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Résumé

A I’échelle de I’agro-écosystéme, la productivité primaire est sous la dépendance du recyclage des
matieres organiques du sol (MOS) par I’action des organismes indigénes décomposeurs, qui minéralisent les
composés organiques libérant ainsi les nutriments nécessaires a la croissance vegétale. A une échelle plus
globale, le recyclage des MOS détermine les flux de carbone entre le sol et 1’atmosphere, avec des
conséquences majeures sur la qualité de I’environnement et les changements globaux. Malgré le role central
des microorganismes indigénes dans ces processus, la composante microbienne est encore mal connue et
souvent considérée comme une boite noire en termes de diversité et de fonctionnalité. Par conséquent, pour
micux comprendre et prédire 1’évolution des MOS et donc les flux de carbone (C) dans les agro-
écosystemes, il est nécessaire de mieux connaitre les populations et les mécanismes microbiens impliqués
dans leur dégradation et transformation. Dans ce contexte, 1’objectif de cette thése était de progresser dans
la connaissance de la réponse des communautés microbiennes telluriques a I’apport de résidus de culture.
Cette réponse des communautés microbiennes a été abordée en termes de (i) succession des populations
impliquées dans les processus de dégradation de ces MOF (matiéres organiques fraiches), (ii) lien avec leur
fonction de dégradation et répercussion sur la dynamique des matieres organiques, et (iii) réle dans les
processus de stockage/déstockage du carbone via les processus de « priming effect ». Différents parametres
pouvant moduler la dégradation des residus et la dynamique des communautés ont été pris en compte :
modalité d’apport des résidus (pratiques culturales), qualité biochimique des résidus (différentes especes
veégétales), et température. La stratégie globale de recherche développée repose sur des expérimentations de
terrain et au laboratoire impliquant différentes échelles spatiales (du microcosme de sol a la parcelle
agronomique) et temporelles (du temps de génération microbien aux cycles culturaux). La réponse des
communautés microbiennes a I’apport de résidus a été évaluée par I’utilisation de méthodes moléculaires
permettant de caractériser sans a priori la diversité des microorganismes du sol (empreintes moléculaires,
clonage/séquencage, séquencage haut débit). En parallele, un suivi quantitatif et qualitatif de la matiere
organique du sol, par des méthodes de biochimie ou de spectroscopie, a été réalisé afin d’établir le lien entre
la dynamique des communautés microbiennes et le devenir de la matiére organique dans le sol.

Les deux premiers chapitres du manuscrit portent sur des expérimentations réalisées au terrain
(conditions naturelles) afin d’évaluer I’influence de la localisation des résidus (résidus de blé incorporés vs.
laissés en surface ; site expérimentale INRA Mons) d’une part et d’autre part de la qualité biochimique des
résidus (résidus de blé, colza et luzerne incorporés, site expérimentale INRA Epoisses) sur la dynamique des
communautés microbiennes du sol. Les résultats obtenus mettent en évidence une forte influence de la
localisation comme de la qualité biochimique des résidus sur les successions de populations microbiennes
induites suite a I’apport. Des populations/groupes microbiens stimulés spécifiquement dans chaque modalité
ont été identifiés. Les résultats de diversité ont été mis en regard des dynamiques de décomposition des
résidus, afin de faire le lien entre les successions de populations et 1’évolution des ressources trophiques.

La troisieme partie du travail correspond a une expérimentation en conditions contr6lées
(microcosmes de sol) nous permettant de coupler des outils moléculaires et isotopiques (ADN-SIP) pour
cibler spécifiquement les populations microbiennes activement impliquées dans la dégradation des résidus
de culture et les mettre en relation avec les flux de carbone gazeux précisément qualifiés, et plus
particulierement avec la mesure du « priming effect » (fonction de stockage/déstockage des MOS). Le
facteur de variation pris en compte a été a nouveau la qualité biochimique des résidus apportés (ble,
luzerne). Les taux de minéralisation des résidus observés (luzerne > blé) ont été reliés a des dynamiques de
populations spécifiques du résidu apporté. D’autre part, le déstockage du carbone du sol engendré par
I’apport de résidus était aussi modulé par la qualité de I’apport et reli¢ a des dynamiques de populations
specifiques du résidu apporté. La diversité de ces populations bactériennes a été caractérisee par
pyroséquencage afin de mieux identifier les populations impliquées et leurs attributs écologiques.

L’ensemble des travaux a permis d’identifier les successions populationnelles des microorganismes
qui sont impliquées dans la dégradation des résidus de culture apportés dans les sols. La diversité de ces
populations mais aussi la dynamique de leurs successions ont été démontrées comme étant fortement
influencées par les pratiques agricoles mais aussi par la qualité biochimique des résidus. En paralléle, les
mesures de flux de CO, couplées a des techniques d’isotopie ont permis de relier ces modifications de
diversité microbienne avec le turn-over des MOS mais aussi avec les potentialités de stockage/déstockage
de C dans le sol.
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Figure 1G.1: Liens entre Services d’origine écosystémique et Bien-étre de
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les écosystémes et les différentes composantes du bien-étre qui en résultent.
Source : Millennium Ecosystem Assessment

http://www.millenniumassessment.org/fr/Index.aspx.



