gyrase amplification was 5 mindehaturation (9%), 25 cycles of
amplification composed of 30 sec af@530 sec at 4T, 2 min at 72C, and a final extension
of 10 min at 72C. PCR products were used for the sequencing oeacthe sequences were
aligned with the Vector NTI® program and the hongmlos sequences present in GenBank
database were identified by using BlastN as so#w@he amino acid sequence of xylanase
was deduced from the nucleotide sequence using Me@@ software. InterProScan®

(www.ebi.ac.uk/Tools/Inter-ProScan) was appliedthar analysis of the xylanase sequence.

IV.2.4. Culture conditions

Preliminary tests were performed to investigateldbst pH conditions for an optimal
bacterial development and a maximal productionytdinase. These tests were done in a rich
culture medium containing 10 g/l peptone, 20 gicgke, and 10 g/l yeast extract. A pH value
of 7 provided the best results and was consequehtigen for further analysis. Four media
were used to investigate the growthBaicillus subtilisand xylanase production. These media
were modified from [21]. Each culture medium waspared in a solution containing 1 g/l
tryptone, 2 g/l KHPQ,, 0.2 g/l NHCI, 0.75 g/l MgSQ, 2.5 g/l sodium citrate, 2.86 mg/l
HsBO3, 1.81 mg/l MnC}.4H,0, 0.222 mg/l ZnSQ7H,0, 0.39 mg/l NaMo@2H,0, 0.079
mg/l CuSQ.5H,;0, and 0.0494 mg/l Co(N§}.6H,O. Four substrates were separately used to
increase xylanase activity : Wheat Bran (WB), Whiddtiller's Grains (WDG), Rapeseed
Oil Cake obtained after Mechanical pressing (ROCAnY Rapeseed Oil Cake obtained after

Solvent extraction (ROCS) at a concentration o380

IV.2.5. Investigation of enzymatic activities

The following activities were tested : endo-BD-xylanase, cellulase, and amylase.
The following media were used : 1) Endo-B4AD-xylanase activity : 1 g/l AZCL-xylan
medium (Megazyme), Na acetate 25 mM (pH 4.7), 1&gar; 2) Cellulase activity : 1 g/l
AZCL-HE-cellulose medium (Megazyme), Na acetate @& (pH 4.5), 16 g/l agar; 3)
Amylase activity : 1 g/l AZCL-amylose medium (Megaze), Na acetate 100 mM (pH 6), 16
g/l agar. The samples (80 ul of crude culture addiBof a sample filtered on a cellulose
acetate membrane; 0.45-um porosity) were droppeBatn dishes containing the different
solid media. Anti-protease (Complete, Mini, EDTAeErProtease Inhibitor Cocktail Tablets,

Roche) was added to the culture samples to avgrhdation of enzymes caused by potential
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proteases. Buffers and pH values were chosen angotd the manufacturer's suggestions
(Megazyme International Ireland - Bray BusinesskRaBray, Co. Wicklow, Ireland). Petri

dishes were kept at 3D for one day before reading the results.

IV.2.6. Enzymatic assay of xylanase

Xylanase activity was determined using dinitrosdieccacid by a method developed
previously [28]. Each sample was centrifuged (10,605 minutes) and the determination of
xylanase activities was performed on the superhagasolution containing birchwood xylan
(10 g/l) prepared in a phosphate buffer (0.2M, pHvas used as a substrate. A volume of
1750 ul of xylan solution was added to 250 pl ofyene samples (three repetitions). The
reaction was performed at 4D for five minutes before adding 3 ml 3,5-dinitrlisgic acid
(DNS) reagent [28]. The contents were placed inagewbath (10, 5 minutes) before
cooling at room temperature. 10 ml of distilled &ratvas added to the samples before
centrifugation (10000 g, 5 minutes). The absorbavaes measured at a wavelength of 550 nm
and xylanase activities were calculated on thesbafsa calibration curve built using xylose.
One International Unit of xylanase activity is defd as the amount of enzyme able to provide
1 pmol of xylose in one minute. Controls were giesformed on the solution of xylan and

enzymes samples considered separately.

IV.2.7. Xylanase extraction

Xylanase was extracted from the culture mediuntaioimg wheat bran, which led to
the highest amount of xylanase. Culture media \ikkeeed through a nylon cloth (porosity of
0.1mm) and the filtrate was conserved % .4The bran was rinsed two times with 20 ml of
phosphate buffer (0.2M, pH 7) and filtered throdgl nylon cloth. The liquid fraction was
added to the first filtrate before centrifugatidk0Q00 g, 5 minutes). Enzyme was kept at -
20°C and used for pH and temperature investigatiodsSiiS-PAGE analysis.

IV.2.8. Zymographic assay

Cultivation samples were centrifuged, and the peheere resuspended in 100 mM
Tris-HCI buffer pH 8, followed by sonication, angenh 12 pg of protein (3.9 ul) was mixed
with 7.8 pl Laemmli Sample Buffer (Bio-Rad), witd&B3-mercaptoethanol. Electrophoresis
was performed on 12% sodium dodecyl sulfate (SOB)gerylamide gel containing 0.2%
xylan from birchwood (Sigma-Aldrich). Zymography svdone as previously [29] with slight
modifications. PageRuler Prestained Protein Ladéermentas) was added to check the

molecular weight of the bands observed. To viseatimzymatic activity, the gel was rinsed
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twice for 30 min in 100 mM Tris-HCI buffer pH 8, taining 1% Triton X-100 to remove
SDS and then incubated for 2 h in 100 mM Tris-HGffér pH 8 to allow enzymatic activity
on xylan. The substrate was then stained with CoaddqSigma-Aldrich) for 30 minutes and
destained with 1 M NaCl. Destained bands were Msiind the gel was imaged under UV
light.

IV.2.9. Detection of xylose oligomers

Xylose oligomers were measured with a mass speetemrn A matrix of 2,5-
dihydroxybenzoic acid (DHB) was used at 20 mg.mh acetonitrile/water 0.1%
trifluoroacetic acid. Samples were prepared withigture of 1 pl hydrolysate solution and 1
pI matrix. Measurements were performed with a tofilight mass spectrometer, Ultraflex Il
TOF/TOF mass spectrometer (Bruker Daltonics, Bren@rmany), equipped with a
frequency-tripled Nd : YAG laser (355 nm). Calilboat was performed with peptide
calibration standard Il solution (Bruker). The dpaavere recorded in positive reflectron ion
mode, with an accelerating voltage of 25 kV andset shot rate of 100 Hz. The voltages of
the electrodes 1 and 2 were set at 21.8 kV an&\9.5espectively to carry out the pulsed ion
extraction. The time delay before the ion extractieas set at 30 ns. A total of 10 000 shots
was accumulated for each mass spectrum. The aouisi/z range started at 400 to exclude

high intensity signals from matrix ions.
IV.3. Results and Discussion

IV.3.1. Genetic identification

DNA was extracted from 2 ml of a one-day culturee TDNA sequencing led to two
fragments of 778 nucleotides (gyrase gene) and ri6&deotides (xylanase gene). The
sequences are available on GenBank (gyrase DNA &dnlD : JX545344, xylanase DNA
GenBank ID : JX545345). The NCBI (National Center Biotechnology Information,
http://www.ncbi.nim.nih.gov/)-BlastN program [30]aw used to align and identify the
sequences. The genes coding for gyrase and xyldeds® the identification oBacillus
subtlis with 100 % and 99 % identity, respectively. Theist was namedacillus subtilis
strain ABGX.

The autoradiography of the xylanase gene is predenfigure 1.
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WIS 1500 bp

e 500 bp

Figure 1. PCR products viewed on an agarose gel (1%) aftetrefghoresis. Row 5 : Weight Markers, length of 1200,
300, 400, 500, 600, 700, 800, 900, 1000, 1200, 18000, and 3000 nucleotides. Row 1, 2, 3, anB@R products obtained

with xylanase primers (XylA and XyIB) by amplificati of the xylanase gene.

It was possible to deduce the amino acid sequenoe the nucleotide sequence using
Mega 5.0®. The amino acid sequence is availablehensite of NCBI (Genpept Gl :
410519079). InterProScan® classified the xylanasé@ing in the Glycoside Hydrolase
Family 11 (Pfam classification : PF00457, www.pfaamger.ac.uk). The enzymes of
Glycoside Hydrolase Family 11 are monospecific aoasist only of xylanases. These
enzymes are also most active on long-chain xylgeskccharides and display large substrate-
binding clefts. Family 11 enzymes are generallyratizrized by a high isoelectric point and
a low molecular weight [31]. The amino acid seq@epossesses several tryptophan residues,
which are thought to play a key role in the acsites of the enzyme. This was demonstrated
by [32] who used N-bromosuccinimide, a specificdizsing agent, to modify tryptophan
residues. Tryptophan residues in sugar bindingeprstare usually involved in the interaction
with the sugar moiety. The amino acid sequencé@fxiylanase shares 99% identity with a
xylanase produced acillus subtilisstrain 168 (1A1) [33].

IV.3.2. Investigation of enzymatic activities

AZCL solid media were used to investigate the eraymnactivities developed by
Bacillus subtilisstrain ABGx. No cellulase activity was detectecbwdver, xylanase and
amylase activities were highlighted and the intignsf coloration was the same for both
filtered and crude samples. Consequently, thesgneex are extracellular. The primer XylA
contains a DNA sequence 5-ATGTTTAAGTTTAAAAAGAATTTCTAGTT-3 relating to
a signal peptide. This sequence codes for the amtmb sequence Met-Phe-Lys-Phe-Lys-
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Lys-Asn-Phe-Leu-Val, a part of a sequence repdrief6]. In that previous study, a peptide
of 28 amino acids (Met-Phe-Lys-Phe-Lys-Lys-Asn-Rlke-Val-Gly-Leu-Ser-Ala-Ala-Leu-

Met-Ser-lle-Ser-Leu-Phe-Ser-Ala-Thr-Ala-Ser-Ala) svound to be a signal peptide. In the
present study, the amino acid sequence deducedtfre®NA sequence displays the same
structure. Consequently, the xylanase sequenceaiagpthe extracellular character of the

enzyme.

IV.3.3. Xylanase production by B. subtilis ABGx usingdiggllulosic materials

The growth ofBacillus subtilisABGx was evaluated with optical densities (OD).
Initial OD values were subtracted from each valmeansider the initial turbidity of each
culture medium Kigure 2). Agro-residues were tested in this study to avibid use of
purified xylanase inducers such as commercial xyamch is very expensive. Wheat bran
(WB) is the outer layer of wheat grains, composédileurone and pericarp [34]. Wheat
distiller's grains (WDG) are a dried by-product aibed after wheat ethanol distillery
composed of grains, soluble fractions, and bran. [B&peseed oil cake is a residue coming
from the oil extraction from rape. A first extrami is performed through a mechanical
pressing, which leads to oil and the first solididee (Rapeseed Oil Cake obtained after
Mechanical pressing; ROCM). Sometimes, a secondh&idn is performed to recover the
remaining oil trapped in the cake. This extracteads to a second type of oil cake (Rapeseed
Oil Cake obtained after Solvent extraction; ROCE) |

9
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Figure 2. Evolution of optical densities in the four cultureedia ofBacillus subtilisstrain ABGx. WB = Wheat Bran, WDG
= Wheat Distiller's Grains, ROCS = Rapeseed Oil Cakimined after Solvent extraction, ROCM = Rapeseed OileCa

obtained after Mechanical pressing.

The results were analyzed with MINITAB16® statiatisoftware. Normality tests and
test for equal variances were positive (p>0.@acillus subtilisstrain ABGx developed

significantly better in wheat distiller's grains camapeseed oil cake media. The optical
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densities increased progressively until about 100rd of culture. The growth in a medium
containing agro-residues is possible if the stc@in hydrolyze xylan to release xylose, but it
can also metabolize proteins. It was possible toutzte biomass yields for each culture

medium on the basis of the biomass produced in #as (Table 1).

Table 1. Biomass yields (Yxs) oBacillus subtilisstrain ABGx obtained as a function of the agroehess used as carbon

sources and xylanase inducers. Protein and heolmsdl contents are also indicated for each subq8#t40].

Carbon source| Proteins (%) | Cellulose (%)| Hemicelluloses (%) Yxs
WB 18 24 41 15.0 + 0.5
WDG 33 7 17 34.2 +2.3
ROCS 32 12 6 3401
ROCM 32 12 6 30.6 £ 2.7

Biomass yields were analyzed with MINITAB16® stttial software. Normality tests
and test for equal variances were positive (p>0.0B)eat distiller’s grains led to the highest
biomass yield. The biomass vyields resulting from thedia containing rapeseed oil cakes
were lower but not significantly different. Altholngvheat bran contains the highest quantity
of hemicelluloses, it led to the lowest biomassldyiand optical density, which was
significantly lower than the other substrates. Bagsyields are closely related to protein
contents (se&able 1). Nitrogen is not only necessary for growth bsoaénzyme production.
Wheat bran does not provide enough nitrogen tdhradugher biomass yield, but the enzyme
production was the best. Sodium citrate and tryptoitially put in the medium can also be
used as carbon sources by the strain, and try@isoeprovides nitrogen in a small quantity.
The effect of increasing xylanase activity by tome, sodium citrate, KO, and MgSQ
on Bacillus circulansAB16 was demonstrated before [21].

Xylanase activities were evaluated in each medifiigufe 3) and no cellulase
activity was detected in our experiments. The tssulere analyzed with MINITAB16®
statistical software. Normality tests and testdqual variances were positive (p>0.05). The

composition of the culture media influenced xylanpsoduction directly.
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Figure 3. Evolution of xylanase activities in the four culiumedia ofBacillus subtilisstrain ABGx. WB = Wheat Bran,
WDG = Wheat Distiller's Grains, ROCS = Rapeseed Oile&Caktained after Solvent extraction, ROCM = Rapeseéd O
Cake obtained after Mechanical pressing.

It was possible to reach a maximal xylanase agtioft44.31.U./ml with the wheat
bran medium, which was significantly higher thartha other media. Other studies relating to
xylanolytic strains are summarized Tiable 2 Many bacterial strains can produce xylanases
with specific propertiesThe negative effect caused by a too high concemtrah agro-
residue in the culture medium was studied befof@. [ that study, xylanase activity
increased from a concentration of agro-residue 2 @ 2% (w/v) but decreased when wheat
bran concentration was higher because of the feomatf a thick suspension. The substrate
was not able to mix freely in the culture mediunawever, that problem was not observed
here given that the culture media were homogenemaer a good agitation. The four
xylanase activities were significantly differenteaf 148 hours of cultivation. The values of
xylanase activity can be compared with other stralviany publications cite bacteria able to

produce xylanase (sdable 2).
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Table 2 - Part 1.Xylanolytic activities produced by bacterial straifrom other studies. Xylanase activities are esged in
International Units/ml or /mg of protein. pl = Ideetric Point, Mw = Molecular Weight (kDa). Optimednditions of pH and
temperature, thermal and pH stabilities are alsmici

Strain (Td}?nr;?si;ﬁ;irt;/ pl | Mw (kDa) pH opt T opt (°C) Stab pH Stab T (°C)
Acidobacterium - 7,3 41 5 65 3-8 20-50
capsulatum [41]

Acinetobacter junii 317 IU/ml - 70-85 7 60 - up to 50
F6-02 [42]

Bacillus arseniciselenatis 299,25 IU/mg - 29,8 8 50 6-11 up to 40
DSM 15340 [43]

Bacillus cereus [24] 31150 IU/ml - 32 6 40 - -
Bacillus circulans 55 IU/ml - | XylA:30 A: 6 A :75-80 46% at pH 8 at 65, pH 9 (2)})
AB16 [21] Xyl B : 22 B: 6 B :65-70 A: 70% B : 34%
Bacillus circulans 37 IU/mg 8,8 38 5-8 40-80 - up to 60

BL 53 [44]

Bacillus circulans 36000 IU/mg - 71 7 50 - up to 50
Teri 42 [45]

Bacillus circulans - 9,1 15 5,5-7 - - -

WL-12 [46]

Bacillus halodurans 3361 IU/ml - 43 9 70 5,5-10 up to 65
C-125 [47]

Bacillus halodurans 5,1 IU/ml 4.5 43 9-10 70-75 5,5-10,5 up to 65
S7[48]

Bacillus licheniformis - - 23 5-7 40-50 - up to 50
MS5-14 [49]

Bacillus licheniformis 29,7 IU/ml - 17,5-23 8 60 8 up to 60
P11 (C) [50]

Bacillus mojavensis 302,5 IU/ml - - 9 55 up to 10 up to 45
AG137 [51]

Bacillus polymixa 4,5 |U/mg 4,7 61 6,5 50 - -

CECT 153 [52]

Bacillus pumilus strains 328, 131, - - 9 (13) 60 (13) - 5,40 % (40, 2h)
13, 5, 51 et 45y 90 and 167 1U/ml 8 (52 514, 4) | 55 (5, 54, 4) 514, s, 13 60 %
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Table 2 - Part 2. Xylanolytic activities produced by bacterial straifrom other studies. Xylanase activities are esged in

International Units/ml or /mg of protein. pl = Ideetric Point, Mw = Molecular Weight (kDa). Optimednditions of pH and

temperature, thermal and pH stabilities are alsmici

Xylanase activity

by E. coli [73]

Strain (IU/ml or /mg pr.) pl | Mw (kDa) pH opt T opt (°C) Stab pH Stab T (°C)
Bacillus pumilus 5407 IU/ml - - - - neutral-alkaline upto 70
ASH [20]
Bacillus pumilus 4000 IU/ml - - - - - -
MKO001 [54]
Bacillus pumilus 2995,2 IU/ml - - 6 50 5-11 up to 65
SV-85S [55]
Bacillus pumilus 7382,7 IU/ml - - 6,5 37 5-11 up to 60
SV-205 [56]
Bacillus sp. [57] 16 IU/ml - - 6,5-7 90 6 30-50
Bacillus sp. [58] 16 IU/ml - 44 6,5-8,5-10,5 50 6-10,5 up to 55
Bacillus sp. AR-009 [59] 38,89 IU/mg - 23-48 9-10 60-75 8-9 60-65
Bacillus sp. BP-23 [60] 1,12 IU/ml 9,3 32 55 50 9,5-11 up to 55
Bacillus sp. BP-7 [61] - 79| 22-120 6 55 8-9 up to 65
Bacillus sp. K-1 [62] 4,8 IlU/mg - 23 5,5 60 5-12 50-60
Bacillus sp. K-8 [63] 3 1U/ml - 24 6-7 - - -
Bacillus sp. NCIM-59
[64] - 48| 158-35 6 50-60 7 up to 50
Bacillus sp. NG-27 [65] - - - 7-8,4 70 6-11 40-90
Bacillus sp. SPS-0 [66] 3 1U/ml - - 6 75 6-9 up to 85
Bacillus sp. W-1 [67] - 8,5 215 6 65 3-9 up to 40
Bacillus sp. XTR 10 [68] 70,7 1U/ml - - - - - -

StA: 55 StB:

Bacillus species StA, 52 IU/ml - - StA: 9 StB: 9 50 StA: 9 StB: 9 StA: 50 StB: 5(
StB, StC [69] StC: 8 StC: 55 StC: 9 StC: 50
Bacillus stearathermo- 1,45 U/ml 7,9 43 6,5 55 6,5-10 upto 70
philus T-6 [23]
Bacillus subtilis [70] 128 1U/ml - 36 9 55 - up to 55
Bacillus subtilis [71] 12 IU/ml - - 6 60 - up to 60
Bacillus subtilis ASH
[72] 400 1U/ml - - - - - -
Bacillus subtilis, 448 \U/ml 9,6 23,3 5,8 60 6 up to 50
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Table 2 - Part 3.Xylanolytic activities produced by bacterial straifrom other studies. Xylanase activities are esged in
International Units/ml or /mg of protein. pl = Ideetric Point, Mw = Molecular Weight (kDa). Optimednditions of pH and

temperature, thermal and pH stabilities are alsmici

Xylanase activity

Strain (IU/ml or /mg pr.)

pl | Mw (kDa) pH opt T opt (°C) Stab pH Stab T (°C)

Bacillus thermanta- - 4,8 45 5,6 80 - up to 60

rcticus DSM 9572 [74]

Bacillus trypoxylicola - - - - - - -

[79]

Cellulomonas fimi - 4,5-| 14-150 5-6,5 40-45 - -

[76] 8,5

Cellulomonas flavigena - - 35 6,5 55 - not stable

[77]

Cellulomonas sp. - 8 22-33-53 6,5 55 - -

N.C.LM. 2353 [78]

Cellulosimicrobium 4067 IU/mg 4,7 36 6 55 - -

sp. HY13 [79]

Cellulosimicrobium sp. 96,33 IU/ml - 78 7 50 upto 11l 8 % at 8D, 4h

MTCC 10645 [43]

Chromohalobacter sp. 0,5 IU/mg - 15 9 65 7-9 50-70

TPSV 101 [80]

Clostridium absonum 421,5 IU/ml - - - - - -

CFR-702 [81]

Clostridium strain 50 IU/ml - - 53 20 - up to 20

PXYL1 [82]

Cohnella laeviribosi 88,6 IU/mg 5,8 39,33 7,5 50 - up to 37

HY-21 [83]

Enterobacter sp. 90 IU/ml - 43 9 100 up to 10 up to 50

MTCC 5112 [84]

Geobacillus thermoleo- 10,2 IlU/mg - 48 8,5 80 - upto 70

vorans [85]

Gracilibacillus sp. 18,44 IU/ml - 55 7,5 60 5-10,5 50-70

TSCPVG [86]

Jonesia denitrificans 10,81 IU/mI - - 7 50 - up to 50

BN-13 [87]
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Table 2 - Part 4. Xylanolytic activities produced by bacterial straifrom other studies. Xylanase activities are esged in
International Units/ml or /mg of protein. pl = Ideetric Point, Mw = Molecular Weight (kDa). Optimednditions of pH and

temperature, thermal and pH stabilities are alsmici

Strain (i(d}?nrll?re/ri;tigit.))/ pl | Mw (kDa) pH opt T opt (°C) Stab pH Stab T (°C)
Kluyvera sp. OM 3 [88] 5,12 IU/ml - - 8 70 5-9 up to 60
Micrococcus sp. AR-135 0,49 IU/mg - 56 7,5-9 55 6,5-10 up to 40
[89]

Paenibacillus campina- 2392 IU/mg - 41 7 60 upto9 up to 60
sensis BL11 [90]
Paenibacillus sp. 4,93 IU/ml - 33 6 50 not stable up to 50
2S-6 [91]
Paenibacillus sp. - - 38,1 5,5-9,5 50 - -
HPL-001 [92]
Promicromonospora 42,2 IU/ml - - 8 65 upto8 up to 65
sp. MARS [93]
Pseudobutyrivibrio - 5,1- 30 5,6 38 - -
xylanivorans [94] 5,9
Staphylococcus sp. 0,28 1U/ml - 60 7,5-9,2 50 7,5-9,5 up to 50
SG-13 [95]
Streptomyces cyaneus 716 IU/ml 8,5 20,5 6 60-65 6 up to 50
SN32 [96]
Streptomyces rameus 3236,6 IU/mg - 21,1 53 70 4,3-6,7 up to 55
L2001 [97]

4,5
Streptomyces sp. S 38 31 IU/ml 5 24,5-37 6 60 - up to 50
[98] 855_ 5-38
Streptomyces sp. AMT-J 70 IU/ml - 170-240- 6 55-65 - up to 55
[99] 600
Streptomyces sp. 96 1U/ml - - 8,6 60 5,4-9,4 up to 50
QG-11-3[100]
Thermoanaerobacteriun 91 IU/mg - 50 6,4 63 6,5-7 up to 65
saccharolyticum NTOU1
[101]
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Table 2 - Part 5.Xylanolytic activities produced by bacterial straifrom other studies. Xylanase activities are esged in
International Units/ml or /mg of protein. pl = Ideetric Point, Mw = Molecular Weight (kDa). Optimednditions of pH and
temperature, thermal and pH stabilities are alsmici

. Xylanase activity 0
T opt (°C Stab T °C
Strain (IU/mi or /mg pr.) pl | Mw (kDa) pH opt opt (°C) Stab pH ab T (C)
Thermoanaerobacteriun 0,36 1U/ml 4.4 80 6,2 80
sp. JW/SL-YS 485 [102
Thermotoga maritima 12,2 IU/mg 5,6 40-120 5,4-6,2 92-105
MSB8 [103]

Xylanase producing strains AtidobacteriumAcinetobacterBacillus Cellulomonas
Cellulosimicrobium ChromohalobacterClostridium Cohnellg Enterobacter Geobacillus
Gracilibacillus, Jonesia Kluyvera Micrococcus Paenibacillus Promicromonospora
Pseudobutyrivibrip StaphylococcysStreptomycesl hermoanaerobacteriurand Thermotoga
were cited before. Very high enzymatic activitiegre detected irBacillus cereus[24],
Bacillus haloduransC-125 [47] andBacillus pumilusSV-205 [56] with values of 31150
IU/ml, 3361 IU/ml and 7383 IU/ml, respectivelBacillus species are common producers of
xylanases. Some articles cBacillus subtilisstrains as xylanase producers with activities of
128, 12, 400 and 448 1U/ml [70-73]. The endoxyl@nastivity observed in the present study

is quite weak compared with those values.

Xylanase activity values increase with the con@in in hemicelluloses provided by
the agro-residues. Wheat bran was the best xylandseer and provides a large surface area
under high moisture conditions. The compositionvbieat bran consists of 42.5% glucose,
15.4% xylose, 3.1% arabinose, and 2.7% galactoééhése monosaccharides can be used as
nutrients by microorganisms [104]. However, glucisenot totally available because the
hydrolysis of cellulose requires cellulase activityhe strain also produces amylase and can
hydrolyze starch (19% of dried matter in wheat Hi2®1).The effect of different sugars on
xylanase production bBacillus sp was investigated in a previous study [105]. Tdfiect
depended on the type and the concentration of nagcobarides. Lactose, sucrose, and
glucose repressed the enzyme production. Xylanxgtabe are the most reported xylanase
inducers [22]. The wheat bran/water ratio can aféect xylanase production [105].

The efficiency relating to the enhancement of xgkm activity by wheat bran was
reported in previous studies with several specie8arillus [24, 45, 56]. However, the
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induction of xylanase activity is not well understio Xylan is too voluminous to enter
microbial cells and it is thought that xylanaseiaigt depends on smaller xylan fragments,
which would be produced by the action of a consuély produced enzyme [13]. The
development of xylanase activity observed herelasv compared with other studies. A
maximal activity was reached after 36 h wighcillus pumilusB20 [104]. However, in that
study, xylanase activity started decreasing aféeh@urs of culture and no activity remained
after 120 hours. A stable value of xylanase agtiwas obtained after 50 h of culture by
Bacillus sp. [105]. In another study, a maximal xylanadevig was reached after 72 h [22].
In this case, xylanase activity was conserved urB hours with wheat bran and wheat

distiller’s grains.

Xylanase activities can also be expressed as aidanof dried matter of agro-
residues. Wheat bran provided a maximal xylanaseitgcof 1632+156 1.U./g dried matter,
wheat distiller’'s grains provided 1268+260 I.U./ged matter, rapeseed oil cake obtained
after solvent extraction provided 1028+68 |.U./gedrmatter, and rapeseed oil cake obtained

after physical pressing led to an activity of 10324.U./g dried matter.

The evolution of pH in the culture media dependedhe carbon sourcé&igure 4). A
decrease of pH was observed with wheat bran whetéahowed a tendency to increase with
other substrates. The composition of the subste¢ens to modify the pH evolution. Wheat
bran contains the lowest amount of proteins (18%Qre proteins are available in wheat
distiller's grains and rapeseed oil cakes. Amindsicesulting from the hydrolysis of proteins
coming from agro-residues or tryptone can also b&bolized in the citric acid cycle [106].
The enhancement of xylanase production increasehiyo acids was shown Bacillus sp.
No C-125 [107] andBacillus sp.NCL-87-6-10 [108]. This effect was not observedehe
although wheat bran contains the highest protenceotration. Maximal xylanase activities

were observed after 120 hours of culture, corredppgnto a pH value close to neutrality.
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Figure 4. Evolution of pH in the four culture media Bfcillus subtilisstrain ABGx. WB = Wheat Bran, WDG = Wheat
Distiller's Grains, ROCS = Rapeseed Oil Cake obtaafeet Solvent extraction, ROCM = Rapeseed Oil Cakeinddaafter
Mechanical pressing.

IV.3.4. Optimal pH and pH stability

The optimal pH conditions were investigated atedight pH values. Solutions of xylan
(10 g/l) were prepared in a citrate-phosphate biBa, 0.2M, pH 3 to 5.5), phosphate buffer
(B2, 0.2M, pH 6 to 8) and carbonate-bicarbonatédo (B3, 0.2M, pH 9.2 to 10.8). Xylanase
activities were measured by the method describédrddor each pH. The reaction was
carried out at 4% for 5 minutes. The effect of pH on xylanase agtiwas investigated on
samples of enzyme adjusted to pH values rangirmg 8do 10.8 with buffers B1, B2 and B3
at 0.02M. These samples were agitated for 4 hdu28°€. Then, residual xylanase activities
were measured by the method described before ébr smple. The optimal conditions of pH
and the effect of pH are shown kigure 5. Optimal pH is slightly alkaline and close to
neutrality. A pH of 8 led to the maximal activityé is the optimal pH. Alkaline pH values
were more suitable for enzyme activity. Howevee, ¢mzyme conserved its activity in a wide
range of pH values. Indeed, more than 70 % of »adaractivity was measured from a pH 3 to
10.8. This resistance to pH conditions makes thamase produced yacillus subtilisstrain
ABGXx interesting for industrial processes. The euo¥ optimal pH does not converge on the
curve of the effect of pH perfectly. Such an obagon was reported previously (s€able
2). Bacterial strains often produce xylanases shgwimoptimal pH value comprised between
5 and 10.5 (sedable 2. SomeBacillus species produce alkalophilic xylanases, such as
Bacillus haloduranss7 (optimal pH of 9-10) [48Bacillus mojavensi&G137 (optimal pH of
9) [51] andBacillus sp. AR-009 (optimal pH of 9-10) [59]. Other baGégenera were also
found to produce alkalophilic xylanases, likbromohalobactesp. TPSV 101 (optimal pH
of 9) [80], Enterobactersp. MTCC 5112 (optimal pH of 9) [84] &treptomycesp. QG-11-3

(optimal pH of 8.6) [100]. Other strains &acillus subtilisproduce a xylanase with an
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optimal pH value of 9, 6 and 5.8 [70, 71, 73]. @@l pH values observed here are
comparable to those @acillus subtilisdescribed by [70, 71, 73]. Concerning pH stahility
less than 40% of xylanase activity were retainegtat3 compared to more than 80% of
activity at pH 11 in the present study. The enzwhews a good resistance after 4 hours of
incubation at different pH values. The enzyme gedreby the transformed strain of
Escherichia colithat incorporated the xylanase gene of a straiBadfillus subtilisin the
study of [73] withstood acidic pH better than alkalpH. In that study, the enzyme conserved
more than 60 % at pH 3.5 against less than 40 %Ha7.5. The enzyme produced by
Acidobacterium capsulatufd1] displayed a good resistance to pH conditivom 2.5 to 8,
but the enzyme was incubated for 30 minutes onlyeath pH value.Bacillus
arseniciselenati©SM 15340 [43] produced a xylanase that lost alR0u¥ and 30 % of its
activity at pH 10 and 11 after 4 hours, respectivéhe enzyme oBacillus haloduransC-
125 [47] displayed a strong resistance to pH vaft@s 5.5 to 10 after 12 hours. However,
no stability was observed when pH was less thadle enzyme secreted acillus
haloduransS7 [48] displayed the same characterist@acillus licheniformisP11(C) [50]
produced an enzyme that lost 40 % of its activitpld 11 after 60 minutes. However, the
enzyme conserved 80 % of its activity at pH 5. Xilenase oBacillus mojavensi®nG137
[51] conserved about 80, 70 and 60 % of its agtiaiter an incubation of 3 hours at pH
values of 8, 9 and 10, respectiveBacillus pumilusSV-85S [55] produced an enzyme that
was 100 % stable at a pH range of 5-11 after 6Qutasof incubation. After 3 hours, the
residual activities were 85 and 67 % at pH value$0oand 11Bacillus pumilusstrain SV-

205 [56] produced a xylanase showing 100 % of ktalit a pH range of 6-11 after 24 hours.
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Figure 5. Optimal pH (time : 5 minutes, temperature °@band pH stability (time : 4 hours, temperaturé&’Q of the
xylanase produced Wacillus subtilisstrain ABGx; OpH = Optimal pH, EpH = Effect of pB1 refers to Buffer 1 (citrate-
phosphate), B2 refers to Buffer 2 (phosphate) andei&s to Buffer 3 (carbonate-bicarbonate). Theieslare expressed
as percentages of the maximal activities.

84



IV.3.5. Optimal temperature and thermal stability

The optimal conditions of temperature were invedtd at temperature values ranging
from 35 to 85C. Xylanase activities were measured in accordaittethe method described
before at the different temperature values. Thetimawas carried out at pH 7 for 5 minutes.
The effect of temperature was investigated usingyme samples kept at different
temperature values under agitation for 30 minutgg-a7. Then, residual xylanase activities
were measured in accordance with the method descblefore. The optimal conditions of
temperature and the effect of temperature are showigure 6. The enzyme was not stable
above 48C. Thermal stability remained up to °%5 and started decreasing above that
temperature. 80% of enzymatic activity was consrvader 58C, but less than 60% of
activity was retained above ®D.The enzyme was totally inactivated by temperataigove
80°C. The optimal temperature is between 50 antC6@owever, thermal stability is not
complete in these conditions. Optimal conditions tefnperature are usually comprised
between 40 and 66 (se€Table 2).
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Figure 6. Optimal temperature (time : 5 minutes, pH : 7) #mefmal stability (time : 30 minutes, pH : 7) bktxylanase
produced byBacillus subtilisstrain ABGx; OT = Optimal Temperature, TS = Ther®&bility. The values are expressed as
percentages of the maximal activities.