Introduction générale

u cours du XXeme siecle, les activités humaines se sont intensifiées et ceci

est, en partie, di a ’augmentation de la population mondiale et au besoin

croissant en alimentation associée, mais aussi a cause de la forte demande
d’une partie de cette population a développer son bien étre [Figure 1G.1]. Cette intensification
des activités humaines a provoqué une altération de notre environnement et est la cause d’une
¢érosion significative de biodiversité a 1’échelle planétaire. L’évaluation des écosystemes a
ainsi montré que le taux d’extinction des especes a augmenté d’un facteur 10, 100 voire 1000
dans certains cas depuis le début de 1’ere industrielle (Lawton et May, 1995; MA, 2005). Une
telle perte de biodiversité entraine une modification des processus biologiques et de la
stabilité des écosystémes (Balvanera et al., 2006). D’un point de vue écologique, le sol
représente 1’un des plus importants réservoirs de diversité biologique de notre plancte et
surtout 1’un des derniers remparts pour cette biodiversité (Swift, 1998). Il est aussi le lieu de
nombreux processus biologiques et écologiques et fournit donc un nombre important de
services écosystémiques [Figure 1G.1] résultant de la complexité des assemblages
taxonomiques et fonctionnels des communautés indigénes et des interactions entre les
organismes (Coleman and Whitman, 2005). De facon non exhaustive ces services sont (i) la
fertilité des sols via la dégradation de la matiére organique et le recyclage des éléments
minéraux, (ii) la qualité de I’environnement en terme de réduction de pollutions, (iii) les
changements globaux a travers la régulation des émissions de gaz a effets de serre, (iv)
I’alimentation humaine a travers la production végétale... Pourtant, le nombre d’études sur la
quantification de la biodiversité du sol et sa traduction en fonctionnement biologique est
beaucoup plus faible au regard des travaux portant sur la diversité des organismes vivants a sa
surface (notamment les plantes) et par conséquent, notre niveau de connaissance reste limité.
Ceci est d’autant plus vrai pour les communautés microbiennes indigénes qui sont encore
considérées, sur la base d’un postulat proposé par Beijerinck (1913): «tout est partout »
(«everything is everywhere »), comme des organismes ubiquistes présentant une forte
redondance fonctionnelle. A ce titre, les communautés microbiennes telluriques apparaissent
encore de facon récurrente comme une "boite noire™ fonctionnelle genératrice de flux dont
I’intensité ne dépend que de facteurs abiotiques comme la température, 1’humidité, le pH...,
excluant I’hypothése que la diversité et la composition des communautés microbiennes ainsi
que les interactions trophiques (compétition, commensalisme,...) entre les populations

puissent jouer un réle fonctionnel (McGill, 1996 ; Gignoux et al., 2001).
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Figure 1G.2 : Cycle du carbone au niveau des agrosystemes. Sur cette figure
sont représentées les deux grandes voies du cycle du C : (i) fixation du carbone
dans composé organique (photosynthese), (ii) production de CO, ; et plus en
détail, le devenir d’apport de maticéres organiques au sol. Source : ©INRA -
Pascale Inzerillo.



Introduction générale

Il en résulte :

- un manque de connaissances sur la diversité des microorganismes du sol, sa
distribution spatiale & petite comme a grande échelle, et son implication dans le
fonctionnement du sol (Ranjard et al., 2010).

- une prise en compte insuffisante, voire absente, de la diversité microbienne dans les

modeles actuels permettant de quantifier les flux de matiére et d’énergie (Ingwersen et

al., 2008).

Parmi les activités microbiennes qui conditionnent le fonctionnement biologique du
sol et plus largement des écosystemes, celles liées au cycle du carbone nous ont
particulierement interpellées car elles ont un role central dans les flux de maticre et d’énergie
au niveau de la biosphéere. En effet, avec des stocks atteignant a 1’échelle planétaire 750Gt
dans I’atmosphére, 650Gt dans la végétation et 1500Gt dans les sols et des échanges moyens
annuels entre biosphére continentale et atmosphere s’élevant a 120GtC/an, les flux de carbone
engendrés prennent une part importante dans le fonctionnement des écosystemes (IPCC,
2001). Parmi les différentes sources carbonées métabolisées contribuant a ces flux de carbone,
une part non négligeable est représentée par les résidus végétaux qui retournent au sol. Au
niveau des agro-écosystemes, une pratique réguliere, qui a tendance a se développer, est
I’incorporation des résidus de culture au sol qui a déja démontré son efficacité pour
augmenter les stocks de carbone dans le sol, réduire le lessivage des nitrates et par conséquent

ameliorer la fertilité des sols [Figure 1G.2].

Si on regarde plus précisément le cycle biogéochimique du carbone, le dioxyde de
carbone (CO,) est emmagasiné dans les plantes grace a la photosynthese. Les réesidus de
plante se retrouvent ensuite dans le sol ou trés souvent ils sont consommés par des petits
invertébrés, des bactéries et/ou des champignons qui les décomposent et les convertissent
soit (i) en substance humique a travers des processus biochimiques et abiotiques permettant de
stocker le carbone dans le sol, soit (ii) en dioxyde de carbone et en eau [Figure 1G.2]. Le flux
majeur de carbone dans I’atmosphere est libéré par ces processus de décomposition appelée
respiration hétérotrophe. Méme si en volume, le CO, ne représente qu’une trés faible
proportion de I’atmospheére (0,036%), il est cependant important car, avec la vapeur d’eau, le
méthane et d’autres gaz a « effets de serre », il absorbe les rayons infrarouges. Il laisse passer

la lumiére solaire jusqu’a la surface de la terre, mais il empéche le retour du rayonnement
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ENCADRE 1 : Historique de I’Ecologie Microbienne.

e premier symposium en écologie microbienne a eu lieu en 1957, le premier ouvrage sur cette

discipline fut publié par Brock en 1966 et les premiers journaux scientifiques destinés a

I’écologie microbienne (Applied and Environmental Microbiology et Microbial Ecology) sont
apparus en 1974 et 1976. Comment expliquer cet intérét tardif ?

Parmi les disciplines étudiant les différentes formes de vie sur notre planéte, 1’écologie microbienne a
été la derniére a s’établir, d essentiellement a la découverte tardive des microorganismes. En effet,
méme si plusieurs chercheurs suspectaient 1’existence et le rdle des microorganismes dans les
maladies, il faudra attendre les premieres observations au microscope par Antonie van Leeuwenhoek
pour pouvoir reellement les observer (1676). La microbiologie fait alors son apparition permettant
I’isolement, 1’¢tude et ’identification des microorganismes.

Le concept d’écologie microbienne apparait alors fin du XIX®™ - début du XX*™ siécle, lorsque
quelques microbiologistes se penchent sur le réle écologique des microorganismes en étudiant le role
de ces derniers dans les cycles du carbone, de 1’azote et du souffre qui se déroulent dans le sol et dans
les eaux. Entre autre, Sergei Winogradsky découvrit que de nombreuses bactéries pouvaient incorporer
du CO, dans la matiére organigue comme les organismes photosynthétiques et étudia la décomposition
de la cellulose. Beijerinck et Winogradsky développerent la technique d’enrichissement des cultures et
I’utilisation de milieux sélectifs, qui sont tellement importants en microbiologie. Jusque dans les
années 1960, les études portaient donc essentiellement sur des cultures microbiennes monoxéniques et
visaient en particulier a définir des milieux et des procédures permettant 1’isolement de souches
microbiennes issues de I’environnement, dont la physiologie et les conditions de développement
étaient ensuite étudiées in vitro.

Dans les années 1980-90, les indications de la vaste diversité microbienne dans les sols qui est non
cultivable (moins d’1% des microorganismes observés sous microscope sont cultivables) (Bakken et
al., 1985 ; Torsvik et al., 1990 ; Amann et al., 1995), ainsi que 1’abstraction des interactions avec
d’autres organismes et celles avec leur habitat (initié par Brock en 1987) ont stimulé le développement
de progrés méthodologiques pour s’affranchir des méthodes de culture et avoir un meilleur acces a
cette microflore et passer le niveau d’intégration de 1’individu aux populations voir a la communauté.

En 1985, Pace et al. introduisent une approche basée sur 1’extraction, I’amplification, le clonage et la
caractérisation de génes d’ADNr directement des environnements naturels et ouvrent la voie a des
innovations techniques majeures en biologie moléculaire et en biochimie (électrophorése,
amplification in vitro de I’ADN, bio-informatique) permettant 1’étude du génome de ces populations
(génomique). Beaucoup d’études ont été dédiées a ce type d’approche et ont fourni les bases pour
comprendre le monde microbien et son réle dans le fonctionnement des écosystémes.

Cependant I’ADN de la microflore ne correspond qu’au potentiel génétique de la communauté et non a
son activité. Or un des enjeux des études d’écologie microbienne est de mettre en relation la diversité
génétique et les activités de la microflore afin d’étudier et de prédire le fonctionnement des
communautés microbiennes et ses conséquences sur I’environnement. C’est pourquoi depuis la fin des
années 1990, des progres continuent d’étre réalisés dans le domaine du transcriptome (étude des ARN)
et du protéome (étude des protéines) grace au développement de méthodologies pour extraire,
amplifier et caractériser les ARN et les protéines.

Au jour d’aujourd’hui, 1’écologie microbienne est connue pour étre une science intégrative avec des
interconnections fortes avec la systématique, la génétique, la biochimie, la biologie moléculaire, la
physiologie, la modélisation, la paléobiologie, les sciences du sol, la parasitologie, I’épidémiologie. ..
avec des implications importantes dans 1’alimentation, la santé publique et I’environnement qui
nécessitent encore des avancées technologiques pour améliorer notre compréhension des processus
gérés par les microorganismes.
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thermique de la terre vers 1’espace permettant 1’échauffement de 1’atmosphére et le maintien

de la température terrestre.