However, someBacillus species display high optimal temperatures sucBaadllus
circulansAB 16 (80C) [21], Bacillus halodurangC-125 (76C) [47], Bacillussp. (96C) [57]
and Bacillus sp. SPS-0 (&) [66]. Other bacterial genera also produce théstamnt
xylanases, like Enterobacter sp. MTCC 5112 (optimal temperature of I0Op [84],
Geobacillus theroloeovorang8(’C) [85], Thermoanaerobacteriunsp. (86C) [102] and
Thermotoga maritimaMiSB8 (92-108C) [103]. However, the strains of Bacillus subtilis
display lower optimal temperatures (55°6) [70, 71, 73].Bacillus subtilisstrain ABGx

display the same characteristics. Concerning thiestability, the xylanase produced by

85



Bacillus subtilis strain ABGX is comparable to othd3acillus subtilis strains. Residual
xylanase activities oBacillus subtilisstrain ABGx after a heating of 30 minutes were enor
than 80 % up to 5&, decreased to 55 % at°6) and more than 20 % at°fd No activity
was preserved when temperature was more th3d. Residual xylanase activities of another
strain of Bacillus subtiliswere 80 % after a heating of 30 minutes &iC5Mut decreased
drastically to about 5 % at % [70]. In the present study, the loss of activétyess rough.
The thermal stability of the xylanase Bé&cillus subtilisstrain ABGx is comparable to the
strain ofBacillus subtilisstudied by [71]. In both cases, the loss of afstivicreased strongly
when the temperature reached®5In another study, the strain Bcillus subtilissecreted
an enzyme more thermostable, keeping 80 % of tisitgcafter a heating of 30 minutes at
75°C [73]. Other strains oBacillus usually produce thermostable xylanases up to 65r6
65°C (se€Table 2).

IV.3.6. Amino acid sequence of the xylanase

The amino acid sequence of the enzyme deduced tlienmucleotide sequence was
compared with other xylanase sequences. The enpyaticed byBacillus subtilisABGx
shares 99% identity with a xylanase producedagillus subtilisstrain 168 (1A1) (GenBank
ID : NP389765.1). A special domain in the aminodagequence of that enzyme formed by

glutamic acid and tyrosine residues was descrileéor®[33] (Figure 7).

ABGX 1 KKNFLVGLSAALMSISLFSATASAASTDYWQNWTDGGGIVNAVNGSGGNYSVN 53
168(1A1) 5  KKNFLVGLSAALMSISLFSATASAASTDYWQNWTDGGGIVNAVNGSGGNYSVN 57
ABGX 55  WSNTGNFVVGKGWTTGSPFRTINYNAGVWAPNGNGYLTLYGWTRSPLIEYYV ~ 108
168(1A1) 59  WSNTGNFVVGKGWTTGSPFRTINYNAGVWAPNGNGYLTLYGWTRSPLIEYYV 112

ABGx 109 VDSWGTYRPTGTYKGTVKSDGGTYDIYTTTRYNAPSIDGDRTTFT SVRQT 158
168(1A1) 113 VDSWGTYRPTGTYKGTVKSDGGT)YDIYTTTRYNAPSIDGDRTTFTQYWSVRQS 162
ABGXx 163 KRPTGSNATITFSNHVNAWKSHGMNLGSNWAYQV L A GQSSGSSIV 206
168(1A1) 167 KRPTGSNATITFSNHVNAWKSHGMNLGSNWAYQVMA GQSSGSSNV 210

Figure 7. Comparison between the two xylanase sequenc&adciflus subtilisstrain ABGx andBacillus subtilisstrain
168(1A1). The glutamic acid and tyrosine residuesafd Y, respectively) are framed and underlined|, the amino acid

differences are only underlined.

In that study, it was demonstrated that a temperaifi55C was necessary to activate
the catalytic domain. The enzyme producedBagillus subtilisstrain ABGx displays the

same characteristics concerning the optimal candtiof temperature. Consequently, the
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enzyme has probably a similar mode of action. Tineyme described in [33] possesses a
special sequence of glutamic acid and tyrosine taet also be found in the xylanase
produced byBacillus subtilisstrain ABGx (sedrigure 7). The enzyme is not stable above
50°C but could be implemented in industrial processsiag low temperatures. On the other
hand, when the xylanase producedBacillus subtilisABGx was frozen or lyophilized, it

conserved all its activity.

IV.3.7. Zymographic assay
Enzyme activity was successfully restored afteratienation by SDS-PAGE. Two
activity bands were visible, the most intenBeg(re 8) corresponding to a molecular weight

expected from the sequenced xylanase.
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Figure 8. Zymogram of the xylanase producedBugcillus subtilisstrain ABGx. Left row : molecular weight markersgRi
row : sample. Molecular weights are indicated inak& strong activity was detected between 15 ank[3&. Another
xylanase activity was detected at a higher molesutaght (>35 kDa), but the intensity of the banalswveak.

Another xylanase produced [Bacillus subtilisstrain ABGx was detected, but its
activity was weakSuch an observation was also described in othietert(seeTable 2[21,
50, 59, 61, 64]).Bacillus circulans AB16 secreted two different xylanases of different
molecular weights (22 and 30 kDa). These enzynss dikplayed different thermal and pH
stabilities [21].Bacillus licheniformigL11(C) was found to produce two xylanases of aid
23 kDa [50].Bacillussp. AR-009 secreted two xylanases of 23 and 48[kBp Bacillus sp.
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BP-7 was found to produce different xylanases fzignto 120 kDa. However, the highest
molecular weights were described as xylanase aggggand two xylanases of 22 and 45
kDa were highlighted [61]. Finally, a strain Bécillussp. NCIM-59 was found to secrete two
xylanases of 15, 8 and 35 kDa [64]. In many ca&illus strains that produce two
xylanases secrete a basic and an acid pl xylagdgelh the present study, two xylanases of
approximately 20 and 40 kDa were identified. Othacteria were also found to produce
several kinds of xylanases, suchGallulomonas Streptomyceand Thermotogastrains (see
Table 2[76, 78, 98, 99, 103]).

IV.3.8. Hydrolysis products of birchwood xylan

The hydrolysis of xylan using the enzyme producgdacillus subtilisstrain ABGx
was performed for 24 hours, and different dilutiahghe enzyme were tested (1.12 .U./ml,
2.24 1.U./ml, 3.36 1.U./ml, 4.48 1.U./ml, and 5.8Jl1/ml). Birch xylan contains mainly xylose
(92.6 %) and uronic acids (4.1 %). The structurbiath xylan consists of a backbonefeD-
xylopyranose with residues of 4-O-methyl-D-glucumomcid every 15 xylose units [48].
These residues were detected with mass spectranidiey mass spectrum is displayed in
Figure 9. The number of xylose units is indicated abovéngaak. The intensity of the peaks
represents semi-quantitively the abundance of ehesponding ion€Each oligomer contains
a residue of 4-O-methyl-D-glucuronic acid. Consetjlye no glucuronidase activity was
detected. However, the spectrum displays an endoagk activity. The mass-to-charge ratios
are indicated under the numbers of xylose residulibs. distribution of xylose residues is
normal. An increase of the enzyme concentratiorse€sua shift of that Gaussian curve.
Indeed, the enzyme releases oligomers with lowelecotar weight. When the enzyme

concentration increases, more linkages can be hyda.
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Figure 9. Mass spectrum obtained after the hydrolysis oftbixylan by the enzyme d@acillus subtilisstrain ABGx at
different dilutions (1.12 I.U./ml, 2.24 1.U./ml, 3 1.U./ml, 4.47 1.U./ml, and 5.6 1.U./ml). The expents represent the

number of methylglucuronic acids substituting thigamers.
The same experience was realized with an end@-k%ylanase from
Trichoderma longibrachiatunfSigma,>1 1.U./mg) Figure 10). The enzyme was tested at

different concentrations : 0.01, 0.1, 1.0, and 10 A Gaussian distribution of the xylose

residues was also observed with the shift for higleacentrations.
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Figure 10. Mass spectrum obtained after the hydrolysis oftbixylan by the enzyme dfrichoderma longibrachiatum
(Sigma) at different dilutions (0.01 I.U./ml, 0.Jl/ml, 1.0 L.U./ml, and 10 I.U./ml). The exponen¢present the number of

methylglucuronic acids substituting the oligomers.
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IV.4. Conclusion

The following conclusions can be reached from tyeements :

The termite gut provides opportunities for isolatmf interesting microorganisms
that produce enzymes. It was possible to isolatg/lanolytic Bacillus subtilis
from the hindgut of the termite.

Agro-residues can be used as cheap inducers ofmetiry activities. These
materials allowed an enzyme production without gsmpensive highly purified
products.

Wheat bran provided the best induction of xylaredevity and allowed to reach a
maximal activity of 44.3 I.U./ml, although the démement of the strain was better
in the other media. The xylanase production in@éasith the concentration of
hemicelluloses found in the different agro-residues

The biomass yields depended on the compositioheo&gro-residues. The protein
content influenced the biomass directly.

Wheat bran is a significantly better xylanase irtutan wheat distiller’s grains,
which are a significantly better inducer than ragsesoil cake.

The enzyme produced was stable up t6C4and displayed a slightly alkaline
optimal pH (7.5-8).

Mass spectrometry was a useful method to identify type of enzymatic
activities. In this case, it allowed identifying andoxylanase activity developed
by Bacillus subtilis strain ABGx. The results were confirmed by testiag
commercial endoxylanase frofmichoderma longibrachiaturased as a reference.
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CHAPITREV.

Isolation of an amylolytic
chrysophyte,
Poterioochromonas sp.
from the digestive tract of
the termite Reticulitermes

flavipes

Ce chapitre correspond a l'article intitulésdlation of an amylolytic chrysophyte,
Poterioochromonas sp. from the digestive tracheftermite R. santonensi€édric Tarayre,
Julien Bauwens, Catherine Brasseur, Christel Mtitédacqueline Destain, Micheline
Vandenbol, Daniel Portetelle, Edwin De Pauw, Eriaubruge, Frédéric Francis, Philippe
Thonart) publié dans la revuBiotechnologie, Agronomie, Société et Environnement

Volume 18, Issue 1, pp 1-13 (2014).
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Les travaux présentés ci-avant concernent prinmipanht les bactéries. Toutefois, les
protistes devraient aussi constituer une sourcazglfees capitale car ils sont considérés
comme étant majoritairement responsables de laadéation de la cellulose au sein du

systeme digestif des termites inférieurs.

C’est dans cette optique que se situe I'étape stévde la recherche. En utilisant
différents milieux de culture enrichis en matiehgmocellulosiques incubés en conditions
aérobie et anaérobie (milieu dégazé a I'azoted, éilé possible de cultiver différents protistes.
Cependant, chaque culture était contaminée parbdetéries. L'utilisation de différents
antibiotiques n’a pas permis de purifier ces cekbuen maintenant le protiste vivant. A cet
€gard, il est a noter que la littérature a bien aldné que de nombreux protistes du tube

digestif des termites entretiennent des relatignsbsotiques avec des bactéries.

En utilisant un milieu a base d’amidon, il a ét&gble d’isoler et d’étudier un protiste
identifi€ comme un chrysophyte. La méthodologiesal@ment présentée dans le chapitre

suivant est relativement originale.
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Résumé

Le but de ce travail était d’isoler et cultiver gestistes vivant dans le tube digestif du
termite Reticulitermes santonensis(Feytaud). Un chrysophyte identifi€é comme
Poterioochromonassp. en a été isolé dans un milieu spécial contedas grains de riz
comme source carbonée et azotée. Ensuite, le teratigté cultivé dans un milieu contenant
de 'amidon comme source de carbone, de la trypteinen tampon phosphate a différents pH
(5, 6 et 7). De I'extrait de levue a été ajouténom. La ciprofloxacine a été employée pour
éviter le développement bactérien. D’autres artidpi@s ont aussi été testés mais ont montré
un effet inhibiteur sur la croissance Beterioochromonasp. L'extrait de levure a permis
d’augmenter les concentrations cellulaires finales facteur 1.9 (pH 5), 2.3 (pH 6) et 2.2
(pH 7), ainsi que les rendements en biomasse @catedr 2.8 (pH 5), 2.8 (pH 6) et 2.2 (pH
7). La concentration en amidon n’a pas diminué damsilieu jusqu’a 3 et 4 jours de culture,
respectivement avec et sans extrait de levure. jduits de culture ont été nécessaires a
I’hydrolyse compléte de I'amidon, avec et sansaitte levure. Du maltose et du maltotriose
ont été détectés dans les milieux et ont été pssgement hydrolysés. Les concentrations
maximales en maltose ont atteint 0.68, 0.66 et §.51dans le milieu contenant I'extrait de
levure. Les concentrations en maltotriose étaientlesnent de 0.17, 0.14 et 0.127g.l
D’autres oligomeres de glucose ont aussi été d&tennis en quantités plus faibles. Il a été
montré que le protiste a développé une faible é&timmylase, particulierement a pH
légerement acide (5-6). Un tel pH a aussi permis meilleure croissance du protiste. Une
activitt amylase maximale de 112 nktd été mesurée & pH 5 en présence d’extrait de
levure. Aucune autre activité enzymatique (proteas#ulase, xylanase) n'a été détectée a
'exception de 'amylase. Les produits de dégramhatie 'amidon qui ont été obtenus par
hydrolyse enzymatique permettent d’'identifier devdés enzymatiques de typeamylase,
amyloglucosidase et éventuellempramylase.

Mots-clés : Amylases, Chrysophyceae, culture in vitro, milieke culture, protiste,

Reticulitermes
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Abstract

The aim of this work was the isolation and cultiwatof amylolytic protists living in
the digestive tract of the termitReticulitermes santonensid-eytaud). A chrysophyte
identified asPoterioochromonasp. was isolated in a special medium containiog grains
as a source of carbon and nitrogen. Then, thespretis grown in a medium containing starch
as a carbon source, tryptone, and a phosphater lanftfferent pH values (5, 6 and 7). Yeast
extract was added or not. Ciprofloxacin was usedvimd the bacterial development. Other
antibiotics were also tested but showed an inkibitieffect on the growth of
Poterioochromonasp. Yeast extract allowed reaching 1.9 (pH 5),(BR 6) and 2.2 (pH 7)
times higher final cell concentrations, and 2.8 §H2.8 (pH 6) and 2.2 (pH 7) times higher
biomass yields. The starch concentration did notedese in the medium until 3 and 4 days of
culture, with and without yeast extract, respedyivEight days of culture were necessary for
hydrolyzing the starch completely, with and withgutast extract. Maltose and maltotriose
were detected in the culture media and were hydedlyprogressively. Maximal maltose
concentrations were 0.68, 0.66 and 0.5I' gd the medium containing yeast extract.
Maltotriose concentrations were only 0.17, 0.14 @ri® g.I. Other glucose oligomers were
also detected but in lower quantities. It was deieed that the protist developed a weak
amylase activity, particularly at a weakly acidid |(5-6). Such a pH also allowed a better
growth of the protist. A maximal amylase activity 112 nkat.l* was measured with yeast
extract at pH 5. No other enzymatic activity (peste, cellulase or xylanase) was detected
except amylase. The degradation products of stardesich were obtained by enzymatic
hydrolysis allow the identification od-amylase, amyloglucosidase and possiblgmylase

activities.

Keywords :Amylases, Chrysophyceae, in vitro culture, cultmexia, protistaReticulitermes
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V.1. Introduction

The symbiotic microorganisms living in the wooddeey termite gut are necessary to
lignocellulose digestion and nitrogen metabolisin Termites are classified into two groups :
lower termites, which harbor different kinds of fists in their guts, and higher termites,
which do not contain any protists [2]. Lower teresittan degrade lignocellulose by the action

of their own enzymes combined with microbial enzgrfig.

The digestive tract of termites is divided intoetlparts : foregut, midgut and hindgut.
The hindgut of lower termites is a bioreactor comtey numerous packed symbionts :
bacteria, molds, archaea and protists [2]. It i®vkm that the termite hindgut harbors
specialized microorganisms which help the insectdégrade wood fibers by secreting
cellulases and hemicellulases [3]. Protists araghotto play a role in hydrolysis of cellulose
and are associated with bacteria in complex symebi¢4]. The main flagellates living in the
termite gut belong to three group®xymonadidaTrichomonodideandHypermastigidaThe
last two groups belong to the ClassRdrabasalia These protozoa are only found in the
termite gut [5]. Those symbiotic microorganisms thi@ight to be necessary to the survival of
termites [6].

Although poorly described in literature, amylases @lso be produced by protists.
Alpha-amylase activity was detected from the hosttigsue and hindgut symbionts [7]. Also,
amylase activity was found ifirichomitopsis termopsidi¢Cleveland) [8]. The termites
Macrotermes michaelser(iSjostedt), Macrotermes bellicosugSmeathman)Macrotermes
barneyi (Light) and Pseudacanthotermes militar{glagen) also contain amylase activity
the mid- and hindgut [9]. Little is known about thetist metabolism because their culture is

far from being easy [10].

There are few cases of protist isolations. The @irthis work is to isolate amylolytic
protists from the gut of the termiReticulitermes santonensidere, we suggest a method of
isolation of amylolytic protists from the termitatgwith rice grains, providing starch as a
carbon source and proteins. An antibiotic purifmatis also necessary to prevent bacterial

contaminations.
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V.2. Materials and methods

V.2.1.Organisms

Reticulitermes santonengiBeytaud) was obtained from the Island of Oleferalce).
Trees showing characteristics of termite infestafaeath or galleries) were cut into sections.
Contaminated pieces were packed and transportécick plastic bags. The termites were
cultivated in darkness for 6 months at 27°C witkelative humidity level of 70%. They were

fed with pine wood, which was gradually replacedbplar wood.

V.2.2.Dissection of termites

The contents of digestive tracts from twenty-fieentites were introduced into a tube
containing 2 ml of medium. The termites were wasimedthanol, water and held with two
dissection forceps. One of them was used to had#dad and the other to remove the cuticle
at the back of the termite. The digestive tractseviken extirpated and inserted into the tube.
A sterile needle was used to pierce the digesta&td before putting the contents of the tube

in a flask containing 150 ml of isolation medium.

V.2.3.Isolation medium

The choice of the isolation medium was based oreaiqus study [11]. It consisted of
mineral water containing €265 mg.I, Mg?* 18 mg.I*, Na" 44 mg.I', K* 2.5 mg.l}, SQ* 40
mg.I*, HCO; 305 mg.* and sterile rice grains (100 rice graifis.IThe flasks used for
isolation contained 150 ml of medium and weneubated at 30°C andtirred 60 rpm.
Different antibiotics Table 1) were used to obtain pure cultures of protistd. @&l the
antibiotic experiments were made in flasks contagniulture medium. Antibiotic solutions
were prepared at high concentrations, filter-s#id and added to the flasks to reach a final
volume of 150 ml. Antibiotic concentrations wereoshn further based on the analysis of the
results of antibiograms done on the two contaminaetterial strains and involving a
normalized method which led to the determinationMahimal Inhibitory Concentrations.
Each antibiotic was tested at twice the concemtnatf the MIC value (for contaminating
bacteria 1 or 2) and was added to the culture mediu
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Table 1. Minimal Inhibitory Concentrations (M.1.C.) for the damain contaminant bacterial strains of the cultwedium.
Ciprofloxacin was effective on the two strains ard Imo negative effect on the protist. Other antitsowere effective on
bacteria and inhibited the growth of protists. Kayain and streptomycin were the most effectivetaotics but the protist
proved unable to grow in the medium.

Antibiotic CMI for Strain 1 (mg/l) CMIl for Strain 2 (mg/l)
Penicillin 512 <0.25
Gentamicin <0.25 128
Ciprofloxacin 16 <0.25
Streptomycin 0.5 8
Vancomycin 128 0.25
Kanamycin <0.25 <0.25
Tetracycline 2 64
Erythromycin 64 <0.25
Chloramphenicol 16 8
Rifampicin 2 16
Ampicillin 256 256

V.2.4.Putative phylogenetic affiliation of the protisblated
DNA was extracted from a 7-day culture sample mitipt cells with the Wizard

Genomic DNA Purification Kit (Promega Benelux BVasich Office - Schipholweg 1 - 2316
XB LEIDEN - The Netherlands). The method of DNAmdtion from tissue culture cells was
modified : Trypsin was not used and, after addingclsi Lysis Solution, the samples
followed a specific temperature program (10 mir8&C, 10 min at 88C, 5 min at -86C, 5
min at 89C). The other steps were not modified. The primessd were ITS1 and ITS4
(amplification of 5.8S ribosomal DNA - large subiynand two further primers were used to
amplify 18S ribosomal DNA — small subunit :

- Primer 1 : 5-TGATCCTTCTGCAGGTTCACCTAC-3' [12],

- Primer 2 : 5-CTTTCGATGGTAGTGTATTGGACTAC-3' [13)).

Cycling conditions were : 2 min of denaturatiod8), 35 cycles of amplification
composed of 1 min at 94°C, 65 seconds at 37°Cn3amr2°C, and a final extension step of 6
min at 72°C [13]. PCR products were sequenced bysSdmnger method of the firm Progenus
(2, rue des Praules, Gembloux 5030-Belgium). Tihypieseces were aligned with the Vector
NTI® program and compared withe GenBank database. A phylogenetic tree was mesig
with the MEGA 5.0® software using the Neighbor-Joghmethod. Bootstrap values were
expressed as percentages of 1000 replicates. @mevas drawn to scale and the distance bar

indicates the number of base substitutions perBite tree was developed with the sequences
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of 18S rDNA of Chrysophyceae available on GenBadrtle 18S rDNA sequences of protists
extracted from the gut of termites were also adddde tree.

V.2.5. Culture conditions

Two media were used to investigate the growth ofqaoa : Culture Medium 1 : 10
g.I" soluble starch (Sigma-Aldrich), 5.5 {.ltryptone (Organotechnie, La Courneuve,
France), 1.34 g1 NaH,PO,.2H,0 and 30 mgt ciprofloxacin (filter-sterilized before
addition, Sigma-Aldrich), pH was adjusted to 4657, 8, 9 with HPO, 1M or NaOH 1 M
and Culture Medium 2 : 10 g.koluble starch, 5.5 g ltryptone, 1,34 g1 NaH,PO..2H,0, 4
g.I" yeast extract (Organotechnie, La Courneuve, Fjaamoe 30 mg:t ciprofloxacin (filter-
sterilized before addition), pH adjusted to 4, 57,68, 9. The ciprofloxacin concentration was
chosen in accordance with the results of the agrams. The flasks were filled with 150 ml
of medium, inoculated at an initial concentratidrsd.(* cells.mi* and agitated (60 rpm) at a
temperature of 30°C. All the quantitative resultéained from protist cultures (cell, glucose,
maltose, maltotriose and starch concentrations)ewamalyzed with the MINITAB16®
statistical software, and all the measurements \weréormed in triplicate. Normality tests
and tests for equal variances were applied tdalkeries of data before achieving a variance

analysis.

V.2.6. Quantification of glucose, glucose oligomers ataich

Glucose and glucose oligomers were quantified usingigh-Performance Anion
Exchange Chromatograph coupled with a Pulsed Anmpetric Detector. The apparatus was
a Dionex DX500 chromatographic system operatindl anl.miri’. The stationary phase
consisted of a CarboPac PA 100 column (250 x 4 muith) a pre-column PA 100 (50 x 4
mm) (DIONEX Corp, Sunnyvale, USA). The volume inggt was always 25 ul. Temperature
was set to 35°C. Four mobile phases were used HNHID mM (Solvent A), NaOH 100 mM
+ sodium acetate buffer 600 mM (Solvent B), NaOH 5M (Solvent C) and 0 MilliQ
(Solvent D). An acetate gradient was used to eheaeglucose oligomers (from 100 to 70% of
Solvent A, from 0 to 30% of Solvent B) for 10 miast The column was washed with 50% of
Solvent B and 50% of Solvent C for 9.9 minutes.alyn conditioning was performed with
50% of Solvent A and 50% of Solvent D for 9.9 masit Maltose and maltotriose were
chosen as calibration oligomers. Higher mass gkiatigomers were measured with a mass
spectrometer. A matrix of 2 5-dihydroxybenzoic a¢@HB) was used at 20 mg.thlin
acetonitrile/water 0.1% trifluoroacetic acid. Saagpivere prepared with a mixture of 1uL of

hydrolysate solution and 1 pL of matrix. Measureteewere taken with Ultraflex II
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TOF/TOF (Bruker Daltonics) equipped with smartbea@alibration was achieved with

peptide calibration standard Il solution (Bruke&)arch concentrations were determined using
a spectrophotometric measurement after iodine istgirusing a method developed before
[14]. The degradation of starch was measured inamilated flasks at pH values of 5, 6, 7

and 8 to check a potential degradation. This expant was carried out in triplicate.

V.2.7. Enzymatic assays

The following activities were tested : endo-B:D-xylanase, endo-1,3-D-
glucanase, amylase and protease. The samples @Ocpude culture and 80 pl of a sample
filtered on a cellulose acetate membrane; 0.45 fipowsity) were dropped on Petri dishes
filled with different agar media. Anti-protease (@plete, Mini, EDTA-Free Protease
Inhibitor Cocktail Tablets, Roche) was added to thdture samples except for protease
assays. For each Petri dish, water (80 pl, negansver) and diluted enzyme (80 ul of
concentrated endo-1#D-xylanase, cellulase, amylase or bromelain 2%.tRat.ml*,
positive answers) were both added. Enzymatic diets/vere calculated on the basis of the
number of nkat.g mentioned for each enzyme. The following mediaenesed : Endo-1,8-
D-xylanase activity : 1 g1 AZCL-xylan medium, Na acetate 25 mM (pH 4.7), 16" @gar -
Cellulase activity : 1 g} AZCL-HE-cellulose medium, Na acetate 25 mM (pH)4% g.I*
agar - Amylase activity : 1 g-IAZCL-amylose medium, Na acetate 100 mM (pH 6)g18
agar - Protease activity : 1 §.AZCL-casein medium, Na phosphate 100 mM (pH 7)g16
agar. Buffers and pH values were chosen using theufacturer's suggestions (Megazyme
International Ireland - Bray Business Park - Br@p, Wicklow, Ireland). Petri dishes were
kept at 30°C for one day before reading the resitilie principle of AZCL media is based on
azurine cross-linked polymers (xylan, cellulosgrat and casein in this case). When an
enzymatic activity appears, the corresponding pelymm degraded and azurine is released.
Then, big blue stains can be observed on the datesd15].

V.3. Results

V.3.1.Protist isolation and identification

Bacteria contaminated the culture medium at a neacentration of 10 Colony
Forming Units.mf. No colonies of molds were observed, and it wasessary to inhibit
bacterial contamination. Minimal Inhibitory Conceattons (MIC) are presented irable 1
The effect on bacteria and protists was almost ydwaegative, except for ciprofloxacin,
which was able to allow protist growth only. Theiae of ciprofloxacin consists in inhibiting
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DNA gyrase, an enzyme which allows transcriptiod egplication of DNA. Ciprofloxacin is
effective on Gram-positive and Gram-negative ba{d6]. Consequently, ciprofloxacin was
used at a concentration of 32 rifgih the culture medium and allowed to reach a bidte
contamination of 2-3.T0CFU.mI'. Then, Medium 1 (see 2.4.) was tested and allotwed
reach a bacterial concentration of less than 100.@F" and was chosen as the culture
medium. Ciprofloxacin led to the development ofraque protist, showing a circular shape
and a size of about 10 prRigure 1, A-B-C-D).

Figure 1 A-B-C-D. Protist isolated from the gut &eticulitermes santonengjgsowing in the rice medium after addition of
ciprofloxacin (pictures taken using an electronnzscope, images obtained with an AxioCam camerée Sea = 10 um).

About 240 pg of DNA were extracted from 6 ml ofudtare containing 5.10cells/ml.
The PCR amplification of the extracted DNA led toumique band of about 1500 bp,
suggesting amplification of 18S rDNA, using primdrsaand 2 specific to protozoa, and a
unique band of about 800 bp, indicating amplificatof 5.8S rDNA, using primers ITS1 and
ITS4. The sequences are available on GenBank (R8% GenBank ID : JQ409545; 18S
rDNA GenBank ID : JQ409546). The sequences weregpaoed with the sequences available
on GenBank after aligning with the Vector NTI® pragh. The NCBI-BLAST program [17]
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was used to identify the sequences. It appeared tha protist is related to
Poterioochromona$96% of sequence similarity for the 18S rDNA) adhromonag96%

of sequence similarity for the 18S rDNA) generae Bequence of the 5.8S rDNA led to the
identification of the genu#$oterioochromonag94% of sequence similarity for the 5.8S
rDNA  with Poterioochromonas  malhamensis (Pringsheim)). Consequently,
Poterioochromonassp. (GenBank ID : AY699607.1) was found to be thest similar
microorganism to the protist in the culture mediuhme phylogenetic tree based on 18S

rDNA sequences is presentedHigure 2.

Poterioochromonas malhamensis strain SAG933.1c 185 ribosomal RNA gene partial sequence (EF165114.1)

48| Spumella-like flagellate JBNA46 185 ribosomal RNA gene partial sequence (DQ388542.1)
Ochromonas sp. CCMP2740 18S ribosomal RNA gene partial sequence (EF165144.1)
Ochromonas cf. gloeopara strain CCMP2060 18S ribosomal RNA gene partial sequence (EF165113.1)
Poterioochromonas sp. DO-2004 18S ribosomal RNA gene partial sequence (AY699607.1)

Protist isclated from R. santonensis (JQ409546)
Uroglena sp. CCMP2768 1BS ribosomal RNA gene partial sequence (EF165132.1)

Poteriospumella lacustris isolate JBM10 18S ribosomal RNA gene partial sequence (AY851074.1)
Kephyrion sp. CCMP3057 18S ribosomal RNA gene partial sequence (JF730878.1)

Pedospumella encystans isolate JBM/S11 18S ribosomal RNA gene partial sequence (AY851083.1)
Dinobryon cylindricum strain CCMP2766 18S ribosomal RNA gene partial sequence (EF165140.1)

100 Chrysophyta sp. JZH-2007-002 18S ribosomal RNA gene partial sequence (EF633325.1)

Lagynion cf. ampullaceum strain CCMP2727 18S ribosomal RNA gene partial sequence (EF165146.1)
53 |  Chrysosaccus sp. CCMP1156 18S ribosomal RNA gene partial sequence (EF165120.1)
89 L Chromophyton vischeri gene for 18S rRNA partial sequence (AB474963.1)
Incisitermes marginipennis oxymonad symbiont clone Ghimp28 partial 185 rRNA gene clone Ghimp29 (FM160647.1)

5 Dinenympha fimbriata 18S ribosomal RNA gene partial sequence (AY137593.1)
41muj Pyrsonympha sp. AB-2002 18S ribosomal RNA gene partial sequence (AY137585.1)
58 Dinenympha gracilis 18S ribosomal RNA gene partial sequence (AY137594.1)
100 Pseudotrichonympha sp. SA16PsA-P1 gene for small subunit ribosomal RNA partial sequence (AB2624983.1)
{ Pseudotrichanympha grassii gene for small subunit ribosomal RNA partial sequence
Incisitermes marginipennis parabasalian symbiont clone Ghimp44 partial 18S rRNA gene clone Ghimp44 (FM160646.1)
A ovina modica partial 18S rRNA gene clone ImDev16 (FM956081.1)

99
39 Mixotricha paradoxa partial 16S-like rRNA gene (AJ583377.1)
56 Deltotrichonympha operculata partial 16S-like rRNA gene (AJ583379.1)

100 ! Deltotrichonympha nana partial 16S-like rRNA gene (AJ583378.1)

0.05

Figure 2. Phylogenetic tree showing the phylogenetic pasitibthe protist (GenBank ID : JQ409546). Protisesenisolated

from termites and their ribosomal SSU DNA sequenee® determined and included in the tree.
V.3.2. Growth conditions of the protist

Two different media were tested to make the grosutves : Medium 1 and Medium
2 (Medium 1 added with yeast extract, 4}1.In both media, the bacterial contamination was
less than 100 CFU.mI Various parameters were measured during the grofybrotists : cell
concentrations, pH, glucose concentrations, malseé maltotriose concentrations and,

finally, starch concentrations. At pH 4 and 9, movgh was observed, the starch was not

consumed and no glucose was produced. Howevepytiist was able to survive at pH 8.
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The growth observed with yeast extract was sigaifity different from the growth

observed without yeast extract (p<0.05), exceppfor7 Figure 3 A and B).
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Figure 3. Growth curves oPoterioochromonasp. in the culture media(®) and 2(B).

There was also a significant difference betweerfitteg cell concentrations at pH 5, 6
and 7. Indeed, pH 6 allowed the highest cell cotmeéon to be reached, which was
significantly different from those obtained with pidlues of 5 and 7. At a specific pH value
(5, 6 or 7), yeast extract increases the final @aticentrations significantly. However, the pH
of the culture media was not stable. For both metha strongest increase of pH was

observed for an initial pH of 6=({gure 4 A and B).
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Figure 4. pH evolution in the cultures éfoterioochromonasp. in the culture media(®) and 2(B).

The dry matter was weighed at the end of five caltperiods. Therefore, it was
established that one gram of dry matter is equ#l.1ol@ + 10 cells. Consequently, it was
possible to calculate conversion rates (biomasscaghon source), considering glucose,
maltose and maltotriose concentrations measuréukigulture media. Conversion rates were
0.037 £ 0.001, 0.04 £ 0.001 and 0.0229 £ 0.0003+b, 6 and 7, respectively (Medium 1).
These results show that preferential pH valuegfowth are at weakly acidic values. Those

results were confirmed in Medium 2. Conversionsatere 0.103 + 0.008, 0.11 + 0.01 and
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0.051 £ 0.006 at pH 5, 6 and 7, respectively. Alde values were found to be significantly

different.

V.3.3. Hydrolysis products of starch

Normality tests and tests for equal variances weree for each medium and each day,
and were found to be positive (p>0.05). Neithethef culture media contained any glucose at
the start. For Medium 1 (without yeast extracte tjflucose concentration for pH 5 was
significantly different (p<0.05) at pH 6 after 7yda For Medium 2, there was a significant
difference between the three pH values after day 8ach case, pH 5 provided the highest

glucose concentratiofrigure 5 A andB).
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Figure 5. Evolution of glucose concentrations in the culsunéPoterioochromonasp. in the culture media(®) and 2(B).

The analysis of glucose oligomers was performedvadium 2 (added with yeast
extract), which provided the best resukg(re 6 A andB).
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Figure 6. Evolution of maltos€A) and maltotriose concentratio(B) in the cultures oPoterioochromonasp. determined

in the Culture Medium 2.

Normality tests and tests for equal variances weheeved for each medium and each
day and were positive (p>0.05). Very low concerdret of maltotetraose and maltopentose
were detected, but were not quantifiable. The hgheoncentrations of maltose and

maltotriose were found for pH values of 5 and 6efEhwere no significant differences
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between the concentrations of these sugars for artd% (in both media). Mass spectrometry
was used to identify a wide range of glucose oligmnlt was possible to detect oligomers up
to a size of sixteen units of glucose. The masstapa was obtained from a sample of the
Culture Medium 2 after 3 days at pH 5. Other sgedisplayed lower peaks, although glucose

oligomers were also detected (data not shown).