Afin de mieux comprendre et gérer le cycle du carbone et prédire les flux associes, des
études descriptives et de nombreux modéles mathématiques centrés sur la matiére organique
du sol et sa dégradation ont été développés (Schlessinger et al., 2000). Malgré 1’utilité de ces
¢tudes ou modeles, leur intérét écologique est encore limité a cause d’une prise en compte
insignifiante de la composante microbienne. Cette derniere est souvent considérée dans les
modeles comme un seul pool quantitatif sous forme de biomasse microbienne (Hadas, 2004 ;
Shibu et al., 2006) alors qu’elle représente un des acteurs principaux des processus
biologiques du sol (McGill et al., 1996). Les études réalisées jusqu’a présent, pour évaluer
I’impact de I’apport de matiére organique sur la communauté microbienne du sol, se sont
essentiellement basées sur des mesures de paramétres quantitatifs globaux comme la biomasse
microbienne, le taux de respiration, des mesures d’activités enzymatiques ou de turn-over de
carbone et d’azote. Le manque de prise en compte des communautés microbiennes en terme
de diversité, de successions populationnelles et de fonctionnalité s’explique par le fait que,
parmi les disciplines étudiant les différentes formes de vie sur notre planéte, 1’écologie
microbienne et la microbiologie environnementale ont été les derniéres a s’établir,
essentiellement a cause de la découverte tardive des microorganismes [Encadré 1 : Historique
de I’écologie microbienne]. Il en résulte un retard méthodologique sur la caractérisation des
microorganismes du sol in situ qui s’explique aussi par les caractéristiques propres du modéle
microbien (i) petite taille des organismes, (ii) accessibilité plus ou moins importante des
populations au sein d’une matrice hétérogéne et structurée comme le sol, (iii) difficulté a
résoudre une information constituée de 100 000 a 1 000 000 d’especes différentes par gramme
de sol (Curtis and Sloan, 2005 ; Maron et al., 2007). Toutefois, depuis une vingtaine d’années,
les importantes avancées en biologie moléculaire ont permis de mettre au point des techniques
qui permettent d’appréhender et de résoudre la diversité des communautés microbiennes du

sol in situ et sans a priori (pour revue voir Ranjard et al., 2000).

Dans ce contexte, afin de pouvoir prédire I’impact des résidus végétaux sur les
microorganismes du sol en termes de diversité, de dynamique de communauté et de
fonctionnalité et de pouvoir gérer durablement le C dans les sols, il est apparu nécessaire
d’identifier les acteurs microbiens impliqués dans la dégradation de cette mati¢re organique
fraiche (MOF) mais aussi ceux impliqués dans le turn-over de la MOS. Plus précisément,

I’enjeu de cette thése était de pouvoir relier le devenir des résidus végétaux apportés au sol a

-18 -



Introduction générale

la diversité des populations microbiennes impliquées, tout en intégrant des facteurs
agronomiques (pratiques agricoles), biochimiques (types de résidus), et environnementaux
(température). Nous nous sommes basés sur une stratégie complémentaire mélant (i) des
expérimentations au champ (conditions naturelles) ou nous avons évalué la réponse des
communautés microbiennes a un apport de résidus au sol, et (ii) des expérimentations en
microcosmes (conditions controlées) nous permettant d’utiliser des outils de pointe (ADN-
SIP) capables de cibler spécifiquement les populations microbiennes activement impliquées
dans la dégradation des résidus de culture et de les mettre en relation avec les flux de carbone
gazeux précisément qualifiés, et plus particulierement avec la mesure du « priming effect »

(fonction : processus de stockage/déstockage des MOS).

Le présent manuscrit est composé de 4 chapitres :

- Le chapitre 1 correspond a une synthese bibliographique décrivant le contexte
scientifique dans lequel s’inscrit cette thése, tout en pointant les problématiques ayant conduit

au travail expérimental présenté dans les chapitres suivant.

- Le chapitre 2 correspond, grace a la mise en place d’une expérimentation au champ,
a I’étude de I’influence du travail du sol (enfouissement des résidus vs résidus laissés en
surface) sur la dégradation de résidus de blé et la dynamique des communautés microbiennes
associées. Ce chapitre sera présenté sous la forme d’un article scientifique qui a été accepté

pour publication dans le journal Microbial Ecology.

- Le chapitre 3 est consacré a 1’étude de la réponse des communautés microbiennes
telluriques a I’apport de résidus de culture de différentes qualités biochimiques (blé, colza,
luzerne), étude basée a nouveau sur une expérimentation au champ. De méme, ce chapitre
sera présenté sous la forme d’un article scientifique qui a été accepté pour publication dans le

journal Microbial Ecology.

- Le chapitre 4 décrit une étude menée en conditions contrélées sur des microcosmes
de sols et visant a caractériser les communautés bactériennes activement impliquées dans la
dégradation de différents résidus de culture (blé, luzerne) et les processus de minéralisation
associés. Ce chapitre sera présenté sous la forme d’un article scientifique en cours de

préparation.
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La derniére partie de ce manuscrit représentera la conclusion générale en termes de
synthése des principaux résultats acquis. La partie perspectives présentera les premiers
résultats d’une étude qui est en cours de réalisation. Elle avait pour questionnement d’évaluer
I’effet de la température sur la dynamique et la diversité des populations microbiennes

impliquées dans la dégradation des résidus végétaux ainsi que sur leur fonctionnalité.
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Figure 1.1:Schéma conceptuel représentant 1’approche utilisée dans la
synthese bibliographique pour étudier la réponse des microorganismes a
’apport de matiere organique fraiche au sol.