The starch concentrations were also measukigile 7 A and B). Each medium was
submitted every single day to normality tests amstst for equal variances which proved
positive (p>0.05). There were no significant diffieces between the starch concentrations in
Medium 1 (without yeast extract) for different pldlwes. For Medium 2 (added with yeast
extract), significant differences were observed days 4, 5 and 6. Starch concentrations
measured at pH 7 differed (p<0.05) from pH 5 areh@ were higherHigure 7 B). In both
media, the starch completely disappeared, butwiis significantly quicker in the medium
containing yeast extract. The degradation of stamas also measured in uninoculated
medium (pH 5, 6, 7 and 8) to check the potentiajra@ation induced by the medium

components, pH or temperature. No degradation Wwsasreed in such cases.
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Figure 7. Evolution of starch concentrations in the cultuséBoterioochromonasp. in the culture media(®) and 2(B).

V.3.4. Investigation of enzymatic activities

Agar plates added with different media were tediednvestigate the enzymatic
activities of the protist : amylase, protease,utefle and endo-1-D-xylanase. No protease,
cellulase or endo-1,8-D-xylanase were detected. However, it was possibleconfirm
amylase activities. These assays were carried rotie protist growing in Medium 2 (added
with yeast extract). Amylase activity was obsereedPetri dishes, appeared on day 3 and
remained in the culture medium until the end of ¢bk#ure time (10 days). The contaminant
bacteria were grown in the culture medium withaptafloxacin. The protist was unable to

grow without antibiotics because of the developn@riacteria in the culture medium. Agar
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plates were tested with samples collected frometleedtures, and no amylase activity was

detected.

Filtration of the culture medium was performed gsan cellulose acetate membrane
(0.45 pm of porosity) to remove the cells. Amylasgivity was detected both in the crude
and the membrane-filtered samples. The intensityotdration depends on amylase activity

and was found to be the same for both types of Emmp
V.4. Discussion

V.4.1. Protist identification

The protists Ochromonasand Poterioochromonassp. belong to the Phylum of
Chrysophytawhich are unicellular microorganisms that areedablgrow in fresh or salt water
[18]. Ochromonasand Poterioochromonasp. are closely related as chrysomonads [19]. The
class ofChrysophyceads described as a highly diversified group [20frysophytes are
heterokont cells (displaying flagella of unequaildth), which are able to obtain energy from
photosynthesis and heterotrophy [21]. The morpholmigOchromonas danic@ringsheim),
a typical chrysophyte, was previously describeghicyl cells of chrysophytes contain a
nucleus, flagella, contractile vacuoles, Golgi fesdi chloroplasts, mitochondria and

chrysolaminarin vesicles [22].

The bootstrap value observed in the phylogenetie is low. The most closely related
protist wasPoterioochromonas sgGenBank ID : AY699607.1) and the protist whichsw
isolated was phylogenetically closer tBoterioochromonasthan Ochromonas genus.
Poterioochromonasand Ochromonasgenera were also found to be morphologically alike
[23], and the morphology of the present protist a0 similar. However, it is generally
accepted that a bootstrap value of 70-80% is entmughnfirm a clade [24]0chromonasand
Poterioochromonaspecies are very close phylogenetically. The pigtetic tree obtained
here can be compared with the phylogenetic trepsried before [20]. It was found that
several species obchromonashad a polyphyletic relationship. Phylogenetic treesre
designed with the geneRoterioochromonasnd Ochromonasand both were classified in
clade C.Ochromonas tuberculat@Hibberd) was the only protist to be classifiechidifferent
clade. However, higher bootstrap values were caled|[20]. The phylogenetic tree was also
built on the basis of protists that are found immiée guts.Dinenymphaand Pyrsonympha
genera belong t®xymonadidaePseudotrichonymphaMetadevescovinaMixotricha and

Deltotrichonymphagenera belong to the ClassRdrabasalia The phylogenetic tree clearly
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shows two groups. Those groups are perfectly deéfamel characterized by a bootstrap value
of 100. Consequently, it is possible to concluds thxymonads are more closely related to
chrysophytes (such &@oterioochromonasp.) thanParabasalia Oxymonads also have a
particular cellular structure. They consist of agpl group that does not include any energy-
generating organelles such as mitochondria or Iggirosomes, and their intracellular
membrane system is poorly developed. Another agspdobw difficult their culture is [6].
Oxymonadidaeomprise five families and includ@nenymphaPyrsonymphandOxymonas

genera.

The cell morphology observed here is comparablé tié descriptions given before
[21]. The protist is related to species belonginghe Ochromonasand Poterioochromonas
genera that are morphologically clo€chromonasells have a size of 2 to 30 um with one
long flagellum and one short flagellum, one or teldoroplasts and occasionally a stigma.
Poterioochromonasells display the same characteristics. They ats@ 2 flagella, but the
short one is protected by a chitinous lorica atethé of a stalk [23]. Although the lorica is not
visible on the protist that was isolated, the molphy corresponds to a description given
previously [25]. In their study, the lorica strustuwas not observed on the strain of

Poterioochromonasp.

V.4.2. Protist growth and effect of yeast extract

Yeast extract allowed a better development in thikue medium, bringing more
minerals, trace elements, peptides and vitamirg aéso resulted in the faster consumption of
the carbon source. A pH value of 6 seems to bemaptior the growth of protists. On the
other hand, given that the pH shows a strong texydemincrease, pH 7 is also suitable, but
varies too quickly. Growth curves with different pldlues suggest that a weakly acidic pH is
more conducive to the growth of protists than akiealkaline pH. The optimal pH for the
growth of protozoa is generally found to be betw&emd 8 [26]. The production of ammonia
by the planktonic protists was cited before [27hiat can explain the increase of pH
observed in the culture medium. The growth efficienf phagotrophic protists is generally
comprised between 10 and 40%, while the remainmguat of carbon source (90-60%) is
lost in excretion or respiration [28]. However, tp@wth efficiency observed here was quite
low (with a maximal biomass yield of 0.11).

Yeast extract had a significant effect on protisivgh, biomass yields, glucose and
starch concentrations. All these parameters aracoAn increase of glucose concentration is
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the result of starch hydrolysis, caused by theeteer of an amylase by the protist. Starch is
hydrolyzed, releasing glucose units that can beméssed through a specific metabolism,
leading to a specific biomass yield. The final @il concentrations depend on the amount of
starch that was consumed and glucose that wassswohitated by the protist. Yeast extract
made it possible to reach 1.9 (pH 5), 2.3 (pH &) &® (pH 7) times higher final cell
concentrations. It also led to 2.8 (pH 5), 2.8 (pHand 2.2 (pH 7) times higher biomass
yields. The strongest effect was observed at pHdb6a A pH value of 6 seems more suitable
for the protist development in regard to cell cornications and biomass yields. The evolution
of glucose and starch concentrations is more reptatve of amylase activity, although it is
also bound to cell growth. The evolution of glucaosencentrations reveals a strongest
amylase activity at pH 5, with or without yeastrakt. The latter causes a faster production of
glucose from starch as well as higher glucose aumagons. Consequently,
Poterioochromonassp. secretes an amylase for which the optimal pthkdout 5. Trace
elements matter a lot as well. These metals aenafsed to boost enzymatic activities of
bacteria and molds [29, 30]. In this case, tracamehts are provided by yeast extract.

Vitamins can also play a role in the increase oflase activities.

V.4.3. Enzymatic activities of Poterioochromonas sp.

Studies on amylase activities in chrysophytes aldosn. Two days were necessary to
detect such amylase activity. The excretion of mylase produced b@chromonasp. was
previously studied [31]. It was observed that tihetipt was able to ingest and digest starch,
casein, oil droplets and small organisms; it was &und thaDchromonasvas able to grow
in a medium containing glucose, sucrose, fructgaigctose or starch. The production of an
amylase byPoterioochromonas stipitatdScherffel) was suggested on the basis of the
liquefaction of a starch gel [32]. Amylase activityas also revealed in the mid- and hindgut
of the termiteOdontotermes obesiiRambur) [33]. The optimal pH for the enzyme w&s- 5.
6.6. The highest concentrations of glucose prodigeithe highest activities are found for an
initial pH of 5 in this case. The maximal amylasgi\aty was observed after 5 days at an
initial pH of 5 (Culture Medium 2), which relates & pH of 5.7-5.8, and sticks to what has
been observed so far. Our strain produces an eMulr amylase, taking account of the
results observed on AZCL-amylose medium inoculat@t both crude and filtered culture
samples. Moreover, the absence of an amylase tgcfiwvoduced by the contaminating
bacteria leads to the conclusion that this acticibmes only from the protist. Amylase
activities can be calculated from the glucose cotraons. One katal (kat) of amylase
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activity is defined as the amount of enzyme ablertavide 1 mol of glucose in one second.
Yeast extract boosted the secretion of amylasefisigntly. With yeast extract, the maximal
amylase activity was detected after 5 days of cajtwith values of 112 and 59 nkatat pH

5 and 6, respectively. At pH 7, 7 days were necggsaeach a value of 34 nkat.IHowever,
without yeast extract, the maximal amylase actiwias measured after 7 days of culture, with
values of 68 and 34 nkat,lat pH 5 and 7, respectively. At pH 6, a maxinztivity of 35
nkat.I* was reached after 10 days.

The degradation of starch involves different typssamylases;a-amylase can
hydrolyze internala-(1-4)-linkages in amylose and amylopectframylase hydrolyzes-
(1,4)-linkages and releases maltose (inverting @a4ition during hydrolysis) an@-limit
dextrins [34]; amyloglucosidase hydrolyzes(1,4)- and a-(1,6)-linkages of the starch
extremities, and releases 95% of glucose [35]0aljh it can completely hydrolyze starch
[34]; and a-(1,6)-glucosidases are able to break thél,6)-linkages to produce limited
dextrins [36]. These starch-debranching enzymesdaided into two types : pullulanases
(able to breala-(1,6)-linkages and release pullulan) and isoanedgable to break-(1,6)-
linkages and release molecules other than pullulEmg action of these different activities is
necessary for the complete degradation of stat€h e cultivated protist is able to produce
glucose, maltose, maltotriose and some glucoserokgs of more than 3 units of glucose in
low quantities. Consequently, the amylase actiwitieveloped by the protist should include
amyloglucosidasey-amylase and possibramylase. Indeed, maltose should stem frofr a
amylase activity ora-amylase activity hydrolyzing maltotetraose intootwnolecules of
maltose. Maltose and maltotriose concentrationgvedoin the same way. At pH 7, maltose
and maltotriose needed more time to be detectdliteee days were necessary before
detecting maltose and maltotriose. Maximal maltosgcentrations were 0.68, 0.66 and 0.51
g.I" at pH 5, 6 and 7, respectively, while maximal mi@iose concentrations were 0.17, 0.14

and 0.12 git. There were no significant differences betweerréselts found at pH 5 and 6.

Starch hydrolysis may also release isomaltose @salisomer), panose and isopanose
(maltotriose isomers). These molecules conta{,6)-linkages and come from reticulated
branches of starch. In this study, starch stemmeauah potatoes, usually composed of 21%
amylose and 79% amylopectin. Amylose is a lineairckhat mainly consists of1,4-linked
glucose residues, althoughl,6-linkages can be observed (about one branchl1pe6f
residues). Amylopectin is more branched. It is aered that approximately 5% of glucose

residues have botlr1,4- ando-1,6-linkages [37]. Maltose (Degree of Polymeriaati 2) and
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maltotriose (DP : 3) were used as calibration atiges. However, HPAEC-PAD did not
allow separating isomers. Consequently, the pelskscantain signals coming from minority

components : isomaltose, panose and isopanose.

As far as we know, this is the first time a chrysgte has been extracted from the
termite gut and subsequently cultivated. Mixotrogjyes the chrysophytes a real advantage
relating to their ability to develop in a particulanvironment. There are different types of
mixotrophy.O. danicaandP. malhamensisan facultatively use phototrophy or phagotrophy
and osmotrophy [38]. The conditions of the terngi# force the protist to produce its energy
using heterotrophic respiration. The termite gubas completely anoxic; there is an oxygen
gradient between the oxic gut epithelium and thexangut contents [39]. Although available
in low quantities, oxygen can be used for resmratiThe pH in the gut dR. sanonensis
close to neutrality (6.8 in the midgut and 6.4he paunch) [40]. To our knowledge, protists
belonging to the genuBoterioochromonasre not able to grow at highly acidic pH, which
contrasts withOchromonasspecies [19]. It may sound strange to find amyiolprotists in
termite guts. Moreover, this is the first time tlathrysophyte has been extracted from a
termite gut.Reticulitermes santonenssas grown on poplar wood in the present study.
Poplar wood is mainly composed of cellulose (458&micelluloses (25%) and lignin (20%)
[41]. The trees control their metabolism by sensinigjcal shortening of the photoperiod.
When environmental conditions become too harshligpealter their metabolic pathways and
synthetize storage molecules, such as starch [Ais could explain the presence of
amylolytic protists inside termite guts. Anotherirgois that the isolated chrysophyte can
metabolize glucose, composing cellulose. Anotherplanation may be that
Poterioochromonasp. uses glucose resulting from cellulose hydislyy the cellulolytic
microflora. The phylogentic tree also showed thitienship between chrysophytes and
oxymonads, which are natural residents of lowentier guts.

V.5. Conclusion

Poterioochromonasp. was isolated from the gut of the lower territesantonensjs
which offers acceptable conditions for the develeptmof protists. Chrysophytes, such as
Poteriochromonasand Ochromonasgenera, are mixotrophic, and it is the first cade
isolation of such microorganisms from the gut efht¢es.Poterioochromonasp. was found
to be closer to oxymonads than parabasalids. Tdiatisn method which was used in the
present study may induce further experiments. tue that isolating protists is particularly

difficult, and antibiotic methods may be an effitievay of reducing or doing away with
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bacterial contaminations. New techniques of isofaguch as antibiotic treatments combined

with low speed density gradient centrifugation colé tried out.

The protist grew at a pH close to neutrality anddpiced an extracellular amylase,
which hydrolyzed starch in glucose and glucoseootigrs. However, the activity was quite
low. High-Performance Anion Exchange Chromatographg Mass Spectrometry identified
oligomers as being progressively hydrolyzed befmag metabolized. No other enzymatic
activity was detected. Another study including ezsh of amylase genes in the protist DNA
should be complementary to this work. Then, onbss of the sequences, it may be possible

to confirm the type of amylase activities.
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CHAPITRE VI.

Isolation and cultivation of
xylanolytic and cellulolytic
Sarocladium kiliense and
Trichoderma virens from
the gut of the termite
Reticulitermes flavipes

Ce chapitre correspond a Il'article intitulisdlation and cultivation of xylanolytic and
cellulolytic Sarocladium kiliense and Trichoderm&emns from the gut of the termite
Reticulitermes santonensigCédric Tarayre, Julien Bauwens, Catherine Braiss€hristel
Mattéotti, Catherine Millet, Pierre Alexandre Guiofacqueline Destain, Micheline
Vandenbol, Daniel Portetelle, Edwin De Pauw, Eriaubruge, Frédéric Francis, Philippe
Thonart) actuellement soumis a la reare/ironmental Science and Pollution Research
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Les termites disséqués jusqu’a présent étaient isoanune diete conventionnelle
composée de bois de peuplier. Cette diéte a ideiteent un effet sur la microflore
constitutive de lintestin du termite. Rappelonsegiusqu’a présent, des bactéries, une
moisissure et un protiste non cellulolytique ont §ive isolés et cultivés. Il nous a paru
intéressant de tester l'influence de diétes artiies sur la composition de la microflore du
termite. Au total, 5 diétes ont été testées : dang/ de hétre, de la cellulose microcristalline
(additionnée ou non de lignine) et de la celluloserocristalline de type: (additionnée ou

non de lignine).

Ce chapitre présente les résultats obtenus avelideess ayant mené a I'isolement de
deux moisissures en particulierTrichoderma virensCTGXxAviL et Sarocladium kiliense
CTGxxyl. La caractérisation des enzymes cellulglytis et hémicellulolytiques qu’elles
produisent fait I'objet principal de ce chapitre.
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Résumé

Le but de ce travail était d’isoler et cultiver descroorganismes cellulolytiques et
xylanolytiques extraits a partir du systeme didesdti termite inférieurReticulitermes
santonensisDe la cellulose microcristalline (avec ou sagsihe) et du xylane de hétre ont
éte utilisés en tant que dietes a la place du dmipeuplier afin de sélectionner les mycétes
capables de dégrader la cellulose et les hémiostal La souch&arocladium kiliense
(Acremonium kiliengeCTGxxyl a été isolée des termites nourris de nglaalors que la
soucheTrichoderma virens<CTGXAVIL a été isolée des termites nourris deutedle (avec et
sans lignine). Les deux moisissures ont été casivéans des milieux liquides contenant
différents substrats : des résidus agricoles oypdbsneres purifiésS. kiliensea produit des
activités p-glucosidase, endo-1HD-glucanase, exo-1@-D-glucanase et endo-14b-
xylanase maximales de 0.103, 3.99, 0.53 et 40.8ntJ, Irespectivementl. virensa produit
des activité$3-xylosidase, endo-1,8-D-glucanase, exo-1,8D-glucanase et endo-1f4b-
xylanase maximales de 0.38, 1.48, 0.69 et 426nul.1lles activités optimales des xylanases
ont été observées a pH9-10,°60pour S. kiliense et a pH5-6, 5 pourT. virens Les
conditions optimales étaient différentes pour lebutases : pH10, € pourS. kilienseet
pH9, 7GC pourT. virens La zymographie a identifié différentes xylanapesduites par les
deux moisissures, et certaines tailles de fragmamitpu étre mises en évidence : 35, 100 et
170 kDa pourS. kiliense et 20, 40, 80 et 170 kDa polir virens Dans les deux cas, les

activités endo-1,4-D-xylanase ont été confirmées par spectrométrimaese.

Mots-clés :Xylanase, CellulaseReticulitermes flavipesSarocladium kilienseTrichoderma

virens
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Abstract

The purpose of this work was the isolation and ivafiton of cellulolytic and
xylanolytic microorganisms extracted from the gut tbe lower termiteReticulitermes
santonensisMicrocrystalline cellulose (with and without ligm) and beech wood xylan were
used as diets instead of poplar wood in order kecseellulose and hemicellulose-degrading
fungi. The strairSarocladium kiliens¢Acremonium kiliengeCTGxxyl was isolated from the
termites fed on xylan, while the straiinichoderma virensCTGxAviL was isolated from the
termites fed on cellulose (with and without lignildoth molds were cultivated in liquid
media containing different substrates : agro-remsdwr purified polymersS. kiliense
produced maximaB-glucosidase, endo-1+HD-glucanase, exo-1,@D-glucanase and endo-
1,44-D-xylanase activities of 0.103, 3.99, 0.53 and840U./ml, respectively.T. virens
produced maximap-xylosidase, endo-1,8-D-glucanase, exo-1,8D-glucanase and endo-
1,44-D-xylanase activities of 0.38, 1.48, 0.69 and 428./ml. Optimal activities of
xylanases were observed at pH9-10}G6or S. kiliense and at pH5-6, 5T for T. virens
The optimal conditions were different for cellulasepH10, 76C for S. kilienseand pH9,
70°C for T. virens Zymography identified different xylanases prodiity both molds, and
some fragment sizes were highlighted : 35, 1001attdkDa forS. kilienseand 20, 40, 80 and
170 kDa forT. virens In both cases, endo-1p4b-xylanase activities were confirmed

through mass spectrometry.

Keywords :Xylanase, CellulaseReticulitermes flavipesSarocladium kilienseTrichoderma

virens
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VI.1. Introduction

The degradation of vegetal structural polysacclearictquires an efficient enzymatic
complex able to break the lignocellulosic matrixardus enzymes are necessary to achieve
this aim, more particularly cellulases and xylasasehese enzymes are able to hydrolyze
cellulose and hemicelluloses, releasing fermentahtgars that can be exploited in biofuel
production [1]. Microbial cellulases can degrad#dubtese, which consists of g-1,4-linked
glucose polymer, through different modes of acti@mdo-1,4p-D-glucanases hydrolyze
amorphous parts of cellulose, which are more easitessible than crystalline regions. Exo-
1,48-D-glucanases (or cellobiohydrolases) attack catkeilextremities, extracting cellobiose
from crystalline or amorphous structures. Fingiglucosidases hydrolyze linkages binding
the monomers constituting the cellooligosaccharaleslable in solution [2]. Hemicelluloses
are also present in vegetal cell walls and thempmasition is more complex than cellulose
that only contains glucose : xylose, arabinose, nos@, glucose, galactose and glucuronic
acid. In those polymers, 5- and 6-carbon sugarsttaid uronic acids arp-1,4-linked [3, 4].
Xylan is the most common hemicellulose and considt@ main chain of3-1,4-xylose
residues, linked toa-D-glucuronic acid, 4-O-methyl-D-glucuronic acid or o-L-
arabinofuranose. Hemicelluloses are bound to lighyn ester and ether linkages [5].
Xylanolytic enzymes are mainly endo-34>-xylanases, which cleave internal glycosidic
bonds in the xylan backbone, apikylosidases, which hydrolyze small xylooligosaauties
and xylobiose. Acetylxylan esterase hydrolyzes thacetyl groups esterified of-D-
xylopyranosyl residues. Arabinase hydrolyzes tim&ages between L-arabinose apwD-
xylopyranosyl residuesi-glucuronidase breaks the bonds between glucuimic andp-D-
xylopyranosyl monomers of the backbone. Finallyylie acid esterase and p-coumaric acid
esterase break ester linkages in xylan [6]. Otlkepsdary xylanases, such as mannanases,
could also be mentioned.

Many microorganisms can produce such enzymes. Hewmvewmycetes have
particularly developed a real enzymatic arsenalnWaases of cellulase- and xylanase-
producing fungi were reported. Mycetes are ableptoduce cellulases (endo-134D-
glucanases, exo-1ftD-glucanases an@-glucosidase) but also xylanases (endofit[3-
xylanase, B-xylosidase, mannanasg-mannosidase, etc.) [7]. A few yeasts, such as
Aureobasidium pullulans Cryptococcus albidus and Trichosporon cutaneum produce
xylanases [8]. Some publications also report tlwslpetion of cellulases by yeas@andida

peltata was found to producp-glucosidase [9]Trichosporon cutaneurand Trichosporon

130



pullulanswere also found to secrete cellulases [10]. Howeflamentous fungi show more
abilities in regard to enzyme production. The mastdied cellulolytic molds are
Trichoderma Humicolg Aspergillusand Penicillium [11]. Many xylanase producers have
also been quoted Aspergillus Acrophialophora Aureobasidium Chaetomium Fusarium

Myceliophtora Penicillium TrichodermaandThermomycefs].

Some animals, like termites, earthworms, millipedesd collembola harbor a
specialized microbial community inside their intless [12-15]. More specifically, termites
are symbiotically bound to bacteria, archaea, gt®tind mycetes. In lower termites, bacteria,
mycetes and protists play a key role in lignocekel digestion [16]. Interactions between
mycetes and termites are particularly interestingas been suggested that filamentous fungi
are not able to colonize the termite guts becatisketr cell size. Moreover, the structure of
mycelium is quite fragile [12]. In some cases, téeshave developed a close relationship
with mycetes. The basidiomycete gefi@gmitomycess cultivated in purpose-built chambers
in the nest of higher termites [12]. However, filemous fungi can also be found inside the

termite guts [17].

The aim of this study was to isolate cellulolytisdahemicellulolytic fungi from the
gut of the termiteReticulitermes santonensiértificial diets composed of microcrystalline
cellulose and beech wood xylan were tried to seteich strains. Then, a research of the
potential cellulose- or hemicellulose-degradinggiwvas achieved. Two moldSarocladium
kiliense (Acremonium kilienge CTGxxyl and Trichoderma virensCTGxAviL, showed
interesting activities :p-glucosidase, endo-1#HD-glucanase, exo-1@-D-glucanase,p-
xylosidase and endo-1{D-xylanase. The properties of the cellulases ayldrases were
studied through quantitative assays (enzymaticvities, effect of pH and temperature),
protein analysis (zymography and mass spectromatrg) mass spectrometry applied to the

hydrolysis products.
VI.2. Materials and Methods
VI1.2.1. Organisms

Reticulitermes santonensis FeytaiRhinotermitidag was obtained from the Island of
Oleron (France). The termites were grown in darkrets2?C with a relative humidity of
70%. The termites were first fed on pinewood, whas gradually replaced by poplar wood.

Then, artificial diets were used to boost the xglgtic and cellulolytic strains living inside
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the termite guts. The diets were prepared in sajar medium. Three diets were tried : Diet 1
(agar 15g/I,B-sitosterol 0.6g/l, microcrystalline cellulose 180dignin 50g/l), Diet 2 (agar
15g/l, B-sitosterol 0.6g/I, microcrystalline cellulose 18)p@nd Diet 3 (agar 15g/B-sitosterol
0.6g/l, beech wood xylan 200g/).

VI.2.2. Isolation and identification of the strains

Twenty-five termites of each artificial diet wereashed in ethanol, then water, and
held with two dissection forceps. The digestivectsavere then extirpated and the hindgut
sections were put in the corresponding liquid metie basic composition for the media was
derived from [18] : KHPO, 2g/l, NH,CI 0.2g/l, MgSQ.7H,O 1.54¢g/l, CaGl2H,0O 1.1g/I,
H3BO3; 2.86mg/l, MnC}.4H,0O 1.81mg/l, ZnSQ7H,0O 0.222mg/l, NaMoQ@2H,O 0.39mg/l,
CuSQ.5H,0 0.079mg/l, Co(Ng), 0.031mg/l, pH7. Three different carbon sourcesewesed
: Medium 1 contained microcrystalline cellulosel&gid lignin 2.35g/I, Medium 2 contained
microcrystalline cellulose 10g/l and Medium 3 coméal beech wood xylan 11g/l. The flasks
were agitated at 3G for 3 days. Then, 100ul of different dilutionshafth culture media were
spread on agar plates containing potato dextroae added with chloramphenicol (0.5g/l).
The Petri dishes were kept in darkness a&C3@\fter 3 days, one strain from each culture
medium was isolated. The identification was achdews the basis of a morphological
analysis by the specialists of the mycotheque & University of Louvain-la-Neuve
(Batiment Kellner ler étage, Croix du Sud 2 bteD606, 1348 Louvain-la-Neuve, Belgium).

VI.2.3. Culture conditions

The molds were stored at 80 They were grown on PDA medium (chloramphenicol
0.5¢/l) for 3 days. Then, the mycelium was collddy washing the plates with a peptone
solution (casein peptone 1g/l, NaCl 5¢g/l, Tweer280/1), and the flasks were inoculated with
1 ml of a suspension showing an optical densit§.8f(600 nm). Sterile peptone solution was
used to achieve the dilutions. The two molds weosvg at 36C in flasks containing 100 ml
of the following medium, derived from [19] : casgiaptone 2.5¢g/l, KEPO, 3g/l, (NH,).SO,
2.69/l, KeHPO, 6g/l, MgSQ.7H,O 0.2g/l, NaCl 2g/l, CaGl2H,O 2mg/l, FeS@Q7H20
1.1mg/l, ZnSQ.7H20 1.5mg/l, MnGlL.4H,O 7.9mg/l, CuSQ5H,0 6.4mg/l, pH6. Six carbon
sources were tried separately to improve enzymealymtmn (40g/l) : Microcrystalline
Cellulose (MC), Beech wood Xylan (X)x-Cellulose ¢C), Wheat Bran (WB), Wheat
Distiller's Grains (WDG) and Rapeseed Oil Cake (RO®IC, X and aC are purified

substrates, while WB, WDG and ROC are agricultteaidues or wastes.
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VI1.2.4. Quantitative enzymatic assays

The culture samples were centrifuged for 10 minatel),000g. Then, the supernatant
was used to measure the enzymatic activities. Hmpdlf§-D-glucanase, exo-1@-D-
glucanase and endo-1}4b-xylanase activities were measured by using iisdlicylic acid
according to a method developed previously [20]dd=h,4$-D-glucanase activity was
established with carboxymethylcellulose (20g/l) aasubstrate in phosphate buffer (0.1M,
pH5.85). Exo-1,4-D-glucanase activity was measured with microctiiea cellulose
(20g/l) in phosphate buffer (0.1M, pH5.85). Endd-f;D-xylanase activity was determined
with a solution of beech wood xylan (10g/l) prephie a phosphate buffer (0.057M, pH6.5).
Endo-1,4B-D-glucanase, exo-1@-D-glucanase and endo-134b-xylanase assays consisted
in mixing the supernatant samples with the subestsatiutions for 10, 30 and 5 minutes,
respectively. The samples were then introduced @antwater bath (10C, 5 minutes) and
diluted with distilled water before measuring thbsarbance at 550nm. The samples
containing microcrystalline cellulose were centgiéd (5 minutes, 10000g) before being read.
The activities were calculated on the basis oflidredion curve obtained by using glucose or
xylose.pB-glucosidase anfl-xylosidase were measured in accordance with thbaodeused by
Ghorai et al. [21]. Paranitrophen§tD-glucopyranoside (2.5x1/ in phosphate buffer
0.1M, pH5.85) and paranitrophengtD-xylopyranoside (1g/l in phosphate buffer 0.1M,
pH6.5) were used to investigdteglucosidase anfl-xylosidase activities, respectively. The
enzyme samples were mixed with substrates for Ttutes before adding MNaoOs; (1M) to
stop the reaction. The absorbance was read at 4@@endiluting the samples. The activities
were determined with a calibration curve based amamitrophenol. All the assays were made
at 40C. Controls were also performed on the substratatisns and enzyme samples
considered separately. All the enzymatic activitvesre calculated in International Units
corresponding to the amount of enzyme able to gy pmol of glucose or xylose in one
minute. The right hydrolysis times and enzyme kg were chosen according to enzymatic
assays achieved with commercial enzymes (Sigmaoki@). All the enzymatic activities
measured in the cultures were analyzed with the INB16® statistical software, and all
the measurements were taken in triplicate. Normédists and tests for equal variances were

applied to all the series of data before achietiregvariance analyses.
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V1.2.5. Effect of pH, temperature, pH and thermal stapilit

The aim of these assays was to identify the optooaditions and the stability of
enzymes acting on cellulose and xylan with regaodpH and temperature. Consequently,
beech wood xylan and microcrystalline cellulose avecthosen as the substrates.
Carboxymethylcellulose could have been chosen, ibus more easily degraded than
microcrystalline cellulose. This latter type of lokbse is the most problematic regarding the
hydrolysis process. FinallyB-glucosidase acts on cellobiose, a soluble compotien
hydrolysis of which is not considered as problemaifihe optimal pH conditions were
investigated at different pH values (4, 5, 6, 79810 and 10.8). Suspensions of xylan and
microcrystalline cellulose (10 g/l) were preparedai citrate-phosphate buffer (B1, 0.02M,
pH3 to 5.5), phosphate buffer (B2, 0.02M, pH6 tcaBY carbonate-bicarbonate buffer (B3,
0.02M, pH9.2 to 10.8). Endo-1@bD-xylanase and exo-1pHD-glucanase activities were
measured by the methods described before for eldcfTipe effect of pH on endo-1bD-
xylanase and exo-1@HD-glucanase activities was evaluated on samplenpyme adjusted
to pH values ranging from 3 to 10.8 with buffers, B2 and B3 at 0.2M. These samples were
incubated for 4 hours at Z5. Then, the residual enzymatic activities were snezd by the
methods described before for each sample. The aptoonditions of temperature were
investigated at temperature values ranging fronio38FC. Endo-1,48-D-xylanase and exo-
1,48-D-glucanase activities were measured in accordaiitethe methods described before
at the different temperature values. The effedieaiperature was investigated using enzyme
samples kept at different temperature values uagiation for 30 minutes at pH7 (phosphate
buffer at 0.2M). Then, residual activities were swad in accordance with the method

described before.
VI1.2.6. Zymographic assay and protein analysis

Culture samples were centrifuged (5’ at 14000 r@anyl the pellets were resuspended
in 100 mM Tris-HCI buffer pH8, followed by sonicati, and 12 pg of protein (3.9 ul) were
mixed with 7.8 pul Laemmli Sample Buffer (Bio-Radgach sample was divided into two
fractions. The first fraction was heated for 3 n@suat 95C (300 rpm), while the other part
was used without any thermal treatment. Electroptisrwas performed on 12% sodium
dodecyl sulfate (SDS)-polyacrylamide gels contajrin2% xylan from beech wood (Sigma-
Aldrich) or 0.2% microcrystalline cellulose (Sigmddrich). Zymography was done as
previously [22] with the following slight modificans. PageRuler Prestained Protein Ladder
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(Thermo Scientific) was added to check the moleculaight of the bands observed. To
visualize enzymatic activity, the gel was rinsedcerMor 30 min in 100 mM Tris-HCI buffer
pH8, containing 1% Triton X-100 to remove SDS amehtincubated for 2 h in 100 mM Tris-
HCI buffer (pH6 for the sample frof. virensstrain CTGxAviL on xylan; 9 for the samples
from S. kiliensestrain CTGxxyl and'. virensstrain CTGXxAviL on xylan and microcrystalline
cellulose, respectively; 10 for the sampleSofkiliensestrain CTGxxyl on microcrystalline
cellulose) to maximize enzymatic activity. The palues were chosen in accordance with the
optimal pH conditions (seResults — Optimal pH and pH stability The substrate was then
stained with Congo red (Sigma-Aldrich) for 30 miesitand destained with 1 M NacCl.
Destained bands were visible and the gel was imagéddr UV light. Other electrophoreses
were achieved to identify total proteins with Coasia Brilliant Blue R-250 (0.25% w/v) in
acetic acid (10%). This assay was made on the sangpdmming from both molds, with and

without heating treatment (3 minutes al@%300 rpm)).

Picking of activity bands in accordance with theworresponding positions on
Coomassie Brilliant Blue-stained gel was done mbyu@el pieces from destaining activity
bands of zymograms were rinsed several times tanmzaa dye/protein ratio. Gel pieces were
washed twice with 50 mM NMHCO; followed by 50 mM NHHCO; + 50% (v/v)
acetonitrile. Proteins were reduced for 45 min wdithiothreitol (10 mM) at 56°C and
alkylated for 1 h with iodoacetamide (55 mM) at’@0Gel pieces were washed twice as
previously and then dehydrated with pure acetdaitRroteins were digested for 4 h with 3 pl
of NH;HCGO; (25 mM) containing 10 ng/ul trypsin and peptidesavextracted with 1% (w/v)
trifluoroacetic acid. Peptides were subjected MALDI-TOF-TOF analysis achieved by the
GIGA Research Center (Avenue de I'Hopital 1, 400@ge, Belgium). Peptide Mass
Fingerprints and MS/MS data were used to query §wid database (all entries). Initial error
tolerances were 100 ppm and 0.3 Da for PMF and MsSidspectively.