La section (1) correspond a une description des acteurs principaux : le sol, la
MOS et les microorganismes ; la section (1) traite de I’'impact des apports des
résidus de culture des agrosystemessur les communautés microbiennes
telluriques ; la section (I11) répertorie le réle fonctionnel des microorganismes
dans le turnover des matiéres organiques. La fleche en pointillée représente les
perturbations extérieures qui peuvent intervenir dans le processus de
dégradation de la matiere organique par les microorganismes et qui sont prises
en compte lors de cette synthese.
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L’objectif de ce chapitre bibliographique est de présenter le contexte scientifique dans
lequel se sont inscrits les travaux de thése, c'est-a-dire d’identifier les travaux déja réalisés sur
la réponse des communautés microbiennes du sol a 1’apport de résidus de culture, tout en
mettant en évidence les manques a ce niveau et en pointant les questions de recherche qui ont
été les bases de travail durant ma these. Cette synthese de la littérature internationale a été

structurée en 3 parties déecrites dans le schéma conceptuel en Figure 1.1.

| - Description des acteurs principaux

Les trois acteurs principaux de notre schéma conceptuel [Figure 1.1] sont le sol, la
matiére organique et les microorganismes. Ce sont les fortes interactions entre ces trois
acteurs qui vont déterminer les fonctions, les processus, les cycles biogéochimiques du sol et
les services écosystémiques qu’ils fournissent. La premiére partie de cette synthése

bibliographique est donc consacrée a les décrire d’un point de vue technique et fondamentale.

1. Le sol

1.1. L’objet sol : une matrice physique et chimique complexe, hétérogene mais

structurée

D’un point de vue spatial, la pédosphere est la couche superficielle et meuble de la
crolite terrestre qui se trouve a I’interface de 4 autres grands milieux naturels de la planéte : la
lithosphere, 1’hydrosphére, I’atmosphére et la biosphére [Figure 1.2]. Verticalement, elle
s’étend de la roche altérée jusqu’a la surface, qui peut varier de quelques décimétres a
quelques meétres sous nos climats tempérés. Horizontalement, elle couvre, de fagon presque
continue, la surface des continents, seulement interrompue par les affleurements rocheux, les

cours d’eau et les constructions de ’homme (Gobat et al., 1998).

Au niveau de sa composition, le sol est une matrice complexe qui est formée
[Figure 1.2] :

- d’une phase liquide correspondant a une solution chimique complexe nécessaire a

la réalisation des réactions importantes qui ont lieu dans les sols ;
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- d’une phase gazeuse qui est contenue dans les pores ouverts des sols. Ces pores
comprennent des gaz atmosphériques et des gaz libérés lors des réactions
chimiques et biologiques ;

- d’une phase solide constituée en majeure partie de particules minérales de taille et
de nature minéralogiques différentes. Secondairement, elle est formée de
constituants organiques allant de fragments végétaux ou d’animaux a des

macromolécules organiques complexes.

En plus de cette complexité multiphasique, les variabilités de texture (composition
granulométrique) et de structure (mode d’assemblage des constituants minéraux et
organiques) conférent au sol une importante complexité et une forte hétérogénéité spatiale a
petite et grande échelles. L’organisation, qui en ressort, permet 1’existence d’une mosaique de
micro- et de macro-environnements (agrégat, motte, parcelle, champ, paysage...) différents en
termes de caractéristiques physico-chimiques et structurales qui représentent une multitude
d’habitats pour les organismes indigénes (Bruand, 2009 ; Girard et al., 2005). Au niveau des
sols cultivés, la structure du sol évolue en permanence sous 1’effet de diverses contraintes qui
sont liées a I’action des engins et des outils, du climat et des étres vivants dans le sol. Elles
engendrent des processus comme le tassement, la fragmentation, la fissuration, la perforation,
la prise en masse, 1I’effondrement et affectent aussi les caractéristiques physico-chimiques du

sol (Girard et al., 2005 ; Richard & Roger-Estrade, 2009).

1.2. Le sol : une niche écologique

L’organisation du sol peut étre aussi appréhendée en termes de niche écologique. Ces
niches écologiques, dues en majeure partie a des apports de composés carbonés, sont des
sphéres d’influence ou il existe une haute activité biologique. Le turn-over du carbone dans le
sol se fait majoritairement au niveau de ces « hots spots » d’activité biologique (Stotsky,
1997). Actuellement, sept principales sphéres d’influence (domaines fonctionnels) dans le sol
ont été mises en évidence : la détritusphere, la rhizosphére, la porospheére, 1’agrégatusphére, la
drilosphere, la termitospheére et la myrmecosphére [Figure 1.3]. Elles ont été identifiées selon
leur origine et leur importance dans les processus et les fonctions régulatrices majeurs du sol
comme 1’agrégation, la décomposition de la matiére organique, les cycles des nutriments,
I’activité microbienne et la productivité des plantes (Beare et al., 1995 ; Brown et al., 2000)

[Figure 1.3]. Au niveau des sols agricoles, la détritusphére (zone sous I’influence des résidus
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Tableau 1.1 : Biocénose du sol : ordres de grandeur par famille.