V1.2.7. Detection of xylose and glucose oligomers

Oligomers were measured with a mass spectrometer.matrix of 2,5-
dihydroxybenzoic acid (DHB) was used at 20 mdmh acetonitrile/water 0.1%
trifluoroacetic acid. Samples were prepared withigture of 1 pl hydrolysate solution and 1
pI matrix. Measurements were performed with a tofilight mass spectrometer, Ultraflex 11
TOF/TOF (Bruker Daltonics, Bremen Germany), equippdath a frequency-tripled Nd :
YAG laser (355 nm). Calibration was performed wptptide calibration standard 1l solution
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(Bruker). The spectra were recorded in positivéeotfon ion mode, with an accelerating
voltage of 25 kV and a laser shot rate of 100 He Voltages of the electrodes 1 and 2 were
set at 21.8 kV and 9.5 kV, respectively, to camy the pulsed ion extraction. The time delay
before the ion extraction was set at 30 ns. A totdl0,000 shots were accumulated for each
mass spectrum. The acquisition m/z range starté@iGato exclude high intensity signals from

matrix ions.

Crude enzymes samples stemming from the culturéiseoisolated strains were used
on microcrystalline cellulose and beech wood xyl&ine reactions occurred at°@for 24
hours before freezing the samples immediately°’G201 ml of enzyme was added to 1 ml of
substrate suspension (20 g/l microcrystalline tedkel and beech wood xylan in phosphate
citrate buffer 0.2 M, pH6). Different dilutions ehzymes were tested. Control samples were
prepared with enzymes or substrates only, and aleeeheated at 4G for 24 hours before

freezing the samples.
VI.3. Results and Discussion
VI.3.1. Isolation and identification

Two molds were isolated through our methodologye Tirains were identified
morphologically and namedrichoderma virensstrain CTGxAviL (the same mold isolated
from Media 1 and 2) an&arocladium kiliensgalso calledAcremonium kiliengestrain
CTGxxyl (isolated from Medium 3). Other studies aggpyeasts or molds isolated from
termite guts. RAPD-PCR made it possible to iderdyne yeasts from the gut of the termites
Heterotermes indicola Mastotermes darwiniensisa Neotermes joutelielated termite,
Reticulitermes santonensigootermopsis angusticolligsndZootermopsis nevadeng3]. In
two other studies, 13 species of yeasts were eldtom the guts of the termites
Zootermopsis angusticolliand Neotermes castaneu3he generaCandidg Cryptocercus
DebaryomycesPichia andSporothrixwere identified [24, 25]. Molds were also isolafemm
termite guts ‘Alternaria alternater Aspergillus awamuriAspergillus clavatus Aspergillus
flavus Aspergillus nidulansCladosporiumsp., Paecilomyces fusiporu®hizopus stolonifer
[26, 27]. Other molds were found iReticulitermes flavipes Aspergillus nidulans
Neurospora crassa Verticillium dahliag Trichoderma viridae and Thermomyces
lanuginosus However, those strains were not isolated but dotanbe present on the basis of
glycoside hydrolase family 11 sequences [17]. To kwowledge, this is the first time

Sarocladium kiliensdas been isolated from the gut of a termite. TéreugSarocladiumis
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usually found in soil or grows on decaying orgamatter [28]. Consequently, it is not
surprising to find this microorganism inside the gfi a termite.Trichodermaspecies also
come from soil, and are well-known molds that carfdund all over the worldlrichoderma
is one of the best known fungi and enzyme produ¢2€§. Trichoderma viridaewas
previously detected in the gut Bf flavipes which can be considered BRs santonensig30,
17]. However, the present work is the first studywhich Trichoderma virenshas been
extracted from the gut of this termite.

VI.3.2. Enzyme production by S. kiliense strain CTGxxdl &nvirens strain CTGXxAviIL

Six different carbon sources were tested in theuceiimedium (MC — microcrystalline
cellulose, X — beech wood xylanC - a-cellulose, WB — Wheat bran, WDG — Wheat
Distiller's Grains, ROC — Rapeseed Oil Cake). Ak tmeasures were taken in triplicéie.
glucosidasep-xylosidase, endo-1,8-D-glucanase, endo-1#+D-xylanase and exo-1@-D-
glucanase activities were measured in the cultafe®oth molds. Ng-xylosidase activity
was detected foB. kiliense while nop-glucosidase activity was observed farvirens The
enzymatic activities are shown kigure 1 (A-B-C-D-E-F-G-H). Other cases of cellulase-
and xylanase-producing fungal strains are preseintéchble 1 and Table 2 (quantitative

data), respectively.
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Figure 1. A— Evolution off-glucosidase activity produced By kiliensestrain CTGxxyl according to the carbon source of
the culture medium B — Evolution of endo-1,4-D-glucanase activity produced I8 kiliensestrain CTGxxyl —C —
Evolution of exo-1,43-D-glucanase activity produced (8. kiliensestrain CTGxxyl —D — Evolution of endo-1,4-D-
xylanase activity produced . kiliensestrain CTGxxyl —E — Evolution ofp-xylosidase activity produced b¥. virens
strain CTGxAviL —F — Evolution of endo-1,4-D-glucanase activity produced By virensstrain CTGxAviL -G —
Evolution of exo-1,4-D-glucanase activity produced By virensstrain CTGxAviL —H — Evolution of endo-1,4-D-
xylanase activity produced Gy virensstrain CTGxAviL. MC = Microcrystalline Cellulose, XBeech wood XylangC =a-
Cellulose, WB = Wheat Bran, WDG = Wheat Distiller'sa@is, ROC = Rapeseed Oil Cake.
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S. kiliensestrain CTGxxyl produced the highgsglucosidase activity on ROC (0.103
[.U./ml). Pure MC anduC also provided relatively good results, 0.07 an@79 1.U./ml,
respectively. Xylan was the least effective carboarce regarding-glucosidase production.
This observation may seem logical because xylanagm xylose, which is not a cellulase
inducer. Normality tests and tests for equal vagsnwere done for each medium after 96h of
culture (maximal values reached), and were foungetpositive (p>0.05). Variance analyses
did not show any significant differences betwees \thrious media as regarfigylucosidase
production (p>0.05). However, xylan as a carborr@®ied to a relatively good production of
endo-1,4B-D-glucanase and exo-1(4b-glucanase. Indeed, endo-B43-glucanase activity
reached a maximal value of 3.99 I.U./ml, while iaswvless than 2 1.U./ml using the other
carbon sources after 4 days of culture. Normadisgs and tests for equal variances were done
for each medium after 96h of culture and were nminél to be positive (p<0.05).
Consequently, no significant difference should lghlighted. The evolution of exo-1HD-
glucanase activity was chaotic and the maximalevalas detected after 1 day of culture with
ROC. No carbon source was significantly a bettduaer than the other sources. Normality
tests and tests for equal variances were achiewedaich medium after 24h of culture and
were not found to be positive (p<0.05). Therefore significant difference was shown. ROC
also led to the highest xylanase production (40B/rhl), while MC provided the lowest
activity. It seems that xylan is a good substrat@riprove both endo-1,A-D-xylanase and
cellulase (endo-1,8-D-glucanase and exo-1p4b-glucanase) activities, while cellulose (MC
andaC) does not lead to relatively good activities. Isacresult may be due to the fact that
endo-1,48-D-xylanase activity is the most important, relegskylose and xylose oligomers
that can be metabolized by the mold. This hypothesisupported by the observation of
cultures under a microscope, showing the best dpuent with xylan (pictures not shown).
This growth leads to a higher biomass and consélyumore capacity of enzyme production
whichever activity is considered. Normality teatsl tests for equal variances were done for
each medium after 96h of culture, and were founte@ositive (p>0.05). However, it was
not possible to show a significant difference bemw¢he endo-1,4-D-xylanase production
of each medium (p>0.05). Those values can be cadpar other strains reported in other
studies (sedable 1 andTable 2). Exo-1,48-D-glucanase activities are often very low, and
the values reported here are comparable to thosthef studies. This tendency is due to the
difficulty in attacking MC, structured in a compleconfiguration which does offer few
attackable sitegi-glucosidase activities were found to be very low. tAs regards this, other

studies report many molds producing much mggducosidase activity. Consequently, our
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strain shows an incomplete cellulase complex, lsxathe final f-1,4-glucopyranosyl-
linkages of cellobiose are hardly hydrolyzed. Edgéf-D-glucanase activities, measured
with CMC, were higher. CMC has an amorphous strecthat increases the number of
attackable sites compared to MC. The activitiesioedl by our strain are also comparable to
those mentioned in other publications (Sexble 1 and Table 2). Endo-1,4B-D-xylanase
activities were dominant and are comparable toother reported strains. Surprisingly, the
highest xylanase activity was reached with ROC asl#strate and not pure xylan. ROC is
characterized by a protein content of 32%, whichlihes highest among the agro-residues
tested in this study [31]. Consequently, ROC cardiesidered as the best source of amino-
acids. It also contains 12% cellulose and 6% hdinloses, the hydrolysis of which releases
metabolizable sugars [31].

140



Table 1. Cellulolytic activities produced by molds from othetudies. Cellulase activities are expressed iariational
Units/ml or /mg of protein. pl = Isoelectric Poiw = Molecular Weight (kDa). Optimal conditions pil and temperature,

thermal and pH stabilities are also cited. FP =dHBlase activity,G = B-glucosidase activity, EG = Endo-134b-

Glucanase activity, EXG = Exo-1#bD-Glucanase activity.

Cellulase activity
Strain (Iu/ml or /mg pl (kMDV:) pH opt T opt (°C) Stab pH Stab T (°C)
prot.)
Acremonium cellulo- FP - 0,66 IU/mg - - - - - -
lyticus CF-2612 [7] BG- 1,21U/mg - - - - - -
EG-4,52 IU/mg - - - - - -
EXG - 0,26 IU/mg - - - - - -
Acremonium cellulo- FP - 15,51U/ml - - 4,5 45 - -
lyticus P-18508 [42]
Acremonium persicinum BG- 5,41U/mg 4,3 128 5,5 - 5-9,5 up to 50
QM107a [35] (30 min)
Aspergillus sp. [43] FP - 0,45 IU/ml - - - - - -
BG-631U/ml - - - - - -
EG-11,7 IU/ml - - - - - -
Aspergillus sydowii BG-83,31U/ml - 95 5 50 4-6 up to 60
BTMFS55 [44]
Chaetomium thermo- BG-7,551U/ml 6,7-4,9 | 39-480 4 - - -
philum MTCC4981 [45] -4,3
Humicola insolens BG- 3,82 1U/ml 8,2-5,3 | 39-480 4 - - -
MTCC4520 [45] -4,2
Penicillium citrinum FP-1,721U/ml - - 6,5 60 - -
MTCC6489 [46] EG-1,89 IU/ml - 38-90 5,5and 8 65 - -
Penicillium EG-0,111U/ml 4,99 41,1 5-9 60 - 84% after 1h
echinulatum 9A0251 [39] at70
Penicillium pinophilum BG-3,21U/ml 52 120 3,5 32 - -
KMJ601 [47]
Trichoderma BG-0,921U/ml - - 5,5 (growth) | 28 (growth) - -
harzianum [48] EG-0,79 IU/ml - - 5,5 (growth) | 28 (growth) - -
EXG- 7,8 1U/ml - - 5,5 (growth) | 28 (growth) - -
Trichoderma reesei BG- 0,64 IU/ml - - 5,5 27 - -
RUT-C30 and (growth) (growth) - -
Aspergillus phoenicis FP- 1,54 IU/ml - - 5,5 27 - -
QM329 [49] (growth) (growth) - -
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Table 2. Xylanolytic activities produced by molds from oth&tudies. Xylanase activities are expressed iarmational
Units/ml. pl = Isoelectric Point, Mw = Molecular \igat (kDa). Optimal conditions of pH and temperatuhermal and pH
stabilities are also cited. EX = Endo-B-xylanase activitypX = B-xylosidase activity.

Xylanase
Strain Activity p! (kMDv:) pH opt T opt (°C) Stab pH Stab T (°C)
(IU/ml)

Aspergillus candidatus EX-69 IU/ml - - - - - -
[50]
Aspergillus fumigatus EX - 30 IU/ml at pH9 212-253 6-6,5 60 5-9 up to 50
AR1 [51] EX - 135 IU/ml at pH5
Aspergillus fumigatus EX - 1040 1U/ml - - 4,5 60 5-10 50 % after 1h
M71 [34] at 55
Aspergillus niger BX - 1400 IU/ml - 120 4,8 70 - 90 % after 50 h
NII-08121 [52] at 50
Aspergillus niveus EX-18,2 IU/ml - 22,5 7 50 68,7 % atpH9 | 70,9 % after 40
RS2 [53] min at 50
Aspergillus terreus EX-42,2 IU/ml - 31and 8-10 70 - up to 60
[33] 66,4
Fusarium proliferatum EX-4,7 IU/ml 22,4 5-5,5 55 5-7,5 up to 55
NRRL 26517 [54] BX - 0,02 IU/ml - - - - - -
Fusarium solani F7 EX-94,7 IlU/ml - 89 5,5 30 - -
[55] (growth) (growth)
Graphium putredinis EX - 153,22 IU/ml 32 6 50 - 1 day at 60
[56] BX-12,99 IU/ml - - - - - -
Penicillium janczewskii EX - 15,19 IU/ml - - - - - -
[57] BX - 0,16 IU/ml - - - - - -
Penicillium oxalicum EX - 115,2 IU/ml - 15-130 4 50 4-9 up to 50
GZ-2 [58] BX- 0,089 IU/ml - - - - - -
Penicillium sclerotiorum BX-0,251U/ml - 42 2,5 60 2-7 up to 60
[59] 97
Rhizopus oryzae EX-260 IU/ml - 22 4,5 55 - -
ATCC9363 [60]
Thermomyces EX - 3580 IU/ml - 24,7 6,5 70 5,5-9,5 up to 70
lanuginosus SSBP [61]
Trichoderma sp. EX - 107,22 IU/ml - - 5 50 - 40-70
[62]
Trichoderma harzianum EX - 148,35 IU/ml 46 5 50 - 2 days at 60
[56] BX - 8,31 1U/ml - - - - - -
Trichoderma harzanium EX - 480,1 1U/ml - - 5 60 3-7 -
1073D3 [63]
Trichoderma reesei EX - 261 1U/ml - 21 6 60 - up to 50
Rut C-30 [64]
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T. virens strain CTGxAviL has produced its higheBixylosidase activity (0.38
I.U./ml) after 72h of culture onC. The other substrates led to enzymatic activide®r than
0.1 I.LU./ml. Normality tests and tests for equatiaaces were done for the different media
after 72h of culture, and proved to be positive((@8). Variance analysis highlighted a
significant increase of activity caused &9 (p<0.05). However, the other substrates were not
found to be significantly different when comparethweach other (p>0.05). The endo-B4-
D-glucanase activities produced By virensstrain CTGxAviL were lower than those 8t
kiliensestrain CTGxxyl. The highest activity was reachédrar2h of culture with xylan as a
substrate (1.48 1.U./ml). Normality tests and tdstsequal variances were achieved for each
medium after 72h of culture and were found to bsitp@ (p>0.05). The endo-1p+D-
glucanase activity obtained with xylan was sigmifity the best. The enzymatic activities
reached with ROC, WB, WDG antC were significantly lower and the lowest actiwtas
obtained with MC. The evolution of endo-134>-glucanase activities showed the same
evolution as before. Exo-1HD-glucanase activities produced byvirensstrain CTGxAviL
were found to be higher than thoseSfkiliensestrain CTGxxyl. The highest exo-14b-
glucanase activity was reached with xylan (0.69/idl). Normality tests and tests for equal
variances were done for each culture medium aféér & culture and were found to be
positive (p>0.05). Xylan led to the significantlighest activity (p<0.05), while no significant
difference was observed between the five othertstbs. Finally, the best endo-134>-
xylanase activity was reached witiC (426 I.U./ml). No statistical analysis was acleigv
because normality tests and tests for equal vasgmmere found to be negative after 96h
(p<0.05). B-xylosidase activities reported in other studigéalle 2) are distributed over a
widespread range. Our strain produ@esylosidase activity in low amounts. Exo-134D-
glucanase and endo-134b-glucanase activities are quite low too (Jexble 1). However,
our strain of Trichoderma virensproduced a high endo-1p4b-xylanase activity, in
comparison with the other strains reported @&ble 2 In this case, the highest endo- ;8-
xylanase activity was produced widlC. Surprisingly, the begt-xylosidase and endo-1%-
D-xylanase activities were obtained witlE. Some publications have already highlighted the
presence of other polymers than cellulose in comialerC, such as xylan and mannan [32].
However, the presence of xylan cannot explain sudifference because pure xylan leads to
a lower activity, but other polymers can interfe@n the other hand, pure xylan led to the
highest endo-1,4-D-glucanase and exo-1f4b-glucanase activities. This observation

proves that a specific activity is not unavoidabbund to its corresponding substrate.
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V1.3.3. Optimal pH and pH stability

The optimal conditions of pH and the effect of pid ahown inFigure 2. The optimal
conditions of pH and the effect of pH as regards éhdo-1,43-D-xylanase produced bS.
kiliensestrain CTGxxyl show the same profile. The xylanstsads alkaline conditions better
than acidic pH values. A pH value of 9-10 is idealthe enzyme, while a pH of 4 reduces the
activity by about 80%. Regarding the effect of ghle enzyme keeps at least 75% of its
original activity on a wide range of pH (6-11). Momolds show optimal enzymatic
conditions at acidic pH values (s€able 2). Consequently, our strain has original properties
among molds. A strain dkspergillus terreushowed such properties [33]. As for exo-[;4-
D-glucanase activity, the strain produced a celilahowing some alkaline resistance,
comparable to xylanase properties. Optimal pHHerégnzyme was close to 10, while residual
activities were higher at a pH of about 9. Consatlyethe cellulase of. kiliensestrain
CTGxxyl is alkaline-tolerant. Other cases of celkd-producing molds are presented in
Table 1 In most cases, molds produce cellulageglcosidase, endo-1+HD-glucanase and
exo-1,48-D-glucanase more precisely) with acidic optimal p&lues, and these enzymes
also retain their stability in acidic pH rather nhalkaline pH. Other molds, such as
Acremonium (Sarocladium percisinum QM107a, Aspergillus fumigatus M71 and
Myceliophtora thermophilaM77, also showed a good resistance to alkaline vaHies.
However, their optimal pH values were acidic [3%].3The isolation of alkaline enzyme-
producing fungi from the gut of the termiReticulitermes santonensis surprising because
the pH of the gut is close to neutrality (Ebert &rdne 1997). However, the pH can reach a
value of 12.5 in the gut of some soil-feeding téemi(Brune and Kihl 1996).
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kiliense strain CTGxxyl; OpH = Optimal pH, EpH = Effect oHpB1 refers to Buffer 1 (citrate-phosphate), B2 refer
Buffer 2 (phosphate) and B3 refers to Buffer 3 (cadtetbicarbonate). The values are expressed asnpages of the
maximal activities -B — Optimal pH and pH stability of the xylanase proeld byT. virensstrain CTGxAviL —C — Optimal
pH (time : 30 minutes, temperature °@)and pH stability (samples incubated 4 hours & 2fd pH values of 4, 5, 6, 7, 8,
9, 10 and 10.8 before the assay; time : 30 minuggsperature : £C) of the cellulase produced I kiliensestrain
CTGxxyl —D — Optimal pH and pH stability of the cellulase guwioed byT. virensstrain CTGxAViL.

T. virensstrain CTGxAviL produced more endo-1342-xylanase activity thars.
kiliensestrain CTGxxyl, but its optimal pH is more commdi€). Such a property is found
in many molds. However, this xylanase showed a gend resistance on a wide range of pH
(more than 90% of activity retained between pH4 3dd A maximal endo-1,8-D-xylanase
activity was observed at pH6, while less than 4@%hat activity was observed at pH9. As
regards exo-1,#-D-glucanase activity developed by our strainfathoderma the enzyme
is more stable at alkaline pH (8-10). The enzyns® ahows an optimal pH of 9. Alkaline
enzymes are much sought-after in the field of itaisprocesses, but another critical

characteristic is their thermal resistance.
V1.3.4. Optimal temperature and effect of temperaturer(tia stability)
The optimal conditions of temperature and the éffefctemperature are shown in

Figure 3. The endo-1,4-D-xylanase produced by the mdid kiliensestrain CTGxxyl shows
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an excellent resistance to temperature. It condermdere than 90% of activity after 30
minutes at 8. Optimal temperature for enzyme functioning isw@hb6FC. The enzymatic
activity decreases to 40% at °80 Then, the endo-1@D-xylanase produced shows
satisfying properties as regards temperature. Otmeids producing thermo-tolerant
xylanases were reported (s€able 2). Aspergillus brasiliensi@nd Aspergillus nigerwere
able to produce an endo-134D-xylanase showing an optimal activity at°Z5[36]. Some
molds have also been shown to synthesize xylanpaescularly resistant to thermal
denaturation. As an example, a strainToichoderma harzianunwas able to produce a
xylanase which retained 52% of activity after 4 tsoaf heating at 10C [37]. However, in
most cases, the effect of temperature on xylansse®ted by molds is comparable to our
results. The cellulase of our strain 8farocladium proved less tolerant in respect of
temperature. Indeed, it conserved less than 50%ctifity after 30 minutes at 80.
However, it conserved 40% of activity after 30 masi of heating at 8C. The strain
produces a cellulase showing a high optimal tentpexg70C). This observation makes our
strain quite original. However, such a temperataeses denaturation if the heating time is
too long. The enzyme observed in this study is equsatisfying regarding thermal
denaturation. Other thermo-tolerant cellulases hiaen reported in previous studies. A
cellulase produced by a strain Dhermoascus aurantiacusas shown to have an optimal
temperature of 7& as regards endo-1p4b-glucanase activity [38]. Another mold has been
shown to produce a cellulase the endofit[3-glucanase activity of which is maximal at
70°C [34]. As regards thermal resistance, very litiormation is available. In most cases,
the studies consider optimal temperatures, whigeetifiect of temperature is not assessed. As
an examplePenicillium echinulatun®A02S1 kept 84% of activity after 1 hour of hegtat
70°C [39]. However, the effect of temperature on moddlulases is often comparable to the

one observed of our study.
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Figure 3. A —Optimal temperature (time : 5 minutes, pH : 7) gmemal stability (samples incubated 30 minutgsHt and
temperatures of 30, 40, 50, 60, 70 antix8before the assay; time : 5 minutes, temperatd@C) of the xylanase produced
by S. kiliensestrain CTGxxyl; OT = Optimal Temperature, ET = Effef Temperature (Thermal Stability). The values a
expressed as percentages of the maximal activitis- Optimal temperature and thermal stability of tlglanase produced
by T. virensstrain CTGxAviL —C — Optimal temperature (time : 30 minutes, pH :and thermal stability (samples
incubated 30 minutes at pH7 and temperatures c4@®0, 60, 70 and 80 before the assay; time : 30 minutes, temperature
. 40°C) of the cellulase produced I8 kiliensestrain CTGxxyl —D — Optimal temperature and thermal stability of the

cellulase produced b. virensstrain CTGXAViL.

The endo-1,4-D-xylanase produced bl. virensstrain CTGxAviLwas not as stable
as the endo-1,8-D-xylanase secreted by our strainS#rocladium Its optimal temperature
is lower (40-56C). The enzyme only shows 40% of activity af@Q@vhile this temperature
was shown to be optimal for the str&arocladium The destructive effect of temperature is
also stronger for the straifrichoderma The residual activity is about 60% after a hegatin
time of 30 minutes at 5@, while no activity remains when the temperatnreéases to 6C.
However, the cellulase froifrichodermahas been shown to be more resistant to temperature
The optimal temperature is . The enzyme keeps about 90, 50 and 20% of itstycifter
a heating duration of 30 minutes at 40, 50 arfiC6éespectively. The cellulases produced by
our strains oSarocladiumandTrichodermashow close characteristics regarding the effect of

temperature and optimal temperature conditions.
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VI1.3.5. Zymographic assay and protein analysis

Xylanases and cellulases were analyzed through ogsaphy. Xylan and
microcrystalline cellulose were tested in orderde&tect xylanase and cellulase activities.
Samples were collected from culturesTofvirensstrain CTGxAviL andS. kiliensestrain
CTGxxyl containing a-cellulose as a carbon source. Samples stemming ftaltures
containing agro-residues have also been testeccdnttined too many types of proteins.
Cultures containing xylan would have been idealabse they enabled us to obtain good
cellulase and xylanase activities ($8gure 1). However, the presence of fine xylan particles
made the protein extraction very difficult. Cellsdaactivity was hardly detected by this
method (data not shown), but many fragments weeatified for both molds as regards
xylanases. Electrophoresis gels are showirigure 4. The most outstanding bands were
picked and six of them could be identified throug&iss spectrometry.

Some activity bands differ in apparent moleculaigive depending on the sample
preparation. This is caused by a more efficientughison of disulfide bonds and denaturation
when sample is boiled, resulting in the alteratidrthe total protein migration pattern (see
Figure 4 B). However, the renaturation and refolding of pirgeafter SDS-PAGE in order to
show the enzymatic activities is more critical whibe sample has been boiled [40]. Under

such conditions, a loss of activity is possible.
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Figure 4. A —Zymogram of the xylanases produced by the m8ldsiliensestrain CTGxxyl and. virensstrain CTGXAVviL.
Row L : molecular weight markers. Row S : Culture sl@mgf S. kiliensestrain CTGxxyl. Row SB : Culture sample $f
kiliense strain CTGxxyl after heating at 98 (3 minutes) before migration. Row T : Culture sampél. virensstrain
CTGxAviL. Row TB : Culture sample df. virensstrain CTGxAVviL after heating at 96 (3 minutes) before migrationB-—
Detection of total proteins in the samples by CoamieaBrilliant Blue. Row L : molecular weight markeRow S : Culture
sample ofS. kiliensestrain CTGxxyl. Row SB : Culture sample 8f kiliensestrain CTGxxyl after heating at 96 (3
minutes) before migration. Row T : Culture sampleToVirensstrain CTGxAviL. Row TB : Culture sample &t virens
strain CTGXxAVviL after heating at 96 (3 minutes) before migration. Arrows indicate tfi or excised bands (all activity

bands have not been excised). Numbers associagetbtas indicate identified protein (séable 3).
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Table 3. Protein identification from tandem mass spectroynanalysis (MALDI-TOF-TOF) of trypsin digested aaty
bands and corresponding Coomassie Brilliant Bluexsthbands. Attributed numbers (N°) are indicated-igure 4. N =
Number. Sc = Score, defined as -10%gg), P is the probability that the observed masch iandom event. Pep = number of
masses matched to this protein/total number of esasbserved for this band. Mw = Molecular Weighthaf protein match
(source : database where protein is identified), RMBoot Mean Square, the square root of the meaarsqgleviations
(between the observed and theoretical masses), Clawverage rate of matched peptide sequences commapedtein hit
sequences. Peptide seq (MS/MS) = sequence(s) tiflpepits identified by the analysis of fragmeindésn precursor ions.

N Protein ID (PMF) Sc Pep Mw RMS Cov Peptide seq (MS/MS) Sc

(ppm) (%)

XYN_TRIHA: Endo-1,4-beta-xylanase
1 54 4/38 | 20691 14 42 VNQPSIIGTATFYQYWSVR 99
of Trichoderma harzianum

XYN_TRIHA: Endo-1,4-beta-xylanase
2 57 6/50 | 20691 10 35 VNQPSIIGTATFYQYWSVR | 167
of Trichoderma harzianum

WLVGFDR
gi|2791278: beta-xylosidase

. . 38 8/78 | 87479 19 13 LSIPIPVSALAR 187
of Hypocrea jecorina

TLIHQIADIISTQAR

XYN_TRIHA: Endo-1,4-beta-xylanase
4 53 5/41 | 20691 11 34 VNQPSIIGTATFYQYWSVR | 142
of Trichoderma harzianum

XYN_TRIHA: Endo-1,4-beta-xylanase
5 59 | 4/28 | 20691 15 42 /
of Trichoderma harzianum

XYN_TRIHA: Endo-1,4-beta-xylanase
6 61 4/51 | 20691 13 42 VNQPSIIGTATFYQYWSVR | 119
of Trichoderma harzianum

No protein fromSarocladiumcould be correctly identified, probably owing toet
lower characterization of this genus in contrasttichoderma(respectively 33 and 49243
results for protein sequences in NCBI). Activitynda 1 and 6 were identified as the same
endo-1,4B-D-xylanase as the one in bands 2, 4 and 5 thduglolbserved molecular weight
does not correspond to this enzyrkgg(re 4 A and B). A multimer formation or a strong
interaction with other proteins could be the canfssuch an observation. However, a peptide
from MS/MS data (common in bands 1, 2, 4 and 6)dcde retrieved in many xylanases,
varying in size and taxonomy, after BLAST analysi&djustment of Mascot search
parameters did not identify xylanases accordingh® apparent molecular weight. Such
adjustments (database : NCBInr Fungi; peptide reass tolerance : 35 ppm) were used to
analyze band 3 and allowed a non-significant idieation of a p-xylosidase from
Trichoderma This identification was though confirmed by MS/M8&ta. Band 3 also showed
a slight activity on another zymogram using micystalline cellulose as a substrate (data not

shown).
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V1.3.6. Hydrolysis products of beech wood xylan and migrstalline cellulose

The following samples were tested : 4-day cultuenges fromS. kiliensestrain
CTGxxyl grown in the medium containing ROC ahdvirensstrain CTGxAviL grown in the
medium containingaC. Those substrates were chosen because they l¢ketdighest
enzymatic activities. Different dilutions were ttieand the enzymatic activities relating to the
different samples were determined by the methodsriteed before. The samples tested on
cellulose were not exploitable because the amoahtsligosaccharides were too weak.

However, it has been possible to detect many fragenaf xylo-oligosaccharidegigure 5).

Xylan extracted from beech wood is a polymer ofthemacetyl-(4-ortho-
methylglucurono)-xylan. These molecules containrtha@methylglucuronic acid substitutes
for approximately every 15 xylose residues [41]e Thasses of the fragments detected relate
to fragments of xylose oligosaccharides containihg4-ortho-methylglucuronic acid
substitute. Those masses appear above the pedkgheitnumber of xylose units in each
fragment. The absence of fragments correspondirgigomers without substitute leads to
the conclusion that no glucuronidase activity isquced by the molds. Such an observation
was also made in a previous article studying anagfigic Bacillus subtilisstrain ABGx under
the same conditions [31]. In that study, it wasgtds to observe a distribution of the
fragments under the form of a Gaussian curve. inppesent study, it was also possible to

show such a distribution.
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Figure 5. A —Mass spectrum obtained after the hydrolysis of begtan by the enzyme @&. kiliensestrain CTGxxyl at
different dilutions (3.13 L.U./ml, 6.75 L.U./ml, 38 1.U./ml, 12.5 L.U./ml). The exponents represé¢né¢ number of
methylglucuronic acids substituting the oligomdiise masses and numbers of xylose residues araiadiabove each peak
— B — Mass spectrum obtained after the hydrolysiseath xylan by the enzyme ®f virensstrain CTGxAviL at different
dilutions (125 I.U./ml, 250 I.U./ml, 375 1.U./mI0B 1.U./ml). The exponents represent the numbenethylglucuronic acids

substituting the oligomers. The masses and nundfergdose residues are indicated above each peak.

Our two strainsS. kiliensestrain CTGxxyl andrl. virensstrain CTGxAviIL show the
same enzymatic profile using the method of masstspeetry. Indeed, an endo-134b-
xylanase activity can be highlighted. The samptmsting from the culture of the strain

Trichodermashowed a stronger activity, leading to a highedrblysis and consequently
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smaller fragments of xylo-oligosaccharides. Howgwke spectrum relating to the sample
from Sarocladiumis comparable to the spectrum observed in theystdidacillus subtilis
strain ABGx [31]. In both studies, an endo-B4D-xylanase activity was clearly shown by

the method used, while we confirmed that no glueiglase was produced by our strains.
VI.4. Conclusion
Our work led to the following observations :

- It was possible to extract molds from the gut @& termiteR. santonensigArtificial
diets affect the consortia living in the intestifescause each strain was isolated from
a specific diet.

- The molds which were isolated®. kiliensestrain CTGxxyl andT. virens strain
CTGxAVvIL, showed different enzymatic activitiesizamylase B-glucosidase, endo-
1,44-D-glucanase, endo-1[8D-glucanase, FPcellulase activity and endoft[2-
xylanase.

- Agro-residues and purified polymers had a spea@fiect on enzyme production.
Surprisingly, the substrates which were used abocasources did not lead to an
increase of the corresponding enzymatic activity.

- Although cellulase activities were determined inthbonolds, the main enzymatic
activity was endo-1,$-D-xylanase. Maximal activities were 40.8 and 426./ml for
S. kiliensestrain CTGxxyl and'. virensstrain CTGXAVIL, respectively.

- On the basis of the substrates that were usednasgaand cellulase activities proved
to be interesting. Xylanases and cellulases weomadoto be mostly alkaline and
showed a very good thermal resistance. Such prepeare important as regards
industrial applications.

- Zymography revealed the existence of several fragrsiges as regards xylanases for
both molds, but some of those fragments provedtdain a partial specific sequence.

- Mass spectrometry has confirmed the presence a-g&p3-D-xylanase activity and
the absence of glucuronidase activity for each mold
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CHAPITRE VII.

Multiple analyses of
microbial communities
applied to the gut of the

wood-feeding termite
Reticulitermes flavipes ted
on artificial diets

Ce chapitre correspond a l'article intitdMultiple analyses of microbial communities
applied to the gut of the wood-feeding termite &iitermes flavipes fed on artificial diets”
(Cédric Tarayre*, Julien Bauwens*, Christel Mattéd€atherine Brasseur, Catherine Millet,
Jacqueline Destain, Micheline Vandenbol, Edwin Bew, Eric Haubruge, Frédéric Francis,
Philippe Thonart, Daniel Portetelle) actuellementrais a la revu&ymbiosis

*premiers co-auteurs
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Le concept de diete artificielle a déja été intibddans le chapitre précédent
(Chapitre VI). Celui-ci s’est focalisé sur I'étude complete dkux moisissures. Toutefois,
une approche multidisciplinaire peut étre appligad@tude de I'effet des diétes artificielles.

C’est I'objet du présent chapitre, qui peut étreaéposé en deux aspects :

- Il présente d’abord les divergences observées dasregpopulations microbiennes
issues des différentes dietes artificielles. Cedifitations ont été étudiées d’un point
de vue visuel au microscope, par une approche mbagque, protéomique et a
travers I'analyse différentielle du métabolisme descroflores a l'aide de
microplagues commerciales.