Source : http://www.ifen.fr/donnees-essentielles/sol/le-sol/la-biodiversite-des-

sols.html
Nombre Taille Abondance Biomasse Régime
d’espéces (g / m?) alimentaire
Faune du sol
n \ [ 8 H
Microfaune Nématodes 65 01a5s 10°a10°/ 1430 g/m? Champlgnons,
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bactériennes) algues (action
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- L . Lombrics : s
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morte _m!croblens symblot_e_
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végétaux) et la rhizosphére (zone sous I’influence des racines) constituent les principaux

« hots spots » d’activités biologiques (Gaillard et al., 1999).

1.3. Le sol : un réservoir de diversité

Le sol est considéré comme [’habitat majeur de la biosphere terrestre. Il héberge de
trées nombreux organismes vivants, appelé biocénose, parmi lesquels on distingue
[Tableau 1.1] :

- les racines des plantes ;

- la faune du sol (lombrics, mollusques, arthropodes, nématodes) qui est
principalement dominée par les lombriciens grace a leur redoutable compétitivité
vis-a-vis des ressources trophiques du sol (Girard et al., 2005) ;

- la microflore du sol (détaillée dans la partie 1.3) : algues, champignons et bactéries,
sans oublier les archées et virus qui restent largement a étre explorés et qui sont

donc souvent omis dans les inventaires de la biocénose (Fierer et al., 2007b).

Cette composante vivante du sol peut représenter jusqu’a 4% du carbone organique
total du sol et est conditionnée par la structure du sol, en raison de son importance pour
I’ensemble du fonctionnement physique du sol (circulation de I’eau, de 1’air, évolution de la
température...) comme décrit en section 1.1.1. L’abondance relative et absolue des
organismes indigénes du sol est fonction de la taille des organismes et de leur capacité a

coloniser les différentes niches disponibles dans la matrice sol [Tableau 1.1].

La biocénose du sol commence a étre bien décrite, principalement au niveau des
macro-organismes, et 1’objectif des scientifiques, a 1’heure actuelle, est de relier cette forte
diversité au fonctionnement des écosystemes et d’identifier les conséquences de modifications

et/ou perte de diversité (Coleman et al., 2005).

1.4. Le sol : une source de fonctions environnementales

Les fonctions environnementales du sol sont multiples [Figure 1.4] et participent aux
services écosystémiques cités en introduction générale [Figure 1G.1] ; entre autre, on retrouve
des fonctions liées a la production agricole, a la régulation des flux, a la dynamique des

écosystemes, a la protection contre les pollutions et au support physique des activités
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anthropiques. Il en résulte que le sol est une ressource essentielle pour les sociétés humaines
et les écosystéemes. Sachant que cette ressource est fragile et non renouvelable a une échelle
de temps humaine (d( aux vitesses de dégradation qui peuvent étre trés rapides contrairement
aux processus de formation et de régénération qui sont extrémement lents), il convient de
protéger la qualité des sols (c'est-a-dire son aptitude a remplir ses fonctions) contre les
dégradations croissantes liées notamment a la croissance démographique (besoins
alimentaires, besoins de logements et d’infrastructures) ou aux pollutions (ponctuelles ou

d’origine atmosphérique).

2. La matiére organique du sol (MOS)

La matiére organique du sol (MOS) est considérée comme un compartiment du sol qui
peut représenter jusqu’a 98% du carbone organique total retrouvé dans le sol. Certains auteurs
considérent la MOS comme I’ensemble de la matiére organique vivante et de la matiere
organique morte (Shibu et al., 2006) alors que certains limitent la MOS au produit non vivant
de la décomposition de substances de plantes et d’animaux (Manlay et al., 2007). Dans ce
travail de thése, nous avons fait la distinction entre la composante vivante et la MOS comme
décrit par Manlay et al (2007). Le temps moyen de résidence de la matiére organique dans les
sols est estimé a 15 ans, indiquant un renouvellement rapide de ses composés, mais il ne faut
pas écarter que ce temps de résidence des MOS peut s’étendre de quelques jours pour des
matieres organiques fraiches a des milliers d’années pour des substances humiques (Gaillard
et al., 2005). En effet, la matiere organique du sol est un vaste ensemble d’éléments en

évolution permanente qui peut étre subdivisé en 2 grands pools :

¢ la matiere macro-organique

La matiére macro-organique (10 — 30% du carbone organique total) désigne la fraction
légére de la MOS et est composée (i) de matiére organique fraiche (MOF) représentée par les
cadavres et excréments d’animaux mais principalement dominée par les débris végétaux ; et
(ii) de matiére organique transitoire ou composés organiques intermédiaires de la dégradation.
D’un point de vue qualitatif, cette matiére macro-organique du sol est constituée de composés
organiques différentiables par leur taux de turn-over, dont les principaux sont (Gobat et al.,
1998 ; Kogel-Knaber et al., 2002) [Figure 1.5 ; Tableau 1.2] :

-25-



Tableau 1.2 : Proportions moyennes des grandes catégories de matieres
organiques dans la plante et dans le sol. Source : d’aprés Foth, 1990 ; cité par

Gobat et al. 1998.

Catégories de matiére Proportion dans la plante Proportion dans le sol
organique (% des catégories) (% des catégories)
Cellulose 20-50 2-10
Hémicelluloses et pectines 10-30 0-2

Lignine 10-30 35-50
Protéines 1-15 28-35
Lipides, cires, autres 1-8 1-8

Tableau 1.3 : Principaux rbles des matieres organiques dans la qualité des sols.

Source : Girard et al., 2005.

Propriété du sol

Roles et propriétés correspondantes des MOS

Stabilité de la structure du sol, résistance a
I’¢érosion et a la dégradation physique

Propriétés d’adhésion: les macromolécules,
souples (en terme de viscoelasticité) et a forte
activite de surface se lient aux minéraux et
contribuent a la cohésion des agrégats. Le caractére
hydrophobe a I’état sec ralentit [’action
désagrégeante de I’eau.

Résistance au compactage du sol

Porosité et élasticité propre des debris organiques,
stabilisation des agrégats par les MOS.

Aération, Réserve utile en eau

Le caractére hydrophile des MOS a 1’état humide
permet la rétention d’eau. Augmentation de la
porosité liée a ’agrégation.

Rétention des cations basiques Ca, Mg, K

Charges de surface ; la CEC moyenne des MOS est
de 1,5 équivalent par kg.

Réserve d’éléments nutritifs N, P, S

Ces éléments constitutifs sont libérés par la
mineéralisation des MOS.

Rétention de certains métaux toxiques

Charges de surface, groupements complexants.

Rétention, inactivation de  certains
xénobiotiques organiques

Groupements fonctionnels des MOS, caractére
hydrophobe : Adsorption, interaction hydrophobe,
réductions.
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- la cellulose et I’hémicellulose, polysaccharides des parois végétales, qui se

décomposent rapidement dans les sols ;

- la lignine, composée d’une structure chimique complexe avec des arrangements
variés a partir d’'une structure de base de phénylpropane, qui est plus récalcitrante a la

décomposition en raison de ses noyaux aromatiques.

Les proportions relatives de ces composeés varient suivant le type de résidus vegétaux
[Figure 1.5] mais aussi entre la matiere organique des plantes et celle du sol [Tableau 1.2]. Ces
différentes compositions indiquent des variabilités dans les processus de biodégradation,

biotransformation et biominéralisation qu’ont subit ou vont subir ces matiéres organiques.

¢ la matiere organique humifiée

Les mati¢res organiques résultant de 1’humification forment I’humus qui est un
ensemble de composés allant des acides fulviques (les plus simples et les plus solubles), aux
acides humiques (solubles uniquement en milieu alcalin) et a I’humine (les plus stables et non

dispersables a tous les pH) (Girard et al., 2005).

La répartition des matieres organiques ainsi que leurs décompositions ne sont pas aussi
cloisonnées dans le sol et de nombreuses interactions entre les différentes catégories de MOS
se produisent. En effet, les MOS résultant de la dégradation des matiéres macro-organiques
peuvent s’associer plus ou moins étroitement aux substances humiques et aux constituants
minéraux du sol (Girard et al., 2005). Ces produits résiduels plus ou moins stabilisés dans des
structures organo-minérales seront soumis a de nouveaux cycles de biodégradation et
minéralisation, méme si ces associations favorisent en général la stabilisation et limitent la

biodégradation.

Les matiéres organiques jouent des roles importants dans les sols. Tout d’abord, elles
constituent une source considérable de carbone, d’énergie et de nutriments pour les
organismes vivants du sol. De plus, ces MOS interviennent dans la qualité des sols, dont les
principales implications sont répertoriées dans le Tableau 1.3, sans oublier, qu’avec la

biomasse végetale, la MOS est un des principaux compartiments stockant le carbone.
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3. Les microorganismes du sol
3.1. Fantastique diversité

Au méme titre que la MOS, les microorganismes sont une composante essentielle du
sol, principalement représentée par les champignons (eucaryotes) et les bactéries
(procaryotes). Une densité de 10° microorganismes par gramme de sol peut étre atteinte, ainsi
que de formidables niveaux de diversité : quelques dizaines a centaines de milliers de taxons
ou groupes microbiens par gramme [Tableau 1.1] (Torsvik, 2002). Malgré cette fantastique
diversité, seulement 7000 procaryotes ont été décrits a I’heure actuelle (Alain et al., 2009),

notamment dd au retard méthodologique exposé en introduction générale.