- Ensuite, il présente les différentes souches iscdepartir des diétes artificielles ainsi

que leurs activités enzymatiques.
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Résumé

Le but de ce travail était d'observer les difféesicentre les communautés
microbiennes vivant dans l'intestin des termiRsticulitermes flavipesourris a l'aide de
différentes diétes. Les termites ont été nourribae de peuplier (diéte originale) et de diétes
artificielles composées de cellulose cristallinee@ou sans lignine), @cellulose (avec ou
sans lignine) et de xylane. Ensuite, les termitets &é disséqués et les communautés de
protistes ont été analysées par microscopie, meaalat conclusion que les espéces de
protistes présentes sont fortement influencéesepatiétes. Les microplagues BIOLOG ECO
Microplate® ont été employées pour évaluer les pétgs métaboliques des différents types
de consortia, mettant en évidence de fortes diffé&e sur base d’'une analyse en composantes
principales et du calcul de taux de similitude. Ineisroflores ont été cultivées en milieux
liquides correspondant aux diétes artificiellesrandiétre caractérisées par métagénomique et
protéomique. La métagénomique a identifié 7 phylancpaux : Bacteroidetes
Proteobacteria Firmicutes  Actinobacteria Acidobacteria Verrucomicrobia et
Planctomyceteset il a été montré que les proportions ont &é influencées par les dietes.
La protéomique a été appliquée selon deux meéthdd&sentes, et chaque technique a
identifié des divergences entre les microfloreanbDigases de données ont été testées : la base
de données générale du NCBI (bacteria) et une dasnnées spécialement créée sur base
des informations propres aux intestins de termltesété possible d’isoler plusieurs souches
microbiennes a partir des milieux liquides, et lnaetérie et plusieurs moisissures se sont
révélées produire d’intéressantes activités enzygmed. La bactéri€€hryseobacteriunsp.
XAVLW a produit de lu-amylase, de Ig3-glucosidase, de I'endo-1f@tD-glucanase, de
'endo-1,48-D-xylanase et de la filter paper-cellulase, abpug les moisissureSarocladium
kiliense CTGxxyl et Trichoderma viren&CTGxAVvIL ont produit les memes activités en plus

de I'endo-1,38-D-glucanase.

Mots-clés :Biolog, diétes artificielles, métagénomique, protégue,Reticulitermes flavipes
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Abstract

The purpose of this work was the observation ofdifferences between the microbial
communities living in the gut of the termiReticulitermes flavipeted on different diets. The
termites were fed on poplar wood (original diety antificial diets consisting of crystalline
cellulose (with and without lignin)g-cellulose (with and without lignin) and xylan. The
termites were then dissected and the protist contrasiwere analyzed through microscopy,
leading to the conclusion that protist speciesstéiengly influenced by diets. BIOLOG ECO
Microplates® were used to assess the metaboliceptiep of the different types of consortia,
highlighting strong differences on the basis ohpipal component analysis and calculation of
similarity rates. The microflora were cultivatedliguid media corresponding to the artificial
diets before being characterized through metageseorand proteomics. Metagenomics
identified 7 main phyla :Bacteroidetes Proteobacteria Firmicutes Actinobacteria
Acidobacteria Verrucomicrobiaand Planctomycetesand the proportions were found to
depend strongly on the diets. Proteomics was applieording to two different methods, and
each technique identified strong differences betwd#e microflora. Two databases were
tested : the general database of NCBI (bacterid) amomemade database created on the
basis of data specific to termite guts only. It vpassible to isolate several strains from the
liquid media, and one bacterium and several fungrewfound to produce interesting
enzymatic activities. The bacteriu@hryseobacteriunsp. XAvLW produced-amylase 3-
glucosidase, endo-1HD-glucanase, endo-1p+HD-xylanase and filter paper-cellulase, while
the fungiSarocladium kiliens€TGxxyl andTrichoderma virensSCTGxAviL generated the

same activities added with endo-B;®-glucanase.

Keywords Biolog, artificial diets, metagenomics, proteomiggticulitermes flavipes
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VII.1. Introduction

Lignocellulose, the main component of plant biomasss become a capital raw
material as regards bio-fuel production [1]. Plaioimass is commonly composed of 45% of
cellulose, 25% of hemicelluloses, 25% of lignin &% of other components [2]. In wood,
the concentrations in cellulose, hemicelluloses ligmin reach variable values of 38-50%,
17-32% and 15-30%, respectively [3]. Lignin is algematic component because it acts as a
barrier against the release of fermentable sugars biomass. These sugars can be used to
produce second generation bio-ethanol [4, 5]. Theire of lignocellulose causes problems
because of its high stability. Bio-ethanol prodoetrequires the hydrolysis of cellulose and
hemicelluloses, but these macromolecules are iediud a complex structure which makes
them inaccessible to chemical or enzymatic treatsaenndeed, lignin, cellulose,
hemicelluloses and other molecules are closelycestsa in a three-dimensional structure,
acting as a fortress against chemical and enzynaagnts. This molecular structure is a
significant limiting factor in the field of bio-e#imol production [6]. Consequently, it is
necessary to increase the hydrolysis efficiencgediilose and hemicelluloses. The research
of new enzymes could be a solution to that probleuat,the improvement of pretreatment

techniques is also required.

Some insects are able to degrade the lignoceltulosmplex. More specifically,
Blattodea (such as termites)Coleoptera and Orthoptera have been shown to degrade
carboxymethylcellulose. Crystalline cellulose isdesasily attackable and was shown to be
degraded byColeoptera Hymenoptera Lepidoptera and Orthoptera [7]. Wood-feeding
termites can digest up to 85 and 83% of glucosdl xylosyl residues from lignocellulose,
respectively [8]. This high hydrolytic potential mainly due to the microbial community
(bacteria, archaea, mycetes and protists) livinpendigestive tract of termites. Two different
types of termites are described. Higher termitebdrabacteria, archaea and mycetes, while
lower termites also harbor protistSome studies were achieved to characterize the
composition of the termite gut microflora, but atsaunderstand the relationship between the
different actors. Among them, Todaka et al. [9] duseetatranscriptomics and sequenced
cDNA stemming from protists living in the termiieticulitermes speratusrhis analysis
highlighted many cellulase and hemicellulase secgrsome of which were involved in
crystalline cellulose degradation [9]. It has besstablished that protists produce GHF7
exoglucanases and cellobiohydrolases, while themiter itself produces GHF9
endoglucanases [10]. A metagenomic analysis wasaglplied to the prokaryotic microflora
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of the termite Nasutitermes[11]. The study identified 700 unique glycosidedtolase
catalytic domains from 45 carbohydrate active gimailies, but other genes implicated in
other activities, such as nitrogen fixation androgen synthesis, were also found [11]. Tartar
et al. [6] studied the hydrolytic potential Reticulitermes flavipesn the basis of two cDNA
libraries obtained from the host and the hindgumlsipnts. Glycoside hydrolase gene families
were found, acting on cellulose, hemicellulosephalcarbohydrates and chitin. Cellulases
were identified in both cDNA libraries, while heralulases were rather identified in the
symbiont cDNA library. The termite itself was alemund to produce detoxification enzymes :
laccase, catalase, peroxidase, superoxide dismuad®xylesterase and cytochrome P450.

Phenoloxidase activity was produced by both syntbiand host tissues [6].

The termiteReticulitermes flavipes lower termite, can be considered as similai wit
R. santonensig12]. This insect produces endogenous enzymesatt®n of which is
combined with the one of microbial enzymes. Theifams are complementary but occur in
specific locations, and lead to the destructiontted lignocellulolytic complex [6]. It is
considered that the host and symbiont-derived emsyatcount for about 1/3 and 2/3 of
lignocellulose degradation in this termite, respety [13]. Boucias et al. [14] studied the
hindgut lumen microflora through pyrosequencing S V5-V6 amplicons. This
methodology led to 99.9% of bacterial sequencedevihl1% of the sequences were found
to belong to archaea. The main bacterial phyla vgieochaeteq24.9%), Elusimicrobia
(19.8%),Firmicutes(17.8%),Bacteroideteg14.1%),Proteobacteria(11.4%),Fibrobacteres
(5.8%), Verrucomicrobia(2.0%), Actinobacteria(1.4%) andTenericutes(1.3%). The study

also highlighted the effect of environment on theroflora composition [14].

The objectives of the present study were multigdeificial diets were tried on
Reticulitermes santonensi©ur first purpose was to identify the effect dfose diets
(microcrystalline cellulose, microcrystalline cédise and ligning-cellulose,a-cellulose and
lignin, xylan) on the original symbiotic protist monunity. We also wanted to evaluate the
effect on bacterial and fungal communities. Thea,assessed the modifications of metabolic
properties developed by the bacterial and fungatrafiora by using BIOLOG ECO
Microplates®. We also tried to cultivate the diffat consortia, taking account of the fact that
this step induces a selection among the originalmaanities, since most microorganisms are
not cultivable. We dissected termites grown on thierent diets and cultivated their
microflora in the corresponding liquid media. Thempteomics and genomics were used on

the different cultures to highlight the differenagamicroflora between the different samples.
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Finally, we also tried to isolate bacterial anddahstrains from our cultures and assessed

their enzymatic activities.
VII.2. Methods

VI1.2.1. Organisms

Reticulitermes flavipes (KollarfRhinotermitidag¢ was obtained from the Island of
Oleron (France). The termites were grown in darkrets2?C with a relative humidity of
70%. The termites were first fed on pinewood, gedigueplaced by poplar wood. Artificial
diets were then used to boost the xylanolytic aglthiolytic strains living inside the termite
guts. They were prepared in solid agar medium. Bitéicial diets were tried : Diet 1 (agar
15g/l, B-sitosterol 0.6g/l, microcrystalline cellulose 2d0gotation :Av), Diet 2 (agar 154/,
B-sitosterol 0.6g/I, microcrystalline cellulose 180dignin 50g/l, notation :AvL), Diet 3
(agar 15¢/IB-sitosterol 0.6g/lp-cellulose 200g/l, notationa), Diet 4 (agar 15g/-sitosterol
0.69/l, a-cellulose 150g/l, lignin 50g/l, notationalL) and Diet 5 (agar 15g/B-sitosterol
0.69/l, beech wood xylan 200g/l, notatioX). The original diet (poplar wood) is not&d.

VII.2.2. Observation of protist communities

The hindguts of termites fed for 6 weeks on aitfi diets were dissected after being
chilled on ice, torn in a drop of solution U [18jnd observed under microscope until 400X
magnification. For each diet replication, 6 termit@ere observed. Relative abundance of

protist species was estimated after 10 minutebséwvation.

VI1.2.3. Metabolism assessment of the different microbaahmunities by BIOLOG ECO
Microplates®

25 termites of each diet (original and artificiare washed in ethanol, then water and
held with two dissection forceps. The digestivectsavere then extirpated and the hindgut
sections were put in tubes containing 20ml of EeNaCl solution (9g/l), about 100
autoclaved glass beads (1mm) and 8.5g of cati@sim (DOWEX, 20-50 mesh). The tubes
were agitated for 2 hours atGbefore centrifuging the suspensions at 800g finirfutes. A
first supernatant was obtained. The pellets weza Huded with 30ml of sterile NaCl solution
(99/1). The resulting suspensions were re-agitédedl. hour at 4C before centrifuging the
tube contents at 800g for 2 minutes. Those secopeérsatants were added to the first
fractions. The BIOLOG ECO Microplates® were inodath with the six supernatants
containing the different microflora in aerobic cdmhs. Each well was filled with 130ul

from the sample. Only the negative controls were:rthose were filled with a sterile NacCl
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solution. Each plate is composed of 96 wells, dairtg three repetitions of 32 wells. Each

well contains a substrate combined with tetrazoliplore the reduction of which causes a
violet colouring. The intensity depends on the m@sjn of the carbon sources [16]. Three
microplates were used for one microflora, whicholwes 9 repetitions for each sample. The
evolution of the optical densities was determined dach substrate, taking account of the
negative controls. Next, a mean curve was calatilati¢h all substrates for each repetition.
These values are called “AWCD” (“Average Well Coevelopment”). The data relating to

a mean optical density of 0.3 were chosen for &urthnalysis. This value was selected
because it relates to the start of the growth &edcbnsumption of the substrate inside the
wells. After that, the optical densities relatirgall substrates of each repetition of sample
were divided by the corresponding AWCD. The ainthatt step is to normalize data [17]. The
values were further analyzed through two methode WMINITAB® program was used to

perform all statistical analyses.

Principal Component Analysis is a statistical tfarmsation of possibly correlated
variables into a set of artificial variables witlidinear correlation. With this method, each
repetition of sample is considered independent. Vidlees of the principal components are

calculated by the following expression.
Ci‘ = a’inl + -+ a}‘Xl] + -+ aanim

ck is the component k relating to the sample repetitiom!j is one of the m
parameters of the linear combination calculate@ &pecific parameter for each AWCD) and
Xim is the AWCD of the repetition i for the susbtrate This method is visual. It leads to
graphs showing the relation between the main ai@gomponents {icomponent versus'?
component, ¥ component versus®component, etc.). A graph showing a specific pmsit
for each group of sampled\, AvL, a, aL, X andW) means that a specific diet leads to a

specific metabolism.

The second method consists in calculating simylagates. Variance analysis requires
respecting application conditions. Consequentlynmathematic transformation of data is
necessary. A logarithmic variable transformatiolovas respecting normality tests and tests
for equal variances (p>0.05). A variance analys#s &pplied to the 6 diets (6 factors) for
each substrate. The Least Significant Differencst as used to investigate the significant

differences between the diets for each substratsimMarity rate of 100% between 2 diets
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means that there were no significant differenceaden the transformed data of all substrates

(p>0.05 for all substrates between those two diets)

VII.2.4. Cultivation of the consortia stemming from thariges fed on artificial diets

25 termites of each diet (original and artificialere washed in ethanol, then water
before extirpating the digestive tracts. The hirtdgrctions were put in flasks containing the
following liquid medium : KHPO, 2g/l, NH,Cl 0.2g/l, MgSQ.7H,O 1.54g/l, CaCGl2H,0O
1.1g/l, BO3; 2.86mg/l, MnC}.4H,O 1.81mg/l, ZnSQ7H,O 0.222mg/l, NaMo@2H,0O
0.39mg/l, CuS@5H,0 0.079mg/l, Co(NG), 0.031mg/l, pH 7 (derived from [18]). Each flask
also contained a specific carbon source, correspgndo the diets :Medium 1,
microcrystalline cellulose 10g/IMedium 2, microcrystalline cellulose 7g/l, lignin 2.35g/l -
Medium 3, a-cellulose 10g/l Medium 4, a-cellulose 7g/l, lignin 2.35 g/l Medium 5, beech
wood xylan 11g/I Medium 6, pinewood sawdust 10g/l. The flasks were agitatethrkness
at 30°C and the culture medium was replaced each week fioonths. Those flasks were used

as enrichment cultures. All experiments were aaden aerobic conditions.

VI1.2.5. Proteomic analysis

Culture samples were added with CHAPS (0,1%) armtepse inhibitor (Mini-
Complete, Roche) prior to sonication and centrifimga Proteins collected from the
supernatant were extracted using 2D Clean-up Wi KH@althcare) and were re-suspended in
rehydration buffer (8 M Urea, 2 M Thiourea, 0.5% (wol) CHAPS). Protein content was
guantified using RC DC protein assay kit (Bio-Rad).

The samples were digested by trypsin as followsoten pellet corresponding to 10
pg of total proteins was re-suspended in 100 [NIdfCO; 50 mM. Reduction was carried
out by adding 5 pul of dithiothreitol (DTT) 200 mMIH,COs; 100 mM and heating at 100°C
for 10 minutes. Next, 4 ul of alkylation solutianqoacetamide 1M, NICO; 100 mM) were
added and the sample was incubated for one howlaikness. Alkylation reaction was
stopped by adding 20 ul of reduction solution. Btge by trypsin was performed for 18
hours at 37°C. Trypsic peptides were analyzed bhgdm mass spectrometry, using a LC
(nano Ultimate 3000, Dionex) ESI-lon Trap (AmaZope&d ETD, Bruker Daltonics), in
positive ion mode. Database searches were perfousiad Mascot server and Protein Scape
(Bruker) on NCBI non-redundant (NR) “Bacteria” daa@se. Protein is considered identified
when matching at least 2 peptides (scores aboventhiding one peptide with score above
Mascot identity score. This filtering method allowsrking protein by protein. In order to
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adopt a more global approach in parallel, homolsgyred trypsic peptides were blasted
against NCBI NR “Bacteria” database. The resultsha&flse BLASTs were analyzed with
MeGAnNn 5 using default algorithm (lowest common &tce LCA) parameters. Only the
minimal support, i.e. the number of reads needetbtider the taxon present in the sample
was not.This parameter was set at 1 instead of 5, dueetdotit number of hits compared to
metagenomic analyses. The results were used to arenqultivated communities from a
taxonomic and functional point of view. A termitgesific database was designed including

all proteins matching the keyword “termite” in NCBiotein database.

VI1.2.6. Metagenomics applied to bacterial communities

The genomic analysis was achieved by Progenus®e (Bes Praules 2, 5030
Sauveniére, Belgium) on the different culture saaplTotal DNA was extracted with the
Nucleomag 96 Trace Kit (Macherey-Nagel) by usingiagfisher 96 (Thermo Scientific)
apparatus. Tag PCR was achieved with the followimgers : bact337 FwTn combined with
bact533 RKTn (with n = 1 to 6). The following PCRgramme was used : 2 minutes at®4
30 cycles consisting of 30 seconds di®4denaturation step), 30 seconds dCA@nnealing
step), 2 minutes at 88 (elongation step), and a final elongation of 3Gutes at 68C. The
different samples were diluted to obtain a DNA amtcation of 20ng/pl before mixing them
in an eppendorf. The mix was purified with the Higlre PCR Product Purification (HP040)
Kit. The amplicons were end-repaired and purifiedhwhe lon Plus Fragment Library
(IPFLOO3) and Agencourt AMPure XP Kits. The methads derived from the Short
Amplicon Prep lon Plus Fragment Library Kit. Themeakits were used for the ligation of
adapters, nick-repair, amplification and purificatisteps. The preparation before sequencing
was achieved with the OT2-001 Kit in accordancenhwviite method described in the ION
PGM template OT2 200 Kit. lon semiconductor sequenovas used to identify the
sequences. DNA fragments were fixed to DynabeadsfDm¢™ Streptavidin C1. The
method is the one described in the lon PGM template200 Kit. The sequencing reaction
was done with the SV2-001 Kit by using the methedaiibed in the ION PGM Sequencing
200 Kit v2, adapted for lon 316 v2 chips. The raads obtained from the high-throughput
sequencing step were processed through two ditféiters in order to retain only the reads
with the highest quality, i.e. the ones with a loate of sequencing error. Firstly, reads
lacking a valid pool tag sequence were discardbd.tdig sequences were then removed from
the reads and, on the basis of the tag sequende read was assigned to the corresponding
sample. Secondly, reads shorter than 150 bp weregdirded. After the filtering step, the
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corrected sequences were assigned with the RDRifdagprogramme [19]. The number of
sequences corresponding to each identified rankdivasged by the total number of sequences
retained in the sample after filtering and mulepliby 100 to obtain a relative abundance

expressed as a percentage.

VII.2.7. Isolation and identification of the strains

The identification of the molds was achieved onlibsis of a morphological analysis
by the specialists of the mycotheque of the Unitiedf Louvain-la-Neuve (Batiment Kellner
ler étage, Croix du Sud 2 bte L7.05.06, 1348 LawaiNeuve, Belgium). Bacteria were
identified through 16S [rDNA sequencing. The unigkrsprimers SPO (5'-
GAAGAGTTTGATCCTGGCTCAG-3') and SP6 (5-CTACGGCTACUGTTACGA-3)
were used to amplify the sequences. The ampliinagtep consisted of 5 min of denaturation
(94°C), 35 cycles of amplification composed of 30 94C, 60 s at 5C, 90 s min at 7L,
and a final extension of 10 min at®@2 PCR products were used for the sequencing cacti
Sequencing was achieved by Progenus® (Rue deseBraub030 Sauveniére, Belgium) with
a Genetic Analyzer 3130 designed by Applied Bicmysi®. The sequences were aligned
with the Vector NTI® program and the homologous ussges present in the GenBank
database were identified using the NCBI (Nationaht€r for Biotechnology Information,

http://www.ncbi.nIm.nih.gov/) BlastN program [20].

VI1.2.8. Investigation of enzymatic activities on agar ptat

The following enzymatic activities were testednde-1,48-D-xylanase,a-amylase,
endo-1,38-D-glucanase, endo-1ftD-glucanase, filter paper-cellulase activity arfd
glucosidase. The following basic medium, derivemhfr[21], was prepared for all the assays
exceptp-glucosidase : agar 17g/l, NaNQg/l, MgSQ 0.5¢g/l, KCI 0.5 g/l, casein peptone
0.2g/l, HBO; 2.86mg/l, MnC4.4H,0 1.81mg/l, ZnSQ7H,O 0.222mg/l, NaMo@2H,0O
0.39mg/l, CuS@5H,0 0.079mg/l, Co(NG), 0.031lmg/l. Two series of experiments were
achieved : pH5 and pH7 (with phosphate buffer aimbf). Different substrates were used in
accordance with the enzymatic activity consideredAZCL-amylose medium 0.5g/l,
(Megazyme, for detection efamylase), carboxymethylcellulose 2g/l (for detaatof endo-
1,44-D-glucanase), AZCL-curdlan medium 0.5g/| (for dwien of endo-1,3-D-glucanase),
mixed tork paper 2.2g/l (filter paper-cellulase inaty), AZCL-xylan medium 0.5¢/I
(Megazyme, for detection of endo-134>-xylanase). The following medium was used to
detectp-glucosidase activity : casein peptone 8g/l, eacsksquihydrate 1g/l, ammonium

ferric citrate 1g/l, agar 17g/l, pH 7.4. First, th&cteria and molds were respectively cultivated
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in rich liquid medium (glucose 20g/l, casein pegdiOg/l, yeast extract 10g/l) and potato
dextrose broth for 24 hours. Then, 60ul of cultwere dropped on each agar medium (3
repetitions). Filtered commercial enzymes were w@asedositive controls, and filtered distilled
water was used as a negative control. The plates imeubated at 3C in darkness. The
plates were revealed after 3 days. The revelatioth® plates containing tork paper and
carboxymethylcellulose was made by flooding thagsavith Gram’s iodine, in accordance
with the method described by Kasana et al. [21].

VI1.3. Results and Discussion

VI1.3.1. Effect of artificial diets on protist communities

Microscopic observation of termite hindgut revealalferation of the flagellate
populations balances. Influence of the polymeraratiegree of cellulose on the flagellates’
populations in the gut d@optotermes formosaniShiraki) has previously been described by
Tanaka and colleagues [22]. Effect of lignin in atificial diet was also investigated in a
previous study [23]. Here we described modificadiaf populations balance on a more
complex community, depending on multiple carbonresesi Table 1). As previously
observed, presence of free lignin in the diets ceduhe populations of Pyrsonympha species.
Hemicelluloses seemed to favor small flagellateSpgisonympha kofoidand other species
(Trichomitus trypanoidedMicrojoenia fallaxandMonocercomonas spin contrast to larger
species. A previous study [24] involvingrichonympha agilisin cellulose digestion is
supported by our observation$.:agilis population was strongly reduced or disappeareg onl
when termites were fed on xylan diet and this sggewias the only one to show such a strong
effect. In general, xylan, or more precisely theaalze of cellulose in the diet, resulted in loss
or strong decrease of several flagellate specigs.c@ntrast, non-spirochaete bacterial

presence seemed increased further to the xylan diet
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Table 1.Relative abundance of flagellates species in thefdifferentially-fed termites (/ : absence orywéow abundance,
+ to +++ : low to high abundance, respectively). ADiet 1 (microcrystalline cellulose), AvL = Di&t (microcrystalline
cellulose and lignin), a = Diet 3i{cellulose), al = Diet 4o-cellulose and lignin), X = Diet 5 (xylan), W = Dié (poplar
wood). During 10 minutes of observation, the livegaration was observed under a microscope andtyated by 40
"stops", corresponding to an observation poinat lieast one representative of a species was azséom 51% to 100% of
the stops, this species was considered as abuean). The "+" and "++" indications refer to speziwith at least 1
representative observed from 5 to 25% and fromo28086 during the stops, respectively. When a spesias observed no

more than twice, it was considered to be very lbwralant or absent and noted "/".

Flagellates Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 Diet 6
Dinenympha fimbriata ++ ++ +++ ++ / +++
Dinenympha gracilis + + + ++ + +
Spirotrichonympha flagellata — ++ ++ + +++ ++ ++
Trichonympha agilis +++ +++ ++ +++ + +++
Spironympha kofoidi + + + + +++ +++
Holomastigotes elangatum / + + ++ ++ ++
Pyrsonympha vertens +++ + +++ ++ / +++
Pyrsonympha major +++ / +++ + / +++

VI1.3.2. Investigation of metabolic activities developedhsy consortia

The graphs showing the principal component analygdied to the consortia living
inside the termite guts are shown in Figlifg B andC. Figure 1A represents the first two
principal components. The groups relating to thesoatia extracted from the termites fed on
Diets 1 and 3 are dispersed on the graph. Thisnadisen is due to a lower cell concentration
in the samples. Indeed, termites fed on microchys¢acellulose and-cellulose had smaller
digestive tracts than termites fed on the othetsdi@onsequently, repeatability is not as good
as in the other samples. However, it is possibleighlight some groups in the graph. The
principal components corresponding to the termitss on wood are concentrated by the
coordinates (-2.5; 5.5), while the principal comeots corresponding to xylan,
microcrystalline cellulose added with lignin angtcellulose added with lignin are

concentrated by the coordinates (1; 5).

These results highlight a strong difference of abhelism between the original
consortium and the consortia corresponding to D2etd and 5. Surprisingly, those 3 diets
show the same profile of metabolic activities, adowy to this first principal component

analysis.
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Figure 1A. Graph showing the first two principal componenfmpleed to the data of all microflora. Av = Diet 1
(microcrystalline cellulose), AvL = Diet 2 (micrgatalline cellulose and lignin), W = Diet 6 (poplaood), X = Diet 5

(xylan), a = Diet 3¢-cellulose), al = Diet 4df-cellulose and lignin).

Another matrix was established without considetimg values of Diets 1 and 3. The
aim of this step is to delete the data which brniognformation and focus on data relating to
Diets 2, 4, 5 and 6. The graph is showrFigure 1B. The wood diet still remains separated
from the other diets. It is possible to observeffem@nce in the repartition of those diets. The
samples stemming from Diet 2 (microcrystalline welbe and lignin) correspond to the
coordinates (-0.5; 3.5), while the samples of Qiét-cellulose and lignin) correspond to the
coordinates (-0.5; 5). The xylan diet seems to éémMay between Diets 2 and 4, and the
distribution of the samples is more variable. Témoval of data corresponding to Diets 1 and
3 enabled us to highlight the differences betwemtd®?, 4 and 5.

This graph also shows the strong difference betvihe metabolic pathways of the
original consortium and the artificial consortiapfar wood is composed of a lignocellulosic
complex, while the other substrates are purifielympers. Consequently, the accessibility to
the substrate is different and can explain thistogieneity. Moreover, poplar wood is a
natural wood and contains other components thdalasé or xylan. Free lignin (in Diets 2
and 4) can have a toxic effect on the original ofiora, and this molecule is less accessible
in natural wood. Those differences can affect thamosition of the microflora, leading to the
modification of the metabolic pathways which arseved here. Surprisingly, xylan seems to
lead to metabolic properties which are very clas¢hbse corresponding to Diets 2 and 4,

containing free lignin. A significant differencercalso be observed between Diets 2 and 4.
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Both contain lignin and cellulose, but the type caflulose is not the same (crystalline
cellulose in Diet 2 andx-cellulose in Diet 4). Commerciat-cellulose usually contains
cellulose and other polymers, which may affectabeaposition of the microflora.
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Figure 1B. Graph showing the first two principal componergpleed to the data of the microflora after removihg Diets 1
and 3. AvL = Diet 2 (microcrystalline cellulose alighin), W = Diet 6 (poplar wood), X = Diet 5 (>a#h), al = Diet 4 ¢-

cellulose and lignin).

The first and third principal components can beduse well to highlight differences.
The first, second and third components are the ramgtificant and include the biggest
fraction of variability between the sampl&sgure 1C shows the values of the first and third
principal components without considering the resoltained with Diets 1 and 3. One more
time, it is possible to show the specificity of teemples corresponding to Diet 6 (wood).
However, the other three diets are more changdhhbte before. This seems logical because
the first and the second components are the mgsiriant and represent the main fraction of
variability. In conclusion, our principal componeanalysis suggests the existence of
differences between the consortia stemming fromh ediet. The analysis of variances
followed by the calculation of similarity rates &hes to investigate deeper into these

differences (se&able 2).
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Figure 1C. Graph showing the first and third principal comgots applied to the data of the microflora aftenaeing the
Diets 1 and 3. AvL = Diet 2 (microcrystalline cdtlee and lignin), W = Diet 6 (poplar wood), X = D (xylan), al = Diet 4
(a-cellulose and lignin).

Table 2. Similarity rates calculated between the microflotztained by the different diets applied to tersiitBiet 1 =
microcrystalline cellulose, Diet 2 = microcrysta#i cellulose and lignin, Diet 3e=cellulose, Diet 4 =-cellulose and lignin,

Diet 5 = beech wood xylan, Diet 6 = poplar wood.

Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 Diet 6
Diet 1 100.0 194 51.6 58.1 64.5 35.5
Diet 2 194 100.0 48.4 74.2 77.4 25.8
Diet 3 51.6 48.4 100.0 64.5 64.5 29.0
Diet 4 58.1 74.2 64.5 100.0 83.9 25.8
Diet 5 64.5 77.4 64.5 83.9 100.0 25.8
Diet 6 35.5 25.8 29.0 25.8 25.8 100.0

The figures show the strong differences betweerotiggnal diet (poplar wood) and
the artificial diets. This observation was also madth the principal component analysis.
However, similarity rates are based on variancayaisa while principal component analysis
is based on a data transformation. A strong diffeeeexists between Diets with and without
lignin, such as Diet 1/Diet 2 and Diet 3/Diet 4.idtalso possible to show the difference
between the metabolic properties of the consotéensiing from Diets 1 and 3. Similarity
rates allow demonstrating the significant differenbetween the microflora, but it is possible
to analyze the metabolism of each substrate, onengy Some of them provide useful

information about the degradation of cellulose atiter molecules.
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BIOLOG ECO Microplates® contain 31 substrates apoading to nitrogen and
carbon sources B-methyl-D-glucoside, D-galactonic acig-lactone), L-arginine, pyruvic
acid methyl ester, D-xylose, D-galacturonic acidadparagine, Tween 40, i-erythritol, 2-
hydroxybenzoic acid, L-phenylalanine, Tween 80, Bamitol, 4-hydroxybenzoic acid, L-
serine, a-cyclodextrin, N-acetyl-D-glucosamine;y-hydroxybutyric acid, L-threonine,
glycogen, D-glucosaminic acid, itaconic acid, glykyglutamic acid, D-cellobiose, glucose-
1-phosphategp-ketobutyric acid, phenylethylamine;D-lactose, D,Le-glycerol phosphate,
D-malic acid and putrescin. There were no significdifferences between the optical
densities measured on the following substratgsnethyl-D-glucoside, D-galacturonic acid,
4-hydroxybenzoic acid and Dd-glycerol phosphate. Consequently, the artificigtsl had
no significant effect on the global metabolism ladge carbon sourcegsmethyl-D-glucoside
is a substrate which can be used to ddiegiticosidase activity. The hydrolysis is based on a
double displacement mechanism involving two cartioxycids [25]. In our casep-
glucosidase activity on this substrate was notedidy the artificial diets, and the enzymatic
activity was high because the optical densitiesevabose to 3-4 (for an AWCD of 0.3). This
observation seems logical as regards microflorasireg from the gut of termites, able to
digest wood and cellulose very efficiently. In tlisse p-glucosidase activity does not seem
to be affected by Diet 5 (xylan), although this swéte does not contain cellulose. D-
galacturonic acids a monomer found in pectins and can be metaliblige prokaryotes
through three metabolic pathways [26]. Optical derss were also high for this substrate,
which means that D-galacturonic acid is easily inatiaed by all microfloras. In contrast, the
metabolism of 4-hydroxybenzoic acid was very lovithvoptical densities of about 0.3. This
molecule is an aromatic compound mostly degradedenobic conditions by both bacteria
and archaea [27]. Inside the gutRf santonensjghe results show that this substrate is not
metabolized efficiently. The degradation of monatmaybenzoic acids also provides an
indication of the degradation of aromatic hydrocady aromatic dicarboxylic acids and
phenolic compounds such as lignin [28]. As regdindls substrate, the results show that pure
lignin (in Diets 2 and 4) does not stimulate theligbto degrade aromatic molecules.
Glycerol-phosphate is very important to bacterial amcheae because it is used in the
synthesis of the lipids constituting the cell meart@s [29]. This molecule is metabolized by
most microorganisms, and it is not surprising teestse high optical densities (1.5-2) coupled
with strong substrate consumption for an AWCD & 0.
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Significant differences were observed between therosubstrates according to the
diets. Among those substrates, some are interestingnalyze. D-xylose is the main
component of hemicelluloses. Xylan, resulting frtime polymerization of xylose, is more
easily attackable by enzymes than cellulose. Bactean metabolize D-xylose through the
pentose phosphate pathway [30]. Optical densi#d&¥ (D : 0.3) were higher for diets 2, 5
and 6 (about 0.5) than the other diets. Xylose bwdtsm, initially present in the initial
microflora, was conserved with xylan and microcallste cellulose added with lignin.
However, the ability significantly decreased withetother substrates, meaning that the
metabolism was altered by those diets. The methadf D-cellobiose is quite interesting too
because this molecule is a product of hydrolysisceffulose. This disaccharide can be
hydrolyzed by extracellulaB-glucosidase, but it can also be transported bynpases. The
glycosidic bond is hydrolyzed, leading to gluco$®gphate and glucose. Those common
sugars can be metabolized by most microorganis®is [2 our study, D-cellobiose was an
excellent carbon source for all consortia. The im@tam was improved by using crystalline
cellulose, while it decreased by using the othetsdiThis high degradation seems logical
because termites fed on lignocellulosic materiafsctv contain cellulose. Optical densities
(AWCD : 0.3) reached maximal values of 4. Crystalicellulose seems to be a good
substrate to stimulatp-glucosidase activity, although this effect was observed with3-
methyl-D-glucoside. Glucose-1-phosphate is anothmortant substrate. Surprisingly, the
metabolism of glucose-phosphate is less strong thanone observed with D-cellobiose,
probably because of an inhibiting effect of glucosedeed, D-cellobiose leads to a
progressive hydrolysis, which decreases the fraeogke concentration in solution. Another
explanation could be the transportation of cellsbiby the permeases, which would be more
efficient than the direct use of extracellular glse-1-phosphate as a carbon source. In this
study, the metabolism of glucose-1-phosphate sagmfly decreased with the artificial diets,
even with crystalline cellulose. Glucose-1-phosphiat usually converted into glucose-6-
phosphate before being metabolized by the EntneddDmff metabolic pathway and the
pentose phosphate pathway [31]. The case-Dflactose can be compared with glucose
because this disaccharide is hydrolyzed into gasecand glucose. Galactose can easily be
turned into glucose-1-phosphate, followed by gleeégphosphate [31]. The metabolismuef
D-lactose was improved by the artificial Diets 1,4 and 5, but no improvement was
observed witha-cellulose as a diet. A considerable heterogenedyg observable with the
detergents Tween40® (polyoxyethylene sorbitan mahopate) and Tween80®

(polyoxyethylene sorbitan monooleate). Lignin andellulose improved the metabolism of
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those molecules. This effect may be due to theepias of other polymers in commercial
cellulose, such as xylan and mannan [32], whilaitignay have a positive effect coming
from its hydrophobicity. The case of 2-hydroxybeinztan be compared to 4-hydroxybenzoic
acid. Both substrates provide information aboutrttegabolism of aromatic compounds like
lignin, and their metabolism is totally differentcarding to the diets. Artificial diets 1, 2, 4
and 5 increased the ability to degrade 2-hydroxgbenacid, while no significant difference
was observed with 4-hydroxybenzoic acid. This okegon shows the importance of the
molecular structure and the relative position @ tlarboxyl and hydroxyl groups. Crystalline
cellulose also led to a better metabolism titarellulose. However, the optical densities were
relatively low (0.1-0.3), and the metabolism ofstlsubstrate was limited. The caseoef
cyclodextrin is interesting because this type ofmponent can only be hydrolyzed by
cyclomaltodextrinases. They are composed of a@l,4)-connected glucosyl units.
Cyclodextrins are characterized by a strong resistdo a multitude of glycosyl hydrolases
[33]. The metabolism of this carbon source wasiigantly improved by the artificial diets.
Lignin also improved that metabolism because thecalpdensities were significantly higher

in the consortium corresponding to Diet 2 tharhie dne corresponding to Diet 1.