L’énorme diversité taxonomique et génétique des microorganismes telluriques se
traduit par une implication forte dans de nombreuses fonctions environnementales du sol.
Certains microorganismes participent a la santé et a la croissance des plantes, dont les plus
étudiées sont les symbioses rhizobiennes et mycorhiziennes. La composante microbienne
tellurique participe aussi activement aux cycles biogéochimiques du soufre, du phosphore, du
fer et de ’azote. Au niveau de ce dernier, 'implication forte dans la fixation de I’azote
atmosphérique, I’ammonification, les processus de nitrification et de dénitrification n’est plus
a démontrer. Sans oublier leurs roles essentiels dans le cycle du carbone, les microorganismes
du sol, hétérotrophes pour la plupart, font partis des acteurs principaux contrdlant la
décomposition de la matiere organique [détaillée dans la section 1.3.2.]. De par leur plasticité
métabolique, les microorganismes telluriques interviennent aussi dans la dégradation et
I’immobilisation de polluants (ETM, pesticide...) apportés en milieu agricole ou industriel.
Toutefois, la diversité microbienne peut aussi se traduire par des effets néfastes et la présence
de certains microorganismes qui sont pathogénes pour les plantes (Plasmopara viticola,

Fusarium...) et ’homme (Pseudomonas aeruginosa, Listeria monocytogenes...).

Au niveau du sol, la distribution des microorganismes est hétérogene et conditionnée
par ’organisation du sol (texture, structure, composition, ...) (Ranjard & Richaume, 2001),
détaillée dans la section 1.1.1. La distribution des microorganismes dans le sol est aussi
fortement dépendante des ressources nutritives et de leur distribution spatio-temporelle. Par
conséquent, la présence de niche trophique particuliere va structurer fortement la distribution
des microorganismes dans le sol (Ranjard & Richaume, 2001). Notre étude génerale se
focalisant sur la niche détritusphére (qui résulte de 1’apport de résidu), cette dernicre

représente une «oasis nutritive » pour les microorganismes dans un environnement et
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engendre ainsi la formation de «hots spots » d’abondance microbienne et d’activités

biologiques (Nicolardot et al., 2007).

3.2. Implications de la composante microbienne dans la dégradation de la

matiére organique

Les bactéries et champignons du sol font partis des acteurs principaux de la
dégradation de la matiere organique fraiche apportée au sol ; quant a leur contribution
relative, les opinions des scientifiques divergent. Il faut en réalité mieux comprendre dans
quelles conditions la matiére organique est décomposée pour déterminer la part relative de
chaque acteur dans les processus de dégradation. Les champignons domineraient la
décomposition dans les sols non fertilisés (Bardgett et al., 1993), alors que les bactéries sont
généralement considérées étre les decomposeurs prédominants des résidus de plante apportés
au sol par culture conventionnelle. De plus, les bactéries sont capables de répondre plus
rapidement a des amendements organiques que les champignons qui interviendraient au stade
tardif de la décomposition quand la matiére organique est plus récalcitrante (MacMahon et al.,
2005 ; Poll et al. 2008) ; sur le méme principe, un résidu avec un C/N plut6t élevé favorisera
sa décomposition par les champignons, alors qu’a I’inverse, la dégradation d’un résidu avec
un C/N plus bas sera plutot menée par des bactéries. D’autres auteurs ont directement rattaché
des phylums de microorganismes a la dégradation de composés de plantes en particulier. De
Boer et al. (2005) ont répertorié que parmi les champignons, les Ascomycétes et les
Basidiomycetes étaient souvent impliqués dans la dégradation aérobie de cellulose, alors que
des bactéries filamenteuses (comme Streptomyces) et non filamenteuses (comme Bacillus,
Cytophaga) interviendraient dans la degradation anaérobie de cellulose. La fonction de
décomposition de la lignine est surtout retrouvée chez des Basidiomycétes pour les
champignons et des Actinomycétes pour les bactéries. Ils ont aussi mis en évidence des
interactions entre les deux domaines (champignons et bactéries) pour décomposer la

lignocellulose complexe.
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3.3. Attributs écologiques de la composante microbienne impliquée dans la

dégradation de la matiére organique

MacArthur and Wilson (1967) ont proposé un concept basé sur les caractéristiques
écologiques des différents taxas de plantes et d’animaux, les divisant en deux pools : les
stratéges-r et les strateges-K. En général, les stratéges-r sont décrits pour s’adapter a optimiser
leur taux de croissance quand les ressources sont abondantes, alors que les strateges-K sont
adaptés a se battre et survivre quand les ressources sont limitées. En microbiologie, les termes
de copiotrophes (stratéges-r) et oligotrophes (strateges-K) sont plus couramment utilisés mais
il est encore peu connu si ce concept peut s’appliquer aux microorganismes (Fierer et al.,
2007a).

Au niveau du sol et du turn-over du carbone organique, les microorganismes stratéges-
r consommeraient préférentiellement les pools de carbone organique labile du sol, auraient
des besoins nutritionnels forts et pourraient présenter des fortes capacités a augmenter leur
taux de croissance quand les conditions en ressources sont abondantes ; de ce fait, ils seraient
plutdét impliqués dans la dégradation de la matiere organique fraiche. Par