The other substrates are mostly molecules contaibath carbon and nitrogen, such
as amino-acids. Some of them contain aromatic syilee lignin), such as L-phenylalanine
and phenylethylamine. The metabolism of L-phenyl@a was significantly improved by
using the Diets 2, 3, 4 and 5, while no differemees observed with crystalline cellulose.
Phenylethylamine can be metabolized into phenyilaeatid, which can be used by many
bacteria [34]. Phenylethylamine also contains ammatic cycle like phenylalanine. The

metabolism of that subtstrate was also signifigaintiproved by the artificial diets.

Those observations show that the artificial dietsdified the metabolism of the
original microflora significantly. The degradatiah D-cellobiose depends dirglucosidase
activity, and was significantly improved by usingliat containing crystalline cellulose, while
a-cellulose and xylan had a negative effect on thettabolism. The metabolism pfmethyl-
D-glucoside, another substrate the hydrolysis atiwkiepends ofi-glucosidase activity, was
not altered by the artificial diets, meaning thet tolecular structure of the substrate is very
important. The metabolism of xylose, main comporténtylan, was conserved with the diets
composed of xylan and crystalline cellulose/lignithis shows the complexity and the
interconnections between the different metabolithways. It also shows that the artificial

diets may be used as inducers of specific enzyraativities.
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VI1.3.3. Metagenomic and proteomic analyses on microbiatrooinities after the enrichment
step
The method employed here to identify the microoigyas growing in the artificial
culture media cannot be considered as metagenatrice sensu. Indeed, metagenomics is
defined as the analysis of genetic materials diréatm environmental samples without any
culture segregation [35]. In our case, we have @mnds apply a metagenomic method to
cultures in order to identify the differences betwehe resulting consortia, taking account of

the effect of cultivation.

The total number of sequences which was retaireddifferent for each diet : 66,000;
31,000; 126,000; 96,000; 94,000 and 82,000 fordiet2, 3, 4, 5 and 6, respectively. The
number of sequences corresponding to the diffguagla is listed inTable 3. Seven main
phyla were identified in the different cultures amédmmon to the different diets :
Bacteroidetes Proteobacteria Firmicutes Actinobacteria Acidobacteria Verrucomicrobia
andPlanctomycetes
Table 3. Total number of sequences assigned to the diff@eyla according to the cultures coming from tiféedent diets.

Diet 1 = microcrystalline cellulose, Diet 2 = micrgstalline cellulose and lignin, Diet 3o=cellulose, Diet 4 =-cellulose
and lignin, Diet 5 = beech wood xylan, Diet 6 = faopvood.

Phylum Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 Diet 6
Bacteroidetes 28080 11905 102527 12172 82063 7050
Proteobacteria 28898 18038 21890 83870 10222 74155
Firmicutes 6580 91 80 89 106 142
Actinobacteria 2355 14 968 15 712 278
Acidobacteria 5 646 - 1 448 121
Verrucomicrobia 60 12 16 361 178
Planctomycetes| 36 3 57 2 221
Others 21 - 79 4 24 24

In Reticulitermesspecies, it has been established that the bdctdnarsity is
distributed over more than 15 phyla. The main phgta Spirochaetes Bacteroidetes
Firmicutes and the Termite Group 1 phylum comprising togetiigout 80% of the total
bacterial community [5]. The study of Boucias et Hl4] was based on a 16S rRNA
sequencing like the present study. That work cateduthat the bacterial microflora in the
hindgut lumen ofR. flavipes was mainly composed oEpirochaetes Elusimicrobig

Firmicutes BacteroidetesProteobacteria Fibrobacteres Verrucomicrobia Actinobacteria
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and Tenericutesincluding 98.5% of the total bacterial diversifisher et al. [36] analyzed
16S rRNA sequences extracted frénsantonensiand identified six major bacterial phyla :
Proteobacteria SpirochaetesBacteroidetesFirmicutes Actinobacteriaand Endomicrobia
corresponding to the former Termite Group 1 phyludowever, 16% of the sequences
belonged to bacteria sharing less than 90% of iigemtith known bacteria recorded in
GenBank. Those sequences may come from non-deddvdsterial genera [36]. Yang et al.
[37] achieved an analysis of 16S rRNA from diffdremcrobial fractions extracted from four
different compartments iR. santonensis midgut, protozoa, hindgut fluid and hindgut wall.
In the hindgut fluid fraction, they found sequenbetonging to the phylgirmicutes(31.6%),
Termite Group 1 (27.8%)Bacteroidetes(20.3%), Spirochaetes(11.3%), Proteobacteria
(7.5%) and TM7 (1.5%). In our work, we have ideartifcultivable bacteria belonging to the
phylaBacteroidetesProteobacteria FirmicutesandActinobacteria previsously described in
the other studies. We have also found bacteria twblong to the phyl&cidobacteria
Verrucomicrobia and Planctomycetesnot found by the direct sequencing (16S rRNA)
method described before [5, 14, 36, Fhally, we have also identified minor phyla in our
cultures, cited in the previous studieSlusimicrobia(11 sequences all consortia considered
together), Spirochaetes (2 sequences),Fibrobacteres (2 sequences),Tenericutes (6
sequences), and TM7 (2 sequences). However, noeseguof the phylum TG1 was
identified. This observation sounds logical becatls® phylum TG1 (orEndomicrobida
consists of a majority of bacteria living inside titlagellates in the digestive tracts of termites
and wood-feeding cockroaches. However, a recerttysidentified the phylum in other

environments (rice soil, forest soil, river sedimeow rumen, etc.) [38].

The distribution of the different phyla correspamglito the microflora obtained from
the different diets is presentedkigure 2. TheFigures 3, 4 and5 show the distribution of
the differentclasses belonging to the phyBacteroidetesProteobacteriaand Firmicutes
according to the diets. The percentages were auatdig dividing the number of sequences in
each class by the total number of sequences comdsp to one specific microflora. In our
study, the main phylum identified in the consortiwesulting from the original diet was
Proteobacteria with about 90% of the total sequences. This olagiem was also made for
the consortia stemming from Diets 2 and 4, comtgrgiellulose and lignin. This combination
of substrates in the artificial diets is the mastikr to wood, containing cellulose, lignin and
hemicelluloses. This could explain the conservate@dnProteobacteriaas the dominant
phylum. Lignin is in the form of a fine powder imurocultures. However, its availability is
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much lower in wood because it is bound to cellulise hemicelluloses in the lignocellulosic
complex. Our cultures contain lignin which can selgnin-degrading bacteria resisting to its
toxic effects. Indeed, lignin has a negative efi@etmost bacteria because of the release of
phenolic compounds. However, most microorganisnhs &bhydrolyze lignin are fungi, not
bacteria [39]. Some bacterial genera have beenshowegrade lignin, such é&gromonas
Arthrobacterium Flavobacterium Xanthomonas Corallina, Torula, Nocardia and
Pseudomonasonsidered as the best lignin degrader. Someaaaticetes and cyanobacteria
can also hydrolyze lignin [40]. Other genera hagerbfound to degrade lignin more recently
: Bacillus, PaenibacillusandAneurinibacillus The lignin-degrading bacteria generally belong
to three main classes : actinomycetesproteobacteria andy-proteobacteria [41].
Surprisingly, the cultures containing lignin did tnimcrease the bacterial community of
actinomycetes, while crystalline cellulose;cellulose and xylan had a positive effect
compared with the original diet. Free lignin con&d in our cultures may have a toxic effect
because of too high concentration and availabiltgother point is that bacteria able to
hydrolyze lignin usually solubilize it to get ancass to cellulose and hemicelluloses, which
are their main substrates. Consequently, lignimotibe considered as a carbon source but
rather as a compound to remove [29]. In the cuitwentaininga-cellulose and xylan, the
dominant phylum iBacteroidetesThe diet composed of crystalline cellulose agdih led

to the highest concentration iAcidobacteria while bacteria belonging to the phylum

Firmicuteswere mostly found in the culture containing crifsta cellulose.

OProteobacteria
O Firmicutes

B Actinobacteria
O Acidobacteria
W Others

LW Vi
O =

Figure 2. Distribution of the different phyla according teetcultures obtained from the termites grown ondifferent diets.
a = Diet 1 (microcrystalline cellulose), b = Die{rRicrocrystalline cellulose and lignin), ¢ = Dig{a-cellulose), d = Diet 4

(a-cellulose and lignin), e = Diet 5 (beech wood xyld = Diet 6 (poplar wood).
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Figure 3. Distribution of the different classes belonginghe phylumBacteroidetesiccording to the cultures obtained from
the termites grown on the different diets. a = Oigmicrocrystalline cellulose), b = Diet 2 (micrgstalline cellulose and

lignin), ¢ = Diet 3 ¢-cellulose), d = Diet 4o-cellulose and lignin), e = Diet 5 (beech wood xryld = Diet 6 (poplar wood).

The phylumBacteroideteswvas found in all microflora obtained from the cués.
Sphingobacteriawas the dominant class (more than 96% of the ts¢gjuences in all
samples). The other classes were hardly detecterteBa belonging to the claBscteroidia
were stimulated with xylan, while bacteria belorggin the clas&lavobacteriawere found in
the culture stemming from the original di&@phingobacteriaare aerobic or facultatively
anaerobic chemoorganotrophic heterotrophs, commonaiter and soils. They include the
genusCytophaga able to hydrolyze cellulose and chitin [4BJacteroidiaare well studied,
and abound in in the gastrointestinal tract of whlooded animalsFlavobacteria are
necessarily aerobic microorganisms found in maaime freshwater environments. Taxonomy
of Flavobacteriahas been modified over the past decade, and nfahgm were transferred
to the gener&hryseobacteriunandEmpedobactef43]. Sphingobacteriavere not identified
in the study of Boucias et al. [14], suggestingt ttkeey are more easily cultivated than
Bacteroidia and Flavobacteria In our study,Bacteroidia are marginal, while they were
identified in 6.2% of the total sequences in thegtof Boucias et al. [14].
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Figure 4. Distribution of the different classes belongingtih@ phylumProteobacteriaaccording to the cultures obtained
from the termites grown on the different diets. Biet 1 (microcrystalline cellulose), b = Diet 2i¢mocrystalline cellulose
and lignin), ¢ = Diet 3d-cellulose), d = Diet 4of-cellulose and lignin), e = Diet 5 (beech wood xyla = Diet 6 (poplar

wood).

Proteobacteria were also presenta{, pB-, y- and &-Proteobacteri, but e-
Proteobacteriawere not detected. The same observation was matthe istudy of Boucias et
al. [14]. a-, B-, y- andé-Proteobacteriawere detected in concentrations of 7.0, 1.8, hdl a
1.2%, respectively. The study of Yang et al. [38padetectedProteobacteriain the hindgut
fluid and wall of R. santonensisHowever,a- and 3-Proteobacteriawere the main classes,
while 8- and e-Proteobacteria were found in lower concentrations. The class yof
Proteobacteriawvas not detected. In our study, the culture resyfrom the original diet was
mainly composed of-Proteobacteria(73.7%), while the other classes were less repteden
(22.2% a-Proteobacteria 4,0% p-Proteobacteria and 0.1% &-Proteobacteria. The
percentage od-Proteobacteriadecreased to less than 0.3% in the cultures negudtom the
artificial diets. The concentration ig-Proteobacteriawas conserved with xylan, but
decreased with all the other diets. The culturdaioed from Diets 1, 2 and 4 had a positive
effect onp-Proteobacteriaa- andy-Proteobacteriahave been described as lignin degraders.
In our study, lignin caused an increaseaefand p-Proteobacteria while it reduced the
bacterial concentration of-Proteobacteria Some bacteria belonging to the phylum of
Proteobacteria are considered as representative hemicellulaselupess. The genera
CaulobacterandAgrobacteriumarea-Proteobacteriainvolved in the production of xylanase,
xylosidase, arabinofuranosidase/arabinanasglucuronosidase and acetyl xylan esterase.
The generaCellvibrio and Xanthomonasare y-Proteobacteriawhich generate xylanase,

xylosidase, arabinofuranosidase/arabinanaseglucuronidase and mannanase [44].
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Proteobacteriahave also been shown to produce cellulase, sutheagenera&aulobacter
Rhizobium(a-Proteobacteria andErwinia (y-Proteobacteria [45-47].

C@
f
O Bacilli

O Clostridia

M Negativicutes

d e
H Erysipelotrichia

Figure 5. Distribution of the different classes belonginghe phylumFirmicutesaccording to the cultures obtained from the
termites grown on the different diets. a = Dietnlidrocrystalline cellulose), b = Diet 2 (microcrgiine cellulose and

lignin), ¢ = Diet 3 ¢-cellulose), d = Diet 4o-cellulose and lignin), e = Diet 5 (beech wood xryld = Diet 6 (poplar wood).

As regards the phylumirmicutes the two main classes growing in the cultures were
Bacilli andClostridia. A small fraction ofNegativicutesvas observed in the cultures coming
from the original diet and containing xylan. Ba@eboelonging to the cladsrysipelotrichia
were hardly observedBacilli and Clostridia were also cited in the study of Boucias et al.
[14], while the classeBlegativicutesand Erysipelotrichiawere not detected. In the study of
Yang et al. [37], the phylurRirmicuteswas shown in 27% of the assigned clones composing
the clone libraries. Almost two-thirds of those teai@ belonged to the clag€dostridia. There
are many cases of enzyme-producing strains in iyum Firmicutes The gener@acillus
and Clostridium have been shown to produce cellulases and hemas#ls. The genus
Geobacillus is also able to produce [44, 47] hemicellulaseylapase, xylosidase,
arabinofuranosidase/arabinanasglucuronidase and acetyl xylan esterase), whaegdgnera

RuminococcusndAcetivibrio hydrolyze cellulose.

Strictly identified proteins allowed identifying gteins from the main phyla. These
“protein by protein” identifications are shownTable 4. Taxonomic and functional analyses

will be discussed later with homology-scored assignts.
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Table 4. Proteins identified by at least 2 peptides scodbgve 15, at least one of which above identityescosing the

NCBI nr Bacteria database. Diet 1 = microcrystallieiutose, Diet 2 = microcrystalline cellulose amghin, Diet 3 =a-

cellulose, Diet 4 =-cellulose and lignin, Diet 5 = beech wood xylamet® = poplar wood.

Diet  Accession Protein Scorepgpt ggg RMS90
1 gi|295688897 Translation elongation factor Tu (Caulobacter sggni 166 3 10,6 64,89
gi|148273804 elongation factor Tu (Clavibacter michiganensis) 315 3 10,3 129,3
Putative sugar uptake ABC transporter periplasmic
gi|16264946 solute-binding protein  precursor  (Sinorhizobiu02 3 12,2 81,07
meliloti)
. outer membrane protein A  (Achromobact
0i|311104908 xylosoxydans) E‘9;5,1 2 9,8 80,82
. methanol: NDMA oxidoreductase (Amycolatopsi
0i|6649599 methanolica) §7,7 2 5,8 138,9
. quinoprotein alcohol dehydrogenase (Pseudomo
0il218892059 o1t ) W1 s 12 1015
gi|37704628 OprF (Pseudomonas sp) 162 3 14,9 59,45
. translation elongation factor Tu (Sphingobiu
0i|307294972 chlorophenolicum) Mog 3 9,8 180,6
0i|162148428 60 kDa chaperonin (Gluconacetobacter diazotrophicu$37 2 5,4 25,67
gi|294012111 chaperonin GroEL (Sphingobium japonicum) 117 2 4,7131,9
gi|295688897 Translation elongation factor Tu (Caulobacter sggni 151 3 10,9 181,7
. DNA-binding protein HU-beta (Cytophag
0il110639133 | it %46 2 256 1487
gi|110639543 50S ribosomal protein  L7/L12 (Cytophaga124 > 16.3 1004
hutchinsonii) ' '
gi|254520283 ATP synthase F1 sector subunit beta (Clostridiun sp 101 2 8,4 125
. OmpA/MotB domain protein (Sphingobium
0i|307294285 chlorophenolicum) 180 3 9,2 107
. GTPase - translation elongation factor (Sphingobiu
0il294010611 - (S Mo 3 98 1226
. COGO0050: GTPases - translation elongation fact
9123014093 (Magnetospirillum magnetotacticum) 157 2 10,4 1567
gi|37704628 OprF (Pseudomonas sp) 122 2 11,5 28,39
. TonB-dependent receptor, putative (marine gam
gil90415618 0 R rerium) Me 2 2,7 4052
gi|148272818 glutamine synthetase | (Clavibacter michiganensis) 276 5 12,9 94,7
gi|255326643 chaperonin GroL (Rothia mucilaginosa) 190 4 4,3 ,201
gi|170780597 xylose isomerase (Clavibacter michiganensis) 197 393 116,4
0i|148273804 elongation factor Tu (Clavibacter michiganensis) 018 3 9,3 81,5
gi|88855326  ATP synthase subunit B (marine actinobacterium) 1703 6,9 103,1
. chaperone protein DnaK (Acidimicrobium
gi|256372713 ferrooxidans) 136 2 5,9 79,49
. hypothetical  protein ENTCAN  (Enterobacte
6 gil288549451 00 T e) 55 6 179 8261
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0i|295095401

0i|148546728
0i|288550137
gi|307315700

0i|295095403
0i|157836810

0i|311279377
0i|238753641

gi|70734100

0i|167645571
0i|167035479

maltooligosaccharide-binding protein (Enterobactiﬁo

5 20,6 57,78
cloacae)
flagellin (Pseudomonas putida) 272 4 21,2 70,24
maltoporin (Enterobacter cancerogenus) 225 4 11,33,768
protein synthesis factor GTP-binding (Eschericli)c 143 4 18,7 127,6
maltoporin (phage lambda and maltose recept%ra4 3 16,1 43.11
(Enterobacter cloacae)
Chain A, structure of the p_erlplz_:\smm glucose galse 153 3 12.4 62.54
receptor (Salmonella thyphimurium)
histone family protein nucleoid-structuring proteit
NS (Enterobacter cloacae) 127 3 20 94,18
Major outer membrane lipoprotein (Yersinia ruckeri) 146 2 41,9 98,9
Branched-chain amino acid ABC transporter,
periplasmic amino acid-binding protein (Pseudomona$3 2 8,7 86,3
fluorescens)
Elongation factor Tu (Caulobacter sp) 110 2 7,1 382,
Chaperonin GroEL (Pseudomonas putida) 98,2 2 6 958,8

Alternatively to the general NCBI nr Bacteria datsé, a termite specific homemade

database was used to highlight peptides known teymite gut community. This restricted
search allowed less protein identificatiohable 5 than the search in NCBI nr Bacteria

database.
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Table 5. Proteins identified by at least 2 peptides scodbgve 15, at least one of which above identityescosing the
termite specific nr database. Diet 1 = microcryistalcellulose, Diet 2 = microcrystalline celluloaaed lignin, Diet 3 =u-

cellulose, Diet 4 =m-cellulose and lignin, Diet 5 = beech wood xylamet® = poplar wood.

Diet Accession Protein Score n
pept

1 gi|334106552 translation elongation factor Tu [Isoptericola edilis 225] 83 2
translation elongation factor Tu [Candidatus Azdbexdes

gil212548608 pseudotrichonymphae genomovar. CFP2] 47 2
5 0i[329747997 ABC transporter related protein [Sphaerochaeta @ides DSM 35 >
17374]

. glyceraldehyde-3-phosphate dehydrogenase, type répphema
3 9il333737448 azotonutricium ZAS-9] 1 3
0i[329749179 i(gggi;onc-transportmg ATPase [Sphaerochaeta ddesoDSM 40 1

: translation elongation factor Tu [Candidatus Azdbexdes
91212548608 pseudotrichonymphae genomovar. CFP2] 38 1
gi|337274294 acriflavin resistance protein [Acetonema longum D6B40] 34 1

4 gi|474480185 translation elongation factor TU [Clostridium tetitis CT1112] 59 2
ATPase associated with various cellular activitidsAA 5

0i[337275392 [Acetonema longum DSM 6540] 45 1
5 0i|334108586 Chaperone protein dnakK [Isoptericola variabilis 25 122 4
0i|334108129 ATP synthase subunit beta [Isoptericola varial?i§)] 121 2
0i|334108423 60 kDa chaperonin [Isoptericola variabilis 225] 62 2
0i|334108131 ATP synthase subunit alpha [Isoptericola varial#s] 45
0i|391221689 peptide chain release factor 2 [Opitutaceae bactefiAV1] 38 3

Blast analysis of homology-scored peptides reveatedxpected higher diversity than
the analysis of strictly identified proteins. Tlikemntification pattern was globally conserved :
the main or single phyla identified via blast aséyof single peptides are the same as those
identified « protein by protein ®roteomic results poorly reflect those of genommalgsis of
cultivated consortia because of the comparativehals amount of data generated
complementary explanation is the tendency to ifieniost abundant peptides, which may be
conserved among several phyla. BLAST analysis ahdlogy-scored peptides generated
relatively few data, with 336 unique reads, amongciv 237 could be assigned to any
taxonomic level. The benefit from this approachhie assignment of conserved peptides to
higher taxonomic levelsldentifications of Actinobacteria(genuslsoptericolg using both
databases correspond to samples (Diets 1 and Hitexdp most homology-scored peptides
for this phylum.Proteobacteriais one of the prevalent phyla in Diet Actinobacteriaand

Bacteroidetesare also present but in different proportionstHa consortium from Diet 2,
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ProteobacteriaandBacteroidetesre the main phyldyut the phylunProteobacteriavas still
overrepresented, whilBacteroideteswas underrepresented. For Diet 3, we observed a
reversed imbalance betweeRroteobacteria and Bacteroidetesin both experiments.
Firmicutesrepresents the second main phylum from this dikiie there were no or very few
representatives following the genomic analyBimteomic analysis of consortium from Diet 4
is closer to the 16S analysis resul®oteobacteriarepresent about 85% of taxonomic
assignmentsBacteroidetesand Firmicutes share the 15% left in the results from the
proteomic analysis, while néirmicutesare found after genomic analysis. From all resoiits
proteomic analysis, the consortium from Diet Shis bnly one in whicliProteobacterias not

the major phylum, while this was also the caseDhet 3 as regards the genomic analysis. The
major phylum isActinobacteriaand a fewFirmicutes are also identified. In Diet 6,
Proteobacteriais the most represented phylum in both experiménis the second one is
Bacteroidetesfollowing genomics while the proteomic analysigygestsFirmicutes The
results of this analysis are shownHFigure 6. Some taxa were previously identified directly
from wood-fed termite gut via 2DE-MALDI-TOF MS awals in a previous study [48], as the
following genera :AchromobacterBurkholderig PseudomonasEnterobacter Salmonella

EnterococcusClostridium CorynebacteriumStreptomyceandCroceibacter
| @ b@ |
d e f O Actinobacteria <phylum>

O Aquificae <phylum>
| O Bacteroid./Chlorobi gr.
@ Firmicutes
O Proteobacteria
M Eukaryota

Figure 6. Taxonomic assignments of homology-scored peptides: Diet 1 (microcrystalline cellulose), b = Digt

(microcrystalline cellulose and lignin), ¢ = Diet(@cellulose), d = Diet 4of-cellulose and lignin), e = Diet 5 (beech wood

xylan), f = Diet 6 (poplar wood).

SEED analysis revealed that protein metabolism ayspéo be prevalent in all
consortia. For wood-fed termites, identificatioredated to carbohydrates metabolism and
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motility/chemotaxis are in the same range. Somertamic and/or functional assignments are
pertinent regarding the BIOLOG ECO Microplates® exyment and results from genomic
analysis. Peptides related to the metabolism ahatic compounds were identified only in
termites fed with wood diet. Proteins froRseudomonasnd Caulobacter genera were
identified in the consortium cultivated from Diet €upporting their possible implication in
aromatic compounds metabolism. Degradation of 2dwybenzoic acid has been observed
in Pseudomonawhich was identified by OprF in Diets 2 and 4 d&yda Quinoprotein alcohol
dehydrogenase in Diet 2. These results supportirtipication of Pseudomonasn the
degradation of aromatic compounds in consortiavatkd from termite gut, as both Diets 2
and 4 contain lignin. Xylose isomerase was idezdifin the metaproteome of the consortium
from Diet 5 as 2 peptides from the pentose phospbaithway. However, peptides related to a
periplasmic xylose-binding protein were also idiéedi in the consortium from Diet 1
(crystalline cellulose). As for the metabolism aictose, a glucose galactose-binding
periplasmic protein was identified from Diet 8inorhizobiumwas identified in Diet 1
(putative sugar uptake ABC transporter periplassoicite-binding protein precursor) among
many proteobacteria in general. After cultivatihg tonsortia, about 75 % of the homology-

scored peptides were found to belongtoteobacteria The results are shown kigure 7.

O Carbohydrates
ocvep

O Virulence

O Sulfur Metabolism

[ Stress Response

H Protein Metabolism
[ RNA Metabolism

O Motility and Chemotaxis
O Nitrogen Metabolism
O FALI

ONN

BEMAC

H DNA Metabolism

B Membrane Transport

O Respiration

Figure 7. Functional assignments (SEED analysis) of homekmgpred peptides. a = Diet 1 (microcrystallinewdebe), b =
Diet 2 (microcrystalline cellulose and lignin), cBfet 3 @-cellulose), d = Diet 4of-cellulose and lignin), e = Diet 5 (beech
wood xylan), f = Diet 6 (poplar wood). Legend — CVBR ofactors, Vitamins, Prosthetic groups, PigmeR#s, | = Fatty
Acids, Lipids and Isoprenoids, NN = Nucleosides hltleotides, MAC = Metabolism of Aromatic Compounds.
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VI1.3.4. Isolates and enzymatic activities

It was possible to isolate several bacteria anddsnédom the enrichment cultures.
Three bacteria were isolated fravtedia 2 (strain BAvL1),5 (BX1) and6 (BW1). However,
a microscopic morphological analysis followed byynatic assays confirmed that the strains
BAvL1, BX1 and BW1 were found to be a unique baater The strain was found to belong
to the genu€hryseobacteriunfGenBank ID : KJ425110), and the strain was gittenname
Chryseobacteriunsp. strain XAvLW. Several molds were also isoldtetn Media 1 (strains
MAv1 and MAv2), 2 (strains MAvL1 and MAvVL2), 3 (stins MuC1 and MiC2), 4 (strain
MaCL1) and 5 (strains MX1, MX2, MX3 and MX4). Sometbbse molds were identified on
the basis of a morphological analysis. The strai#ss/1 and MAvVL1 were identical. The
mold was identified and given the nammachoderma virenSCTGXAviL. The strains MAv2
and MAvL2 were also found to be a unique microorgian which was calledrusarium
solani strain AvL. The strain MX3 was name8arocladium kilienseCTGxxyl after

identification.

To our knowledge, cases of isolationGiryseobacteriunsp. from termite guts were
not reported. HoweveiChryseobacteriunsp. was isolated from the cockroabriplaneta
americana[49]. Some molds, such &dternaria alternater Aspergillus awamuriAspergillus
clavatus Aspergillus flavusAspergillus nidulansCladosporiumsp.,Paecilomyces fusiporus
and Rhizopus stoloniferhave already been isolated from the gut of tesnif50, 51].
However, to our knowledge, this is the first timeatt molds belonging to the genera
Sarocladium(Acremoniun, FusariumandTrichodermahave been isolated from termite guts

and cultivated.

Chryseobacteriunsp. belongs to the KingdoBacterig PhylumBacteroidetesClass
Flavobacteria Order Flavobacteriales and FamilyFlavobacteriaceaeFlavobacteriawere
identified through genomic analysis in all enricimheultures fedia 1, 2, 3, 4, 5 and6).
Bacteria belonging to the PhyluBacteroideteswere also detected through proteomics.
However, all diets were not found to contain baaterf this Phylum. Those bacteria were
found to be present iMedia 1, 2, 3 and4, althoughChryseobacteriungp. was isolated from
Media 2, 5 and6. This observation highlights the fact that proteanslation brings additive

information in comparison with genomic data.

Qualitative enzymatic tests were achieved on tldated bacteria and molds. The
results are indicated ihable 6. The production of enzymatic activities dependgbinvalue.
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Such an observation was made on the mold€®and MiCL1. All strains were found to
secrete endo-1,@-D-xylanase,a-amylase, endo-1,8-D-glucanase, Filter Paper-cellulase
activity and p-glucosidase. The mold§richoderma virensCTGxAviL (MAV1/MAVL1 in
Table 6), Fusarium solanistrain AvL (MAV2/MAVL2 in Table 6) andSarocladium kiliense
CTGxxyl (MX3 in Table 6) were also found to produce endo-§;B-glucanase. As regards
bacteria, very little information is available cengcing the genu€hryseobacteriunand the
secretion of cellulases and xylanases. Howef#ayobacterium belonging to the same
family, has been shown to produce xylanase andkpree [52, 53]. As regards molds, there
are very few studies @arocladiumstrains in literature. De Almeida et al. [54] déised two
strains ofSarocladiumable to produce Filter Paper-cellulase, endopilglucanase, endo-
1,44-D-xylanasep-glucosidaseg-arabinofuranosidase awegalactosidase. In another study,
a strain ofSarocladium fucwas found to produce-amylase, lipase, protease and cellulase
but nop-glucosidase [55]. However, no case of endofitf3-glucanase-producing strain of
Sarocladium kiliensevas reported before. Many studies of enzyme-priodustrains of
Trichodermacould be cited. That mold has been shown to pmdydanases, cellulases,
endo-1,38-D-glucanases and chitinases [56-58]. Finally, mges and cellulases have been
reported before for the mold&usarium avenaceumFusarium culmorum Fusarium
graminearumandFusarium oxysporunfb9-62]. However, fungi belonging to this genus ca
be pathogenic with humans and plants. Its use asnagme producer is not applicable.
Trichoderma virensqualifies for enzyme production, and many casescalfulase and

xylanase production were reported.
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Table 6. Enzymatic activities detected in the isolatedisgraBacteria are indicated with the letter “B”, vehinolds are
indicated with the letter “M”. E-XYL 5 = qualitater assay of endo-1@HD-xylanase at pH 5, E-XYL 7 = endo-1/4b-
xylanase at pH .-AM 5 = a-amylase at pH 5-AM 7 = a-amylase at pH 7, E-185 5 = endo-1,3-D-glucanase at pH 5,
E-1,3BG 7 = endo-1,P-D-glucanase at pH 7, E-1p65 5 = endo-1,4-D-glucanase at pH 5, E-1p6 7 = endo-1,4-D-
glucanase at pH 7, FPase 5 = Filter Paper-cellaapél 5, FPase 7 = Filter Paper-cellulase at ppGL, = B-glucosidase at
pH 7.4.

Aséif‘v'l?; BBBA;\fVEll Mx1 | Mx2 [ mx3 [mxa | L MAYE Tvgct | Mac2 [MacL
E-XYL5 i + + + + + + + + +
E-XYL 7 + + + + + + + + + 5
a-AM 5 + + + + + + + - _ _
a-AM 7 + + + + + + + - + +
E-13$G5 | - - - + - + + - - -
E-13$G7 | - - - + - + + - - -
E-14$G5 | + + + + + + + + + +
E-14$G7 | + + + + + + 5 + + +
FPase 5 + + + + + + + + + +
FPase 7 + + + + + + + + + +
BGL + + + + + + + + + +

VII.4. Conclusion

This work assessed the microflora modified by iaiéf diets provided to the termites
they were living in. Microscopic observation ofdkdlate populations and the BIOLOG ECO
Microplates® experiment showed that the hindgutratial community was altered after
different feeding treatments. The effect of thefiaral diets was different according to the
flagellate species. BIOLOG ECO Microplates® hightigd strong differences between the
bacterial and fungal communities stemming from #ificial diets, but the protist
communities were not considered in that experirbecause the flagellates could not grow in
the microplate wells. The cellulase activities weatemonstrated on the basis of the
degradation op-methyl-D-glucoside and D-cellobiose.

Protein identification did not reflect all resuft®m genomic analysis but supported
some hypotheses from metabolism assessment. Gamgrahment inProteobacteriawas
also observed by proteomic analysis. Protein métabowas prevalent in most consortia.
Microcrystalline cellulose and wood diets allowedentifying more peptides related to

general carbohydrate metabolism. The metagenomatysia identified 7 main phyla :
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BacteroidetesProteobacteria Firmicutes Actinobacteria Acidobacteria Verrucomicrobia
and PlanctomycetesThe phylaBacteroidetesand Proteobacteriawere dominant, but the
proportions were variable according to the diets.

The liquid cultures led to the isolation of sevdyatterial and fungal strains. The most
interesting microorganisms were identified as theté&riumChryseobacteriunsp. and the
fungi Sarocladium kiliens€TGxxyl andTrichoderma viren&€TGXxAviL. Those strains were
found to produce diversified enzymatic activitiesafnylase,p-glucosidase, endo-1{3D-
glucanase, endo-1ftD-glucanase, endo-1pHD-xylanase and filter paper-cellulase)

exploitable in various fields.
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CHAPITRE VIILI.

Discussion géneérale






VIII.1. Introduction

Le but de ce travail était d’isoler des microorgames (bactéries, mycetes et protistes)
capables de produire des enzymes utilisables palmolyser le complexe lignocellulosique.
Le termite, insecte social abritant une microflocenplexe au sein de son tube digestif, est
capable d’hydrolyser les composants de la lignatede a I'aide d’enzymes provenant de ses
propres cellules et dont I'action est combinée e @kt consortium microbien intestinal. Les
enzymes impliguées dans la dégradation de la lghbose agissent soit sur la lignine, soit
sur la cellulose, soit sur les hémicelluloses. €d#fiiese se concentre essentiellement sur
I'hydrolyse des hémicelluloses et de la cellulose ces polymeres liberent des sucres
fermentescibles, ce qui n'est pas le cas de langgrCette derniére agit plutét comme une
barriére a I'hydrolyse de la cellulose et des héthitoses et est majoritairement dégradée par

les mycetes par des mécanismes d’oxydation.

Les travaux menés dans les différents chapitreslaimement démontré que le termite
est une source indéniable de cellulases et d’hdioieses. Chaque microorganisme isolé a
démontré des activités enzymatiques bien distineteplus de la capacité a hydrolyser la
cellulose et les hémicelluloses. Toutes les sougresluctrices d’enzymes qui ont été

identifiées sont reprises dans le tableau suivietlgau 1).
Cette discussion générale est subdivisée en &parti

- La présente partie introductive,

- Une partie relative ahapitre 11l discutant les résultats obtenus sur les souches
isolées en atmospheres controlégggptomycesp. ABGxAVIAL, Pseudomonasp.
ABGxCellA, Bacillus subtilisABGx, Aspergillus fumigatus&ABGxAViA2),

- Une partie relative alChapitre IV discutant les résultats de I'étude du bacille
xylanolytiqueBacillus subtilisABGX,

- Une partie relative alChapitre V discutant les résultats obtenus sur le protiste
producteur d’amylasdPpterioochromonasp.),

- Une partie relative aChapitre VI discutant les résultats obtenus sur les moisissure
cellulolytiques et hémicellulolytiquesSérocladium kiliens€TGxxyl et Trichoderma
virensCTGXxAVIL),

- Une partie relative ahapitre VII discutant les résultats obtenus sur les termites
élevés sur les dietes artificielles ainsi que l@suces de consortia microbiens qui en

ont résulté,
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- Une partie relative a différents aspects concenpgs I'ensemble des chapitres

expérimentaux.

Tableau 1.Bilan des souches isolées du terrRteflavipeset de leurs activités enzymatiques.

MICROORGANISME
BACTERIES
Bacillus subtilisABGx (Chap. lll et IV)

Chryseobacteriunsp. XAvLW (Chap. VII)

Pseudomonasp. ABGxCellA Chap. Il1)
Streptomycesp. ABGxAVIAL Chap. 1)
MOISISSURES

Aspergillus fumigatusBGxAVIA2 (Chap. III')

Fusarium solanAvL (Chap. VII)

Sarocladium kiliens€TGxxyl (Chap. VI et VII)

Trichoderma viren&€TGXxAvIL (Chap. VI et VII)

PROTISTES

Poterioochromonasp. Chap. V)

ACTIVITES ENZYMATIQUES

a-amylase, endo-1,8-D-xylanase

a-amylase, B-glucosidase, endo-1B+HD-

glucanase, endo-1p@+D-xylanase, filter paper-

cellulase
B-glucosidaseq-amylase

a-amylase

a-amylase, B-glucosidase, endo-1BHD-
glucanase, endo-1#+D-xylanase
a-amylase, B-glucosidase, endo-1BD-

glucanase, endo-1gHD-glucanase, endo-1#HD-

xylanase, filter paper-cellulase

a-amylase, B-glucosidase, endo-1BD-

glucanase, endo-1gHD-glucanase, endo-1#HD-

xylanase, filter paper-cellulase

a-amylase, B-glucosidase, endo-1BD-
glucanase, endo-1#HD-glucanase, endo-1#+D-

xylanase, filter paper-cellulase

a-amylase
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VIII.2. Utilisation des atmospheéres contrdlées pouisoler les producteurs d’enzymes

Le Chapitre Ill décrit I'isolement de bactéries et d’'une moisissufaide de milieux
liquides et solides contenant de la carboxyméthivicse, de la cellulose microcristalline et
du cellobiose. Le travail s’est concentré sur leaches productrices d’enzymes (soit 3
bactéries et une moisissure), mais 12 souches tmtisdlées au départ. Tous ces
microorganismes ont été isolés en conditions maénmbies (atmosphére composée de 16%
de CQ et 84% d’air), alors que les atmospheéres ana&¢hi€ 100% et H 85%/CQ 15%)

n’ont favorisé aucune croissance de souches mamabs sur les milieux spécifiques.

Le dioxyde de carbone a un effet direct sur lgmoismes vivants. |l est nécessaire a
la croissance de toute cellule, mais un apport @¢ €h exceés a des effets négatifs sur les
activités métaboliques. Les causes de ces effetiwepe étre liées a une diminution
intracellulaire du pH, a une inhibition ou une gilation d’activités enzymatiques par la
modification de la synthése de ces enzymes, ois &ffiets de dégradation induits au niveau
de la membrane de la cellule. Le £€ le bicarbonate en phase aqueuse sont tous deux
susceptibles d’avoir des effets sur les fonctioas protéines membranaires ainsi que des
enzymes cytoplasmiques. Chaque microorganisme déenone résistance spécifique a ces
différents effets. Les plus sensibles sont ceux tkmactivités enzymatiques sont facilement
perturbées. L'effet du COsur les bactéries, levures ou moisissures dépersibial aptitude a
traverser les parois, puis a modifier le pH intHataire, affectant directement les fonctions
enzymatiques. L’effet globalement négatif du 30r les cellules résulte des différents effets
présentés ci-dessus. Chaque bactérie, levure stasimie posséde son propre type de paroi et
son arsenal enzymatique spécifique, ce qui a et dffect sur la tolérance au dioxyde de
carbone [1]. Dans certains cas, le carbonate, ldoptésence est liee a celle du £ de
HCOs, peut donner lieu a la formation de radicaux cagbe CQ", par exemple sous 'action
de la superoxyde dismutase ou de la xanthine orydas radical est un puissant agent
oxydant. Il peut initier des réactions radicalaises les lipides des cellules ainsi que sur les
protéines. Certains acides aminés y sont partremient sensibles, tels que le tryptophane, la
cystéine, la tyrosine, la méthionine et Ilhistidiniees liaisons peptidiques elles-mémes
peuvent aussi étre le siege de réactions radiealdires ions métalliques contenus dans les
métalloprotéines peuvent aussi participer a cestiode [2]. Le radical carbonate peut aussi
oxyder les sucres et les acides nucléiques. Darteceer cas, les dommages occasionneés
sont importants et irréversibles. La guanine esbdae nucléique la plus sensible a ces
réactions radicalaires [3].
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Les bactéries appartenant au gdPseudomonast les moisissures qui se développent
sur les denrées alimentaires sont particulierersensibles au dioxyde de carbone, et leur
croissance est significativement réduite sous uesspn partielle de 0.1 atm en €@
linverse, la levureSaccharomyces cerevisiast plus tolérante et sa croissance n’est affectée
gu'a partir de 0.5 atm de GOLactobacillus peut supporter une pression de 1 atm, et
Lactococcus lactipeut supporter une pression de 8.6 atm ep &@c un taux de croissance
spécifique réduit a 50%. Il est important de nojge les bactéries anaérobies ont globalement
une tolérance au COnférieure a celle des bactéries aérobies [1]teCetndance pourrait
expliquer en partie 'absence de croissance dehesuanaérobies sur les milieux soumis a
une atmospheére riche en €@es colonies étaient directement soumises du&nice du CQ

sous forme gazeuse étant donné que les souchégattlées sur les milieux solides.

D’autre part, le C@n’a pas pu avoir un effet acidifiant tres poussénazeau du
milieu gélosé étant donné la présence de tampon 3M@eide 3-(N-morpholino)propane-
sulfonique) présent dans le milieu GBG a la conegion de 12 mM [4]. Les milieux solides
étaient ajustés a un pH neutre, I'acide 3-(N-molipbypropane-sulfonique) possédant un
pKa de 7.2. Au niveau des transferts gazeux, lxcemmnation en C@est théoriquement
dépendante de la loi de Henry et est directemapigotionnelle a la pression partielle en

dioxyde de carbone [5]. On a :
S=k.P

Ou: S est la solubilité du gaz dissous expriméanell, ky est le coefficient de Henry

(3,4.10° mol/l.atm pour le C@a 25C), et P est la pression partielle du gaz en atm.

Cette loi rend compte de la concentration a I'érel mais le facteur temps n'y
apparait pas. Cependant, le transfert dy,@@me dans I'eau pure, est un processus trés lent
[6]. Dans le cas présent, il s’agit d’'un milieu g de composition commune a tous les
milieux solides utilisés sous les différentes atph@ses. Les composés du milieu
(principalement I'agar, augmentant considérablemantiscosité) ont vraisemblablement
ralenti les transferts gazeux de I'atmosphere Mensilieu de culture, et I'effet sur le pH a été
contr6lé par le tampon MOPS. Il est donc tres potgbgue I'effet du dioxyde de carbone sur
les bactéries et mycétes provienne majoritairendent'atmosphére elle-méme, et non de
l'acidification du milieu. Il est utile de rappel&i que le dioxyde de carbone était présent

dans toutes les atmospheres artificielles utiligéais a des pressions partielles variables.
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Bien que le CQ ait un effet négatif sur de nombreux microorgamisna forte
concentration, I'absence de souches sur les milgglasés en atmosphéres anaérobies peut
aussi provenir de la difficulté d’isoler les souslamaérobies. Les différents genres bactériens
isolés a partir du tractus intestinal de termiteprésentés dans @&hapitre Il , sur base des
études précédentes, sont majoritairement aérohieanaérobies facultatifA¢inetobacter
Bacillus Brevibacillus Brucellg Cellulomonas Cellulosimicrobium Chryseobacterium
Citrobacte; Comamonas Dyella, Enterobacter Enterococcus Klebsiella Kocuria,
Lactococcus Microbacterium Micromonospora Ochrobactrum Paenibacillus Pilibacter,
Pseudomonas Rhizobium Serratia Sphingomongs Staphylococcys Streptomyces
Zymomonas Le genreClostridium est le seul a étre strictement anaérobie [7]. €Emui
concerne les moisissuresspergillus fumigatupeut croitre en aérobiose ou en anaérobiose.
Dans ce dernier cas, la souche tire son énergia tEgmentation, considérablement moins
avantageuse que la respiration du point de vuegétigue. La moisissure n’atteint alors
gu’'un rendement en biomasse réduit, environ éddl% de la valeur en aérobiose [8]. Les
bactéries anaérobies strictes, elles, ne tole@ntgpprésence d’oxygene, ce qui complique la
mise en ceuvre des cultures et des méthodes d’isnteBien que les techniques aient été
considérablement améliorées et mieux maitriséeslesséres annees, le métabolisme des
bactéries anaérobies n’en reste pas moins tres ééntes souches présentent aussi une
cultivabilité moins bonne que celle des souchestaés ou anaérobies facultatives.

Un enrichissement des souches microbiennes anaér@bipartir de Il'intestin du
termite R. flavipesrequiert un milieu anaérobie (reproduit par desogphéres artificielles)
contenant des substrats tels que la cellulose £thdemicelluloses, mais les processus de
biodégradation anaérobies requiérent un temps dénadile [9]. Par conséquent, une autre
explication de I'absence de souches en atmosphéezobies peut étre un temps insuffisant
laissé aux cultures. Sur un plan plus pratique, regsons font des souches aérobies et
anaeérobies facultatives de meilleurs candidats @rdduction d’enzymes, sous la condition
gue ces enzymes montrent des activités satisfasa@et aspect ne pose pas de probleme par
rapport au termite étant donné que le tractus tinedsposséde une portion volumique
considérable contenant de I'oxygéne. Cet envirommenfavorise les souches aérobies,
anaeérobies facultatives, voire micro-aérophiled.[Thez les termites inférieurs, la portion
centrale du hindgut est soumise a de fortes corateris en hydrogene et une absence

d’'oxygéne, ce qui favorise la croissance des pestianaérobies. Ces eucaryotes digérent les
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particules de bois ainsi que les bactéries, lidémnsi des oligosaccharides et autres

molécules accessibles pour la flore aérobie etrabaéfacultative [11].

La moisissureAspergillus fumigatussolée dans le cadre de ce travail présente les
activités enzymatiques les plus nombreusesanfylase, p-glucosidase, endo-1pHD-
glucanase, endo-1pHD-xylanase). Cependant, ce myceéte est repris tarmtdasse Il des
pathogenes de 'Homme selon I'Institut Scientifiqglee Santé Publique. Un microorganisme
de classe Il est susceptible de provoquer une meathez I'Homme, mais toute transmission
dans la collectivité est improbable, a linverses daicroorganismes de classe lll. La
moisissureA. fumigatusdoit donc étre manipulée avec précaution. Cersagspeces du genre
Pseudomonasont aussi pathogénes de 'Homni& aeruginosgclasse II),P. mallei(classe
ll) et P. pseudomalle{classe Ill). L'utilisation de la soucheseudomonagurait nécessité
une identification génétique si elle avait préset§ activités enzymatiques intéressantes
(endoglucanase ou xylanase). La souchestleptomycesie produit que de I'amylase. Le
bacille dégradant le xylane a donc été désigné atammicroorganisme le plus prometteur et

a été étudié plus en détail danleapitre IV .

VII1.3. Etude du bacille xylanolytique Bacillus subtilis ABGx

Parmi les souches isolées et présentées da@hdeitre Il , la bactérieBacillus
subtilis ABGx est celle qui présente le plus d’'intérét diensadre de ce travail. En effet, elle
présente une activité enzymatique tres intéresshnteoint de vue industriel : la xylanase.
Les bactéries du genrBacillus présentent de nombreuses propriétés intéressamss.
bacilles produisent la plupart des protéases couriaies, actives a des pH neutres ou alcalins
dans la majorité des cas, mais généralement casget® par une résistance a la température
assez faible [12]. lls produisent également de memd®es autres enzymes, dont les cellulases
et les hémicellulasesB. arseniciselenatjsB. cereus B. circulans B. halodurans B.
licheniformis B. mojavensisB. polymixa B. pumilus B. stearothermophilysB. subtilis B.
thermantarcticuset B. trypoxylicolaont été rapportés comme producteurs de xylanasas (
Chapitre 1V). En plus des enzymes, ils sécrétent diverses quiele® telles que des
antibiotiques, des molécules exploitables dangdeesir alimentaire ainsi que des insecticides
[13]. Dans le cas dBacillus subtilis on a démontré I'existence de plus de 24 antiipiets de
structures tres diversifiées. Parmi ceux-ci, lg@peptides, composés d’acides aminés et
d’acides gras combinés, sont tres courants chdzalgies et ont de nombreuses applications
[14]. Enfin, ces bactéries montrent des propriélésbiodégradation intéressantes ; des

souches ont démontré une activité sur certainsnpigs industriels tels que I'acide poly-
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lactique, le PHBV (poly(3-hydroxybutyrate-co-3-hgdyvalerate) et le polyuréthane [15].
Ces différentes propriétés caractérisant les leaafh font des microorganismes bien étudiés.

Dans le cas présent, la soudecillus subtilisABGx produit de la xylanase (endo-
1,44-D-xylanase) et de d-amylase. L'étude s’est portée sur la xylanasentéanné que
'amylase n'intervient pas dans I'hydrolyse du cdexe lignocellulosique. Un dosage des
lipopeptides dans le surnageant a également ét&ap@u bacille cultivé en milieu riche ;
une concentration tres faible en surfactine a étéatiée. Cette concentration était fortement
inférieure aux valeurs rapportées dans la littéeatiua souche a montré une activité maximale
de type endo-1,8-D-xylanase de 44 U.l./ml. Différents substratsitigellulosiques ont été
testés et le son de blé s’est révélé le stimulat&aativité enzymatique le plus efficace (voir
Chapitre 1V).

Les applications des xylanases sont nombreused. donme les autres enzymes,
elles possedent une caractéristigue fondamentate ngont pas les produits chimiques
courants : la sélectivité. Les xylanases bactéesrmmont souvent préférées aux autres car elles
présentent une bonne stabilité a la températupewetent étre utilisées sur de larges gammes
de pH. Dans tout procédé, I'enzyme doit étre d@disle maniére a obtenir les rendements
d’hydrolyse les plus élevés, ce qui implique undinoglisation du temps d’action, de la
concentration en enzyme et en substrat, de la tetypé et du pH. Les xylanases sont tout
d’abord exploitées comme moyen de bioconversiorxgane en produits a haute valeur
ajoutée. Le xylane est hydrolysé, puis les hydail/sont utilisés soit comme source de
carbone pour les cultures de microorganismesgcsaiime composés de base a la synthése de
produits chimiques. Dans ce dernier cas, des étdpeseparation et de purification sont
nécessaires. Le xylane hydrolysé peut servir de &da production de bioéthanol de seconde
génération. Des souches microbiennes modifieegt@ntréées pour convertir des melanges
de sucres fermentescibles en éthanol, tellesEqusli KO11, E. coli SL40, E. coli FBR3,
Zymomona£P4 etSaccharomyce$400. La fermentation du xylose provenant de ltbolse
des hémicelluloses est en effet problématique.llesr, tout comme I'arabinose, fait partie
des pentoses. Ceux-ci ne sont pas fermentés paolebes utilisées industriellement sur les
hexoses, a savoir principaleme8accharomyces cerevisiaet Zymomonas mobilisLes
hexoses sont majoritairement le glucose (provedanthydrolyse de la cellulose) et d’autres
sucres minoritaires issus des hémicelluloses (&jco@nnose, galactose, rhamnose). Seules
les bactéries entériques et certaines levures pedgementer le xylose et I'arabinose en

éthanol. Cependant, ces organismes sont sensiblégtiianol méme a de faibles

207



concentrations, et les rendements sont moins a@@sits que ceux qui sont observés sur les
autres sucres [16]. A I'heure actuelle, la rechersi focalise sur I'amélioration du rendement
en bioéthanol. La fermentation des pentoses est ldes clés pour atteindre ce but, et le
rendement en bioéthanol pourrait théoriqguement étngblé [17]. La souche bactérienne
recombinanteée. coli KO11 précitée a fourni de trés bons résultatdesgtucose et le xylose
(103-106% du rendement théorique en éthanol). Uleseysemble aussi avoir eu un effet
positif sur la croissance de la souche. Une souubdifiee deZymomonas mobilisa
egalement conduit a des résultats tres prometegutesrmes de rendement de la fermentation
du glucose et du xylose en bioéthanol, tout comme wersion modifiee de la bactérie
Klebsiella planticolaATCC 33531 [18]. La fermentation du xylose en kiaéol est donc un

domaine en cours de développement.

Le xylitol est issu du xylose et constitue une eudpplication tres courante dans le
secteur alimentaire. Cependant, les xylanases druleur principale application dans
lindustrie textile. Le traitement enzymatique ddsres est nécessaire pour supprimer les
hémicelluloses, considérées comme impuretés etittard un frein a I'absorption de I'eau
lors du procédé industriel du filage. L'industriapgtiére est aussi demandeuse de xylanases,
nécessaires a la purification de la cellulose, titamt principal du papier. Dans ces
conditions, les xylanases ne doivent en aucun tasagcompagnées d’activités cellulase
interférentes, susceptibles de provoquer une ditmimuwe la qualité de la pulpe. Le preé-
blanchiment enzymatique de cette pulpe amélioriéidaeité des opérations suivantes du
procédé. Les xylanases trouvent une applicatiopléomntaire dans le recyclage du papier.
Celui-ci s’effectue en deux étapes : la réductionssforme de pulpe et le raffinage. La
xylanase intervient sur la pulpe, et sert a dégraele hémicelluloses restantes apres la
fabrication du papier. De cette maniere, les filmegellulose se désolidarisent beaucoup plus
facilement, ce qui facilite le recyclage. Par ldesu’enzyme est désactivée par une hausse de
la température. L’alimentation animale constituee lautre application des xylanases qui
augmentent la valeur nutritionnelle des alimentsce& utilisations principales peuvent étre
ajoutés les secteurs suivants : la boulangerie l{@@on de la tenue de la pate a pain), la
clarification des jus sucrés, les détergents, E18] Toutes ces applications sont des

valorisations potentielles pour la présente xylardgeBacillus subtiliSABGx.

Le Tableau 1 présenté dans I€hapitre | (p.5) contient les caractéristiques de
guelques xylanases utilisées a I'échelle indusri@onnées provenant des fournisseurs). La

tendance générale qui apparait est que ces enzyossedent des activités relativement
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variables, de 5.£0& 2.16 Ul/g. Il est nécessaire de rappeler qu’une uriiétivité xylanase
est définie comme la quantité d’enzyme capablerddyire 1 pumol de xylose par minute,
mais les conditions opératoires varient d'une €rpée a l'autre, et il n’existe actuellement
pas de standardisation des méthodes de mesureyhiendu bacille isolé dans le cadre de ce
travail fournit une activité de 1800 Ul/g, maisteetaleur est calculée sur la matiere seche
totale contenue dans le surnageant de la cultuest impossible de calculer 'activité de la
xylanase déB. subtilisABGx par gramme d’enzyme purifiée. Par ailleuaspurification est

tres colteuse d’'un point de vue industriel.

De maniére globale, les moisissures sont les @i producteurs d’enzymes
industrielles en raison de leur excellente capazitgroduire des protéines extracellulaires
[20]. Le Tableau 1du Chapitre | montre une tendance générale : les xylanasestiredies
ont souvent des pH optimaux acides ou proches deudgalité. Or, les xylanases alcalines
possedent un avantage considérable. A pH alcaixyllane est hautement soluble, ce qui
facilite considérablement I'action des xylanasestté€ considération explique l'intérét de la
mise en ceuvre des xylanases alcalines dans le mmhaigriel [21]. Les enzymes provenant
des mycetes montrent dans la plupart des cas desppikhaux acides, conditions dans
lesquelles l'accessibilité du xylane est mauvai22].[ Les bactéries, elles, sont plus
couramment capables de sécréter des enzymes af;atm qui est le cas de la souche isolée
dans la cadre de ce travail (conditions optimakepltd : 8-10, voilChapitre IV). La bactérie
Bacillus subtilisABGx posseéde un pH optimal alcalin, ce qui coostitin avantage par
rapport aux enzymes industrielles courantes. Lagenla température de I'enzyme est aussi
satisfaisante, la température optimale étant d€ Sien que I'enzyme conserve 90% de son
activité maximale a AT. Le parameétre & améliorer est la production eleziyme elle-méme.
Le caractére extracellulaire de la xylanase a puraontré par I'analyse de la séquence ADN,
mettant en évidence une séquence de peptide Sigoial Chapitre IV). Les techniques
actuelles de biotechnologie rapportent par ailled@snombreux cas d’insertion de genes
codant pour des enzymes dans des souches réceplmicele but est de produire 'enzyme en
guantités supérieures. A titre d’exemples, deseituahtérieures rapportent la transformation
d’'une souche d¢E. coli par une xylanase d& subtilis[23], la transformation d’'une souche de
B. subtilispar une xylanase dgacillus sp. [24], la transformation de soucheg&.dtoli et
Streptomyces lividangpar une xylanase d&hermomonospordusca [25], ou encore la

transformation de3. subtilispar une xylanase délostridium thermocellunj26]. Cette voie
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constitue un moyen d’amélioration de la productdmn 'enzyme dans le cas dacillus
subtilis ABGX.

VIIl.4. Etude et isolement des protistes du termiteR. flavipes(ex. santonensi

Les protistes des termites inférieurs sont les avigranismes les plus difficiles a
obtenir en culture pure a partir du contenu inbestill n’existe en réalité que 3 especes de
protistes ayant pu étre isolées et cultivées editions in vitro : Trichomitopsis termopsidis
Trichonympha spaericat Trichomitus trypanoidesLe protiste Trichomitus trypanoides
appartenant a l'ordre des Trichomonades, a été&véuéin conditions anaérobies dans un
milieu liqguide composé d’extrait de levure, de mitaes et de minéraux. Il a été isolé du
termiteReticulitermes santonensiBes bactéries vivantes, également présentedelamseu
de culture, étaient consommées par le protistéiletées comme source nutritive [27]. Le cas
de Trichomitopsis termopsidis isolé du termite Zootermopsis angusticollis est
particulierement intéressant. Ce protiste possede population méthanogene endo-
symbiotique. Du bromo-éthane-sulfonate a été atilmur supprimer cette microflore,
agissant comme répresseur de la méthanogenésec@anenditions, le protiste a montré un
taux de croissance réduit d’'un facteur 8 par rappola situation initiale. En revanche,
l'introduction de bactéries tuéeBgcteroidessp.) a permis de réobtenir un taux de croissance
normal [28]. D’autre part, la culture de ce praisequiert, en plus de bactéries, de la
cellulose, le bois ne permettant pas datteindre développement satisfaisant. Cette
information permet de mettre en évidence I'importade la forme du substrat. Il a aussi été
montré que les bactéries utilisées comme sourceuttenents ont plus d’efficacité si elles
proviennent du termite. Les cellules bactérienreeabdent apporter aux protistes les acides
aminés gu’ils sont incapables de synthétiser eumi@sé Le protistd. termopsidisa montre
des activités enzymatiques de type endopiltglucanase ef-glucosidase, mais le xylane,
I'amidon et les protéines ont aussi pu étre dégradé les enzymes du protiste [29]. Le cas de
Trichonympha sphaericast différent. Ce protiste, classé dans les Hypstigides, a pu étre
obtenu en culture pure. Il a pu étre démontré guepmtiste n'abrite pas de bactéries
endogenes et montre une activité enzymatique suwellalose [30]. Les cas de succes
d’isolement de protistes a partir des termites s@strares.

Les protistes flagellés qui se développent au skintube digestif des termites
inférieurs ont tendance a se concentrer dans ke pagntrale. Cette zone est anaérobie et
contient la concentration en hydrogene la plus édevLes protistes y phagocytent les

bactéries ainsi que les particules de bois inggréese termite, et ils constituent eux-mémes
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un habitat spécifique pour des bactéries ecto-ndb-symbiotiques [11]. Ces conditions
expliqguent en partie la difficulté d’isolement desanicroorganismes. De hombreux protistes
sont liés a des bactéries a travers des relatignbistiques, et toute tentative d’élimination
de ces bactéries afin d’obtenir des cultures pestssusceptible de briser les symbioses,
empéchant ainsi la survie du protiste. Cette olasienv limite considérablement les
possibilités d’'isolement. Certaines informationstsimutefois connues et acceptées sur cette
population eucaryote : les protistes sont capatlegdrolyser la cellulose en conditions
anaerobies, principalement métabolisée en acé@de, et H. L'isolement de protistes
demande donc théoriguement des conditions anaérf#8¢ Paradoxalement, il a été montré
gue certains protistes, commgrsonymphap. dans le hindgut deeticulitermes santonensis
sont fermement fixés aux parois de l'intestin ehagoumis a un flux d’oxygene, mais il

s’agit la de cas particuliers [31].

Dans le cadre de cette étude, des isolements értgtes en atmosphéres aérobies
dans un premier temps car ces cultures sont ptilesaa mettre en ceuvre que les cultures
anaérobies. Trois milieux ont été testés, contesaintdu lait, soit de la cellulose, soit du riz
[32-34]. Le milieu contenant du riz (et donc derlidon) a été le seul a permettre le
développement de protistes, alors que celui conteda la cellulose microcristalline n’a
favorisé aucune croissance. Par la suite, desuxileodifieés contenant du riz additionné de
son de blé, de cellulose ou de sciure de bois pi@ sat eté testés en conditions aérobies et
anaérobies. Les conditions anaérobies ont été widepar dégazage des fioles étanches par
du dioxyde de carbone ou de l'azote. Le dioxydecadone n’'a permis le développement
d’aucun protiste, probablement a cause d'une acadibn du milieu. En effet, le pH de
lintestin du termiteR. flavipesest globalement proche de la neutralité [35, 3fje
acidification a donc pu avoir un effet inhibitews droissance sur les protistes. En conditions
aérobies, les protistes ont pu étre observés dasslés milieux de culture. Cependant, il n'a
pas été possible dentretenir ces cultures assegtdmps pour faire des tentatives
d’isolement. Au final, seul le protiste identifieramePoterioochromonasp., classé dans les
chrysophytes, a pu étre cultivé et étudié dans iieurcontenant de I'amidon soluble. Les
protistes anaérobies théoriguement présents dahsmien du hindgut n‘ont pas pu étre

cultivés.

Le probléme principal qui se pose quant a l'is@ahdes protistes est la présence de
bactéries qui empéchent l'obtention de cultureseguiLa littérature propose différentes

techniques de sélection : séparation sur base dwilla (filtration) ou de la densité,

211



enrichissement sélectif, cytométrie en flux, styaeéntibiotique, isolement a la micropipette
ou dilution du milieu jusqu’a obtenir le protistergié [37]. Dans le cas présent, la stratégie
antibiotigue a permis de contréler la contaminatlmactérienne sous une concentration
maximale de 100 CFU/mlI par utilisation de ciproficine, dont la concentration a été choisie
selon les résultats d’'un antibiogramme appliqué @dewxx souches bactériennes contaminant
les cultures. Une séparation par filtration a aéssitentée, mais sans succés. En revanche,
une tentative de séparation par centrifugation rawlignt de densité utilisant du Percoll® a
permis une séparation partielle de la communautébanne de celle des protistes identifiés
commePoterioochromonasp. La purification n'a pas été compléte. Les esitechniques

n'ont pas été testées car la stratégie antibiotigieairni des résultats satisfaisants.

Sur un plan pratique, les protistes sont probabheres microorganismes les moins
exploités en termes de production industrielle.domaine le plus développé a ce jour est
celui des micro-algues, dont la croissance dépenik gphotosynthese. Le succes des micro-
algues dans le monde industriel est di a plusi@ammctéristiques éeconomiquement
attractives : elles utilisent la lumiere et le £Pour croitre, produisent des composés
spécifiques (protéines, lipides, sucres, polyméepigments) a hautes concentrations en
conditions de stress, possedent un cycle de divisgtiulaire relativement rapide et peuvent
se développer dans des conditions de températergalohité et de luminosité tres variables.
Le dispositif de production le plus courant estbassin de profondeur comprise entre 0,2 et
0,5m, favorisant la transmission de lumiere. Leiguilest homogénéisé constamment, et les
conditions de stérilité ne sont pas nécessairess bacro-algues sont cultivées
industriellement pour produire des caroténoiflesafoténe, astaxanthine), des biocarburants,
et la biomasse elle-méme trouve des applicatioms daquaculture et le domaine des
nutraceutiques [38]. La culture est relativemeséaiet ne demande pas d'investissement
particulierement lourd. Cette caractéristique & b la croissance photosynthétique qui ne
requiert pas un milieu de culture riche en nutritegrce qui limite les problemes de
contamination bactérienne. Dans le cas des pretd#e’intestin du termite, la culture s’est
avérée tres difficile a mettre en ceuvre. La meailesolution applicable aux protistes de
termites est donc vraisemblablement l'isolement slaguences génétiqgues codant pour les
cellulases et hémicellulases. L’article de Tartarak [39] a notamment identifié des
séquences de cellulases et d’hémicellulases désteota partir d’'une banque génomique
d’ADN issu du tube digestif dB. flavipes La transformation de souches bactériennes par ces

séquences est certainement la voie la plus pronsettedvitant de résoudre les difficultés
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inhérentes aux cultures de protistes. Il faut cdpetnoter que nos travaux ont permis de
cultiver Poterioochromonasp., que I'on peut ajouter a la liste des raresdmprotistes de

termites cultivés a ce jour.

VII1.5. Etude des moisissuresSarocladium kilienseet Trichoderma virens

Les moisissureS. kilienseCTGxxyl etT. virensCTGXxAviL ont montré des activités
enzymatiques relativement diversifiéeg-amylase,p-glucosidase, endo-1{8D-glucanase,
endo-1,48-D-glucanase, endo-1f@D-xylanase et FP-cellulase. Les levures et les
moisissures possedent de nombreuses applicati@ssalleur immense capacité a produire
des molécules tres diversifiees. Les moisissuras eo réalité les microorganismes les plus
utilisés en termes de production d’enzymes, qlagisse ou non de souches recombinantes.
Les moisissures regroupent 60% des microorganisiiles®s comme hotes dans le domaine
des producteurs d’enzymes, contre 27% pour legbest(recombinantes ou non) et 5% pour
les levures (recombinantes ou non). Au total, 6@% ehzymes industrielles proviennent des
moisissures dont les principaux représentants #ppaent aux genredspergillus (27%),
Trichoderma(6%), Penicillium (6%), Rhizopus(5%) etHumicola (2%). Les enzymes des
moisissures trouvent des applications dans desidemaes diversifiés : I'industrie textile, le
travail du cuir, l'industrie papetiere, l'alimenta animale, le bioéthanol, la synthese
organique, les édulcorants, la boulangerie, leglyt® laitiers, I'hydrolyse des protéines, la
brasserie, la distillerie, la fabrication des vidss jus de fruits et la modification des lipides
[40]. Les levures et moisissures posseédent aussiagétudes a la fermentation et a la
production d’antibiotiques ; les levures fournidségalement des extraits riches en vitamines

et en minéraux [41].

Dans le cadre d’'une exploitation industrielle, tegisissures ne peuvent en aucun cas
avoir d'effet pathogéne sur 'lHomme, les animauxlesi plantes. En ce qui concerne les
effets potentiellement négatifs sur I'étre humdinstitut Scientifigue de Santé Publique ne
considére pas les genr&arocladium(identigue aAcremonium et Trichodermacomme
pathogenes, a l'inverse ABpergillus fumigatusDu point de vue phytopathogéne, le genre
Trichoderman’a pas d’effet négatif sur les plantes; il a ,eémontré des effets anti-
pathogenes : la moisissure peut pénétrer les eslldés microorganismes phytopathogénes,
entrer en compétition avec eux et sécreter debiatitjues empéchant leur développement
[42]. Le cas deSarocladium(Acremoniunp kiliense est plus problématique. La moisissure
Acremonium cucurbitacearumest reconnue comme étant phytopathogéene, et la

phytopathogénicité d8arocladium zeaa déja été démontrée. Le caractére phytopathogéne
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potentiel deSarocladium strictunet Sarocladium kiliensa aussi déja été proposé [43]. Par
ailleurs, il a aussi été montré que la sou@ekilienseSamifll a une forte activité
antibactérienne et antifongique [44]. Les moisiesuaippartenant au gerdarocladiumont
donc une connotation trés variable selon I'esp&ceoryzaeproduit des antibiotiques tout
comme S. kiliense S. strictumest pathogene du sorgho et du fraisiefSetzeaeest un
endophyte mutualiste du mais [45]. La phytopathmij@nde S. kilienseest donc encore a
démontrer. Bien que cette moisissure ne soit pamnreie comme pathogéne de 'Homme au
niveau légal belge, des études ont déja rappogé&ae de dysfonction rénale, de péritonite,
de cirrhose ou encore d’hypertension duefcaemonium kiliensg¢46]. Par conséquent,
'usage de cette moisissure a I'échelle indusgielburrait constituer un danger. Sur un plan
légal, il est aussi probable que le statutSlekiliensechange suite a des études futures
montrant le caractere pathogéne de ce microorganig€me solution possible serait alors
d’isoler les genes codant pour les xylanases etdéislases et de transformer une souche

bactérienne receveuse, comme proposé au poin8ViIll.

Les applications possibles des xylanases ont égeptées au point VIII.3., et I'intérét
pour les souches productrices de xylanases alsalawait été souligné en raison de
laugmentation de la solubilité du xylane en pHadift [21]. La xylanase produite p&.
kiliense CTGxxyl a montré un pH optimal de 8-10, I'enzynoéete mieux les pH alcalins a
plus long terme que les pH acides (v@hapitre VI). Cette enzyme a montré une
température optimale de €0, bien que plus de 80% de cette activité soit emée a plus
basse température. Les températures supérieures @ftet plus inhibiteur, une température
de 70C faisant chuter I'activitt a moins de 60% de ldema maximale. En revanche,
'enzyme peut conserver son activité enzymatiqugirtale presque inchangée aprés un
chauffage de 30 minutes a une température allaquja 86C. Si I'on se référe a quelques
xylanases produites a I'échelle industrielle (Vbableau 1, Chapitre |, p.5), il apparait que
'enzyme produite paB. kilienseCTGxxyl possede les caractéristiques requisesvaaun des
conditions de travail en termes de pH et de temiperaSon avantage est d’hydrolyser plus
favorablement a pH alcalin, condition dans laqulelleylane est plus soluble, ce qui améliore
le rendement de I'hydrolyse. Le cas de la xylanaseluite parT. virens CTGxAviL est
différent. L’enzyme montre un pH optimal acide (5-6t tolere aussi des conditions de pH
assez etendues (plus de 80% d’activité conservées ap heures a un pH de 4 a 10,8).
L’enzyme se rapproche donc plus des xylanasestmeliess courantes que celle Bekiliense
CTGxxyl. La tenue de I'enzyme a la températurepest satisfaisante et décroit fortement
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aprés 30 minutes a %D. La température optimale de I'enzyme a été oléseav40-58C, ce

qui est en accord avec la plupart des xylanasesindlles.

Les cellulases trouvent aussi de nombreuses afiphs industrielles. La revue
bibliographique de Kuhad et al. [47] peut étre ciié® pour plus d’informations. Les
cellulases sont généralement identifiees chez lgtms, les bactéries et les actinomyceétes.
L’industrie papetiere exploite les cellulases pproduire la pulpe a partir du bois, procédé
nettement plus économique que la méthode mécarmignsommant beaucoup d’énergie.
L'industrie textile est aussi demandeuse de cedédales cellulases acides améliorent la
tenue des fibres, et permettent d’obtenir des sesfdextiles plus nettes. La fabrication du
bioéthanol de seconde géenération est aussi basgrarte partie sur 'usage de cellulases qui
hydrolysent le complexe lignocellulosique. La beass et la fabrication du vin font
également appel aux cellulases. Les enzymes pemhettans ce cas d’améliorer la
fermentation des sucres en éthanol. L'industrienatitaire exploite les cellulases pour
faciliter I'extraction des jus de fruits. L'alimetton animale requiert des cellulases pour
augmenter la digestibilité des aliments. Certaineulases sont aussi utilisées comme
moyens de lutte contre les phytopathogenes enuditgiie. || a aussi été démontré qu’elles
peuvent avoir un effet bénéfique sur la qualitésdu A ces applications peuvent étre ajoutées
lindustrie extractive de I'huile d'olive, des caénmoides, l'industrie des détergents et le
traitement des déchets [47]. [ableau 2 présenté dans Ehapitre | (p.6) montre quelques
exemples de cellulases produites a I'échelle imdhlist ainsi que leurs caractéristiques et

applications mentionnées par les fournisseurs.

Une unité d’'activité cellulase est définie commeglantité d’enzyme capable de
fournir 1 pmol de glucose en une minute. Toutefomnme dans le cas des xylanases, il
n’existe pas de standardisation des méthodes derepext les valeurs fournies doivent étre
considérées avec précaution. Les cellulases peesenans Idableau 2 (Chapitre |, p.6)
montrent toutes des pH optimaux acides. Toutefesscellulases alcalines sont aujourd’hui
recherchées, surtout au niveau de l'industrie lexX@iurant la fabrication du jean, le polissage
et le lavage ont tendance a décolorer le tissue@atdance est fortement réduite a pH neutre
et surtout alcalin, d’ou l'intérét pour des enzynadsalines. De telles enzymes sont aussi
beaucoup moins agressives que les cellulases asigeses fibres de coton [48]. Les
cellulases produites p&:. kilienseCTGxxyl etT. virensCTGxAVIL possedent toutes les deux
un pH optimal alcalin, respectivement de 10 et 8s Cellulases tolérent également des pH

alcalins plutot qu’acides. La cellulase 8ekilienseCTGxxyl conserve plus de 70% de son

215



activité apres avoir passé 4 heures a pH 10.8s glae la valeur chute a moins de 5% quand
le pH est fixé a 4. La cellulase de virensCTGxAviL, en revanche, ne supporte pas un pH
de 10.8 a long terme, avec une activité résidueftrieure a 5% de la valeur maximale. Les
cellulases des deux moisissures devraient doneétpoyées dans des procédés industriels
ou les pH modérément alcalins sont requis. Lesraagyont aussi montré une température
optimale de 7%C, mais cette température provoque une dénaturasipile de I'enzyme
méme aprés 30 minutes. La cellulaseSdéilienseCTGxxyl ne conserve que moins de 40%
de son activité originale, et celle d@e virensCTGxAviIL n’en conserve que moins de 20%.
Toutefois, les gammes de températures corresporalargiles des enzymes industrielles
décrites dans leTableau 2 (Chapitre |, p.6). Les cellulases produites par les deux
moisissures présentent donc des caractéristiqagameuses du point de vue industriel, avec

la particularité d’étre actives a des pH non cotieemnels.

VIII.6. Etude des communautés microbiennes sur basde diétes artificielles

Les résultats obtenus et présentés Ghapitre VIl ont clairement montré une
modification de la microflore du termite. flavipessous l'effet de dietes artificielles. Une
étude avait été menée sur le termiteptotermes formosanust avait abouti aux mémes
conclusions [49]. Dans cette étude, le termite tagté soumis a différentes dietes (bois,
cellulose, cellobiose ou glucose) et la microfletearyote et bactérienne avait été étudiée. I
est apparu que les populations des protiBs=udotrichonympha grasdilolomastigotoides
hartmanni et Spirotrichonympha leidyiont subi une forte diminution suite aux dietes a
sources de carbone de bas poids moléculaires, mug@énsi I'importance des protistes dans
la dégradation de la cellulose. Les communautéséhannes se sont aussi révélées tres
différentes d’'une diete a l'autre [49]. Les travamenés par Bauwens et al. [50] ont aussi
abouti a des conclusions bien claires. Cette étmdsoumis des termites de l'espéece
Reticulitermes flavipea deux diétes composées de cellulose cristalénée ou additionnée
de lignine. La lignine a eu un effet positif surtaens protistes Trichonympha agilis et
négatif sur d’autresPyrsonympha majoet Pyrsonympha vertephsll a aussi été possible de
montrer une modification significative des actigignzymatiques globales dans les différents
compartiments digestifs : les glandes salivairde &iregut, le midgut et le hindgut (parois et
lumen). L’effet sur la microflore bactérienne a sisté mis en évidence [50]. Dans le cadre
du présent travail, l'effet de la lignine sufFrichonympha agilis a été confirmé.
L’hémicellulose s’est aussi avérée sélective degigtes de petite tailleCes différentes
observations suggérent qu'il pourrait étre possitiée cibler certaines communautés de
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protistes sur base des dietes artificielles. Lasoént des protistes dégradant la cellulose et le
xylane pourrait étre facilité par 'administratiale dietes spécifiques aux termites avant la
dissection, et préalablement a I'enrichissemertigtures spécifiques.

L’analyse des communautés microbiennes par lesoplamues BIOLOG a fourni de
tres nombreuses informations. L'avantage de cesysiest qu'il fournit des données sur les
activités enzymatiques développées par les différnerembres des consortia microbiens. En
effet, une source de carbone présente dans un vauissimuler la croissance de la ou des
souches microbiennes capables de la dégrader. tienaaniere, il est possible d’avoir une
vue tres générale des potentialités de la micrfiatestinale du termite. Le puits de la
microplaque peut donc étre considéré comme un mitieu d’enrichissement. On pourrait
envisager d’'y prélever des échantillons pour céresr les microorganismes sélectionnés,
tout en gardant en mémoire que le développemenpratistes n'y est pas possible en raison
des conditions de culture tres séveres. La prooluatep-glucosidase a notamment pu étre
mise en évidence au vu de la dégradatiorn3genéthyl-D-glucoside et du cellobiose. Ces
substrats sont bien évidemment indicateurs de ¢gadétion de la cellulose. Toutefois, la
dégradation d’'autres molécules est lieée a de nambtgpes d’applications. La-lactone
d’acide D-galactonique est une lactone qui requigrprésence de lactonases pour étre
hydrolysée. Ces enzymes dégradant les lactonegetmbnotamment des applications dans le
secteur des biotechnologies [51]. La dégradatiotiadéde hydroxybenzoique, présent sous
forme d’acides 2- et 4-hydroxybenzoiques dans lesoplaques, est un autre domaine de
recherche. La dégradation de tels composés aramatigst recherchée dans le secteur de la
dépollution des effluents [52]. Un autre exemplieoetui des cyclodextrinases qui catalysent
I'hydrolyse des cyclodextrines. Ces enzymes trouvetamment des applications dans les
secteurs alimentaire, cosmétique et pharmaceutuéant qu’agents de stabilisation, de
solubilisation ou de libération contrélée de molésuspécifiques [53]. Ces exemples
caractérisent la portée de l'utilisation des mitagpes BIOLOG, et la possibilité d'y enrichir

des souches particulieres apparait trés intéressannovante.

Ce travail a pu mettre en évidence la forte difiéeeentre les résultats d’identification
génomique et protéomique. La présence de séquspéesiques de microorganismes est un
indicateur de leur présence, mais les données t@gsopar la protéomique apportent des
informations complémentaires. L’'expression desé@ines des microorganismes dépend de
nombreux facteurs, et ceux-ci varient selon le tgfmganisme considéré. Pour rappel, la

synthése protéique repose tout d’abord sur la drgptn de 'ADN en ARN messager, qui
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va lui-méme servir de base a la traduction en semud’acides aminés dont I'enchainement
définit la protéine. A titre d’exemple, chez lesitias (notammenBacillus subtilisdont une
souche xylanolytique a été présentéeChapitre 1V), les ARN-polymérases qui procédent a
la transcription sont composées de facteuet des ARN-polymérases proprement dites. La
transcription est initiée quand il y a interactemtre les séquences -35 et -10 des promoteurs

P F, etc.), et chacun

des génes et les facteursCes facteurs sont trés diversifiésst, ¢°, o
interagit avec une séquence bien spécifigue. @edaconditions peuvent étre nécessaires
pour activer les promoteurs. Par exemple, les fiast® sont liés aux conditions de stress, les
facteurss"” sont liés aux chocs alcalins, les factesfssont liés au stress osmotique, etc.
L’activité des facteurs peut aussi dépendre de I'expression et de lalistadbe facteurs anti-

o, voire de facteurs anti-anti- Certaines kinases interviennent également dasiviation
des genes par lintermédiaire de transferts de pitaiss dépendant des conditions
environnementales. Différents systemes a deux ceames ont aussi été identifiés chez les
bacilles, tels que les systemes DegSU, CssRS, Y,eef6FA ces différents systemes viennent
s’ajouter les régulateurs de transcription spéedgjqui s'appliquent a des génes ciblés. De
plus, les protéines extracellulaires, telles quedrzymes excrétées, nécessitent en plus de
traverser la paroi cellulaire a l'aide de transpors membranaires [54]. Tous ces systemes
régulateurs rendent compte de la complexité deedex qui influencent I'expression des
protéines. Le cas des moisissures est aussi tnéglexe. Chez les moisissurAspergilluset
Trichoderma la production des cellulases, hémicellulases mylases est soumise a la
répression catabolique des sucres solubles, seffstldu géne Crel/CreA. La nature des
agents inducteurs et répresseurs est variable &elomisissure. Par exemple, les cellulases
sont produites pail. reeseien présence de cellulose, de cellobiose, de kactas de
sophorose. Cheaspergillus les amylases sont produites en présence d’amd#omaltose,
d'isomaltose et d’autres disaccharides [55]. Cetiastatation permet une fois encore de
démontrer la complexité de I'expression des preichez des organismes différents. Il est
aussi nécessaire de considérer les interactions kst différents microorganismes. En effet,
'action des protéines extracellulaires produites pne souche spécifique peut avoir une
influence directe sur d’autres souches. La prot§amiest donc riche en informations mais

aussi tres complexe a traiter.

Les dietes artificielles ont permis de modifier nsfigativement les microflores
bactériennes mais ont aussi favorisé le développen certaines moisissures. Les diétes

artificielles ont eu un effet d’enrichissement sf)@ae sur les souches microbiennes
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initialement présentes. LEhapitre VII a montré que des souches spécifiques ont pu étre
isolées selon les diétes: la bacté@hryseobacteriumsp. XAVLW a été extraite des
microflores issues des dietes artificielles ceBelacristalline+lignine, xylane et sciure de
bois ; la moisissur@richoderma virensCTGXAVIL a été extraite des microflores issues des
diétes cellulose cristalline (avec ou sans lignindg moisissureSarocladium Kkiliense
CTGxxyl a été extraite de la microflore issue dedi@te xylane ; la moisissufeusarium
solani AvL a été extraite de la microflore issue de latelicellulose cristalline (avec ou sans
lignine). Les propriétés des moisissuBasocladium kiliens€TGxxyl etTrichoderma virens
CTGXxAvIL ont été développées dans Ghapitre VI. Le choix a été fait d’écarter la
moisissureFusarium solaniAvL en raison de sa phytopathogénicité, bien dg’'alt montré

les mémes activités enzymatiques que les deuxsamtogsissures. La moisissureisarium

est phytopathogene et produit diverses mycotoxitedes que les trichothécenes, la
zéaralénone, la fumonisine, la moniliformine efcite fusarique. La moisissure peut se
développer sur les céréales, les fourrages etuaitge animale de maniére générale. Des
cas de mycotoxicose ont été observés en Europédser en Nouvelle-Zélande et en
Amérique du Sud. Les mycotoxines produites par asissure peuvent avoir des effets
néfastes sur les porcs, les volailles ou encorechevaux. La revue bibliographique de
D’'Mello et al. [56] peut étre consultée pour plumfdrmations. Au vu des effets négatifs de
la moisissure sur les plantes et les animaux, tueéplus poussée de la souchesarium
solani AvL devrait probablement faire appel a l'extraotidles genes codant pour les
cellulases et les xylanases suivie de la transfiitomae souches receveuses inoffensives. La
bactérie Chryseobacteriumsp. XAvLW a elle aussi montré des activités enzymas
intéressantes afamylase, B-glucosidase, endo-1f@tD-glucanase, endo-1f+D-xylanase,
filter paper-cellulase). Certaines souches du mgemee ont par ailleurs déja montré d’autres
activités enzymatiques. A titre d’exemp@hryseobacteriunsp. kr6 sécrete de la kératinase,
enzyme exploitable dans le secteur de I'épilagepdeaix ou de I'hydrolyse des plumes de
volailles trouvant une application dans l'alimematanimale [57]. La recherche d'autres
activités enzymatiques sur la souc@@ryseobacteriumsp. XAvLW pourrait donc étre
intéressantePour terminer, les autres moisissures isolées ahtafourni des réponses
positives aux tests enzymatiques qualitatifs ossaproduit des xylanases et des cellulases.
Ces souches demandent donc une investigation plussge et une détermination quantitative
des activités enzymatiques. En effet, il avait dééidé de se focaliser sur les moisissures

montrant les activités les plus diversifie&arocladium kilienseCTGxxyl et Trichoderma
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virens CTGxAVvIL), mais il est possible que les autrescdms non identifiées produisent des

enzymes en quantités appréciables.

VIII.7. Combinaison des approches microbiologique,génomique, protéomique et
métabolomique appliquées au termitdR. flavipes(ex.santonensi}
Ce travail a été effectué dans le cadre du proR€C A ermitofuel (Gembloux Agro-
Bio Tech no. ARC 08-13/02) et mené selon des apodifférentes et complémentaires.
Les différentes manipulations réalisées durant rgiep ont abouti a des résultats trés
diversifiés. Ces travaux ont été menés selon lggoahes suivantes : microbiologique,

génomique, protéomique et métabolomique.

L’approche microbiologique a permis d’isoler descroorganismes directement a
partir de leur milieu. Il a été possible d’extrades souches de lintestin du termite, de les
cultiver et de les faire produire des enzymes di#s milieux de culture adaptés. Cette
approche a mené a l'isolement de tous les microisges présentés dans ce travail. La
difficulté de cette méthode est la reproduction awsditions régnant dans le tube digestif des
termites dont la complexité a été mentionnée debmeuses fois. Par conséquent, il apparait
inévitable de perdre une partie de la microflorerigine lorsqu'on tente de réaliser un
enrichissement suivi d’'un isolement. I&hapitre Il a notamment montré la difficulté
d’isoler des souches microbiennes anaérobies. Gb#ervation est paradoxale étant donné
gue la majeure partie de la population des pratigtieprincipalement dans la zone anaérobie
de l'intestin des termites. L’approche microbiokpge de la problématique a donc ses limites.
Elle a toutefois permis d’isoler des souches istgmates du point de vue enzymatique, telles
gueBacillus subtilisABGx etPseudomonasp. ABGxCellA.

Le travail réalisé par Mattéotti et al. [58] a isil une méthode différente, consistant a
construire en premier lieu une banque d’ADN génamig partir d’'isolats obtenus sur boites
de Pétri. LADN génomique a ensuite été digéré sratiguement avant d’étre inséré dans
une souche @&. coli, puis les bactéries transformées ont été soumdsedes tests
enzymatiques. De cette maniere, lrglucosidase a été mise en évidence, montrant un pH
optimal de 6 et une température optimale d€40a méme banque génomique a par la suite
fourni 7 B-glucosidases différentes, proches de celles desegilebsiella et Enterobacter
[59]. Par la suite, une xylanase a été isolée skloméme méthode, phylogénétiquement
associée aux actinobactéries et montrant un pHnaptie 5 et une température optimale de
55°C [60]. Selon I'approche microbiologique, une asohkactérie a aussi pu étre isolée
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(appartenant au genf&treptomyces mais cette souche était differente car elle mantré
aucune activité xylanase. La complémentarité dethadés apparait ici étant donné que les
différents genres bactériens identifiés suite erdation de banques génomiques n’ont pas été

retrouvés selon la méthode microbiologique emplala¥es le présent travail.

La biodiversité relative a la microflore du termide été mise en évidence par la
protéomique. Cette approche a été présentée ddrevéal reéalisé par Bauwens et al. [61].
Dans cette étude, les protéines ont été étudi@astia d’échantillons provenant directement
de lintestin de termites disséqués, sans intredule biais par une mise en culture
intermédiaire. Deux approches ont été menées aljaa par chromatographie a deux
dimensions couplée a un spectrométre de masse @2BDKE/MS) et l'analyse par
électrophorése bidimensionnelle couplée a un aeatySIALDI-TOF (2DE-MALDI-TOF-
MS). Ce travail a notamment mis en évidence laatiffé d’interprétation due a un manque
d’'informations dans les bases de données utilisg@@sne bases de comparaison. En effet, les
bases de données ne sont pas assez documentéesolidetrvation concerne surtout les
protistes, identifiés majoritairement sur base dptides issus de tubulines. Les deux
techniques employées ont abouti a des résultadif@rents. La 2D-LC-MS/MS a permis
d’identifier des séquences peptidiques issues d#sstes, mais la 2DE-MALDI-TOF-MS a
éte inefficace dans ce domaine. La microflore pngata a plutot été identifiée selon la 2DE-

MALDI-TOF-MS, alors que les mycetes ont pu étrentifees par les deux techniques.

La spectrométrie de masse appliquée a I'étude @tabolites entreprise dans I'étude
de Brasseur et al. [62] constitue une approchérdifite. Il ne s’agit pas a proprement parler
de métabolomique car cette technique est défimme I'étude du métabolome par I'analyse
guantitative et qualitative des métabolites préseans un systéme biologique [63]. Dans le
cas présent, des extraits ont été testés sur esatis commerciaux et les métabolites ont été
analysés suite a la réaction, ce qui ne correspaacexactement a la définition sensu stricto.
Cette étude a consisté a tester des extraits sfintede termite sur des substrats
lignocellulosiques : la carboxymeéthylcellulosec#lulose cristalline et le xylane. Cette étude
a permis de fournir une vue d’ensemble des pota@atiade la microflore du termite. Des
fragments de 3 a 12 unités de glucose ont été wiseapres I'hydrolyse de la
carboxymeéthyicellulose ; des fragments de 3 a lfesie xylose ont été mis en évidence
apres I'hydrolyse du xylane. Ces fragments ont ygolexistence d’activités enzymatiques
de type endo-1,8-D-glucanase et endo-1p4b-xylanase présentes dans le contenu intestinal

des termites. Toutefois, l'utilisation du contentestinal sur de la cellulose cristalline n’a pas
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fourni d’oligosaccharides [62]. La spectrométrierdasse a aussi été utilisée dans I'étude de
Bacillus subtilis ABGx, présenté auChapitre IV, démontrant l'activité endo-1pHD-
xylanase développée par le bacille, sur base dksaokgosaccharides obtenus [64]. Pour
terminer, la méthode a aussi pu démontrer les imdivde type endo-1@-D-xylanase

développées par les moisissures présentéEhapitre VI .

Un bon exemple montrant la complémentarité des odléth est sans conteste celui du
Chapitre VII, présentant une analyse pluridisciplinaire desraflmres issues de termites
nourris & base de diétes artificielles. L'effetaes dieétes a pu étre mis en évidence par les
techniques suivantes : la microscopie, les micogyea BIOLOG, l'analyse protéomique et
génomique des cultures issues des diétes ainsi’igokement de souches microbiennes
combiné a la détermination qualitative des activittnzymatiques développées. La
microscopie a apporté des informations sur lesigiest alors que les microplagues BIOLOG
ont apporté des informations sur les activités bwiques développées par les bactéries et les
mycetes. L’analyse génomique des cultures a fauraivue d’ensemble des microorganismes
présents, et I'analyse protéomique a souligné ioedadifférences. Pour terminer, la culture
suivie de l'isolement des souches et du criblage algivités enzymatiques a permis de
caractériser des souches tres intéressantes, tpliessarocladium KkilienseCTGxxyl et
Trichoderma viren€TGxAVviL, faisant I'objet duChapitre VI.
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CHAPITRE IX.

Conclusions et
perspectives






En se focalisant sur le termiketiculitermes flavipegex. santonensis ce travail a
permis de caractériser de maniéere précise les fmiteys de la microflore en termes de
production enzymatique. Il a fourni différenteshieiques d’isolement et de caractérisation
d’activités enzymatiques exploitables dans des dwmsarelativement diversifiés. Il a
notamment été confronté a la difficulté de I'isolrhde souches microbiennes en raison des

conditions physico-chimiques trés spécifiques aattis intestinal du termit. flavipes
De maniére trés générale, ce travail se composewegrandes parties :

- Une premiere partie focalisée sur la recherche deches microbiennes
productrices d’enzymes et extraites du tractusiimal du termite a I'état originel,
- Une seconde partie focalisée sur la recherche deches microbiennes
productrices d’enzymes et extraites du tractussimal du termite soumis a des

dietes artificielles, et dont I'effet modificatearclairement été démontré.

La premiere partie du travail a d’abord montré das souches microbiennes
anaérobies vivant au sein du tractus intestinaledmite sont relativement difficiles a isoler,
en comparaison aux souches aérobies. Les souché@ohies sont d’ailleurs caractérisées par
un métabolisme plus lent, ce qui les rend moinsacives en termes de production
enzymatique. La mise en culture n'est donc pas wyem adapté a I'étude de tels
microorganismes, et il serait plus judicieux darscas d’extraire I'ADN total du contenu
intestinal et de cribler ce matériel génétique afien isoler des séquences d’enzymes

potentiellement intéressantes.

Le travail s’est par conséquent porté sur la ragterde souches productrices
d’enzymes de type aérobie. Cette approche s’esté@@\beaucoup plus fructueuse, et a mene
a l'isolement d’'un bacille producteur de xylanased’en protiste, type de microorganisme
dont la difficulté d’isolement a été rapportée denbbreuses fois dans le cadre de l'intestin des

termites.

bY

Cet aspect de la recherche a mené a une premi@ee déxpérimentations et
d’observations intéressantes. Tout d’abord, les ditmms d’isolement de souches
microbiennes les plus efficaces a partir du tradntestinal du termite ont pu étre
investiguées. Cette recherche a présenté un inténéidérable car elle a conditionné
'ensemble des expérimentations subséquentes. ggtteche a mené a l'isolement de deux

microorganismes en particulier qui ont pu étre ci@rises.
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La premiere souchdacillus subtilisABGX, de type bactérien, a montré une bonne
capacité de production d’endo-134-xylanase. L'étude a aussi évalué lefficacité de
différentes sources de carbone en tant gu’industéiactivité hémicellulolytique. A ce titre,
les résidus agricoles ont montré un effet inductdiactivité enzymatique tout a fait
satisfaisant. Cette observation est d’autant plysortante que ces sources de carbone sont

considérées comme des déchets.

La seconde souchd&oterioochromassp., est le seul protiste qu'il a été possible
d’étudier dans le cadre de la présente étude. latstes résidant dans le systeme digestif des
termites inférieurs sont caractérisés par unecdifti d’isolement jusqu’ici incontournable au
vu du faible nombre de publications disponibleseasajet. Le présent travail a montré
'existence et lisolement d’'un protiste produisamte enzyme de type-amylase. Bien
gu’aucune activité de type cellulolytique ou héridelytique n’ait pu étre mise en évidence,

il s’agit ici de la premiere observation de la e de protistes mixotrophes au sein du
tractus intestinal du termite, ce qui n’a encorages été rapporté dans la littérature. Sur un
plan plus pratique, les manipulations réaliséesrnisgent également une technique
d’isolement de protistes basée sur I'exploitatitcantibiogrammes. La méthode utilisée peut
étre appliquée a la recherche d’autres protistesstlencore important de signaler ici que de
nombreux protistes vivant dans le tractus intebtiles termites entretiennent des relations
symbiotigues avec des bactéries intra- ou extideaks. Par conséquent, I'emploi
d’antibiotiques est susceptible de rompre des sgsdsi. Cet aspect ne doit pas étre négligé en
ce qui concerne la méthode décrite. Par aillearspectrométrie de masse a été utilisée en
tant qu’outil de caractérisation du type d'activi@zymatique, sur base des fragments
observés. Cette technique a été appliguée a laérma@acillus subtilis ABGx et au
chrysophytePoterioochromasp., et les spectres ont fourni de précieusesnrg#tons sur les

activités enzymatiques développées par les micamisges.

La seconde partie du travail a tenté de déterntieiéet de perturbations alimentaires
sur la composition de la microflore endosymbiotiguetermite. Cet aspect a permis de mettre
en évidence de profondes modifications de la miarefsur base de techniques relativement
diversifiées : la microscopie, la métagénomiqugrtéomique et I'analyse par microplaques
BIOLOG®. Cet effet a été démontré sur les commugsmdes protistes, des mycetes et des

bactéries.
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A travers cette étude, il a été possible d’isoks douches microbiennes intéressantes
du point de vue enzymatique. Une souche bactérienpkisieurs souches de moisissures ont
pu étre caractérisées. Qu'il s’agisse de la premier de la seconde partie du travail, les
moisissures semblent étre les microorganismeslissgrometteurs en termes de production
d’enzymes. En effet, la moisissufspergillus fumigatusABGxAViA2, isolée du tractus
intestinal des termites originaux, a montré desvites de typeo-amylase,p-glucosidase,
endo-1,48-D-glucanase et endo-1p4Db-xylanase. Dans la seconde partie du travail, les
moisissuresarocladium kiliens€TGxxyl etTrichoderma viren&€TGxAviL ont montré des
activités de type-amylase -glucosidase, endo-1{8D-glucanase, endo-1#+D-glucanase,

endo-1,48-D-xylanase et Filter Paper-cellulase.

De maniere globale, la seconde partie du travabgalement fourni de précieuses
informations. Tout d’abord, les différentes techuag appliguées ont permis de démontrer
I'effet modificateur de I'application de dietes ificielles a la microflore des termites. La
profonde perturbation apportée par la modificatierrégime alimentaire est donc indéniable,
gu'’il s’agisse des bactéries, des mycetes ou dassias. Cette partie du travail a clairement
démontré la complémentarité des techniques quiébatutilisées dans le cadre de ces
manipulations. D’autre part, I'application de cegtels « artificielles » a pu favoriser le
développement de souches microbiennes « cachéelis. précisément, une bactérie et
plusieurs moisissures ont été mises en eévidenceceitré des propriétés enzymatiques
exploitables du point de vue de I'hydrolyse desiénes lignocellulosiques. L'étude appliquée
aux moisissureSarocladium kilienséAcremonium kiliengeCTGxxyl etTrichoderma virens
CTGXxAVIL a démontré la complexité qui existe enage sources de carbone utilisées comme
inducteurs d’activité et les activités enzymatiqusllement développées. Cette observation
est d’'une grande importance dans le domaine dedduption d’enzymes. Pour terminer,
importance des bases de données utilisées dansadee de l'analyse protéomique
d’échantillons complexes a pu étre mise en évideGette conclusion met en avant l'intérét
de vérifier le contenu des bases de données tesigdlss’agisse de séquences d’acides

aminés ou d’ADN.

Sur un plan plus général, les manipulations effssfudans le cadre de cette these
soulévent certaines perpectives. Tout d’abord, deah@rche de souches microbiennes
anaerobies n’a pas été concluante par les méthdilieges. Une piste d’amélioration serait
I'utilisation d’azote moléculaire dans toutes lepé&riences menées, et un temps plus long

serait nécessaire aux microorganismes pour seajimet et étre isolés. Une autre piste serait
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le criblage de I'ADN total contenu dans le tubeeditif des termites (soumis ou non a des
dietes artificielles). Cette méthode permettraitcdasidérer a la fois les souches aérobies et
anaérobies. Par ailleurs, certaines souches péesedans ce travail ont montré des activités
enzymatiques de type cellulasg-dlucosidase, endo-1@HD-glucanase et filter paper-
cellulase) et xylanasei{ylosidase et endo-1pHD-xylanase). Dans certains cas, d’autres
activités ont aussi été détectées-amylase et endo-1f8D-glucanase. Ces enzymes
possédent aussi de nombreuses applications irgllestriet leur caractérisation précise n'a
pas été entreprise en raison de l'intérét focalisdes cellulases et les xylanases. Ces souches
microbiennes constituent donc un intérét suppléament I'hydrolyse de la cellulose et du
xylane, et l'utilisation de milieux spécifiques potavoriser ces activités enzymatiques
constitue une piste de recherche supplémentairecé€Emui concerne les protistes, de
précieuses observations ont pu étre retirées daSrierces realisées. Ces microorganismes
sont considérés, chez le termite inférieur, commaorntairement responsables de la
dégradation de la cellulose, et leur mise en celast particulierement difficile & mettre en
ceuvre. L'isolement des enzymes sécrétées par slaniefoorganismes semble nécessiter
I'extraction de leur ADN suivi d'un criblage au e@u des séquences enzymatiques. Cette
méthode permettrait de contourner toutes les dits posées par la mise en culture. Cette
recherche d’enzymes a partir du matériel génétsguait aussi bien applicable aux protistes
gu'aux bactéries et aux mycetes non mis en évid@acees techniques utilisées dans le
présent travail. Un autre aspect relatif a la recie et a la production d’enzymes est celui de
la transformation de souches microbiennes. Cettproahe exploiterait des souches
réceptrices de séquences d’enzymes provenant tiribacmycetes ou protistes. Une autre
perspective est la transformation des souchesnatieg a l'aide d’agents mutagenes.
Toutefois, l'utilisation de cette technique sur fEstistes parait difficlement concevable en
raison de la fragilité des cellules. Une autre pecive concerne la source de
microorganismes étudiée tout au long de cette theiseérét de cette étude a été focalisé sur
la fraction du hindgut, reconnue comme étant la plahe portion du tractus intestinal en
termes de biodiversité. Toutefois, la recherche soeches microbiennes productrices
d’enzymes peut aussi étre appliguée aux autregeparte foregut et le midgut. Une telle
recherche permettrait probablement de mettre edegee d’autres bactéries ou myceétes.
Cependant, la recherche de protistes, dont laprésest prépondérante au niveau du hindgut,

ne serait certainement pas possible par cette voie.
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Les différents résultats obtenus au cours desrdiftés étapes de ce travail ont permis
de présenter le termite comme source indiscutdblezgmes exploitables dans le domaine de
la synthése des biocarburants de seconde génér&tiarette application peuvent aussi
s’ajouter d’autres secteurs industriels, exploitant aussi les xylanases et les cellulases. Pour
conclure, les organismes vivants qui exploitent sigmbioses complexes sont une source
indéniable de souches microbiennes sécrétant dsgnes exploitables dans des domaines
aussi utiles que diversifiés.
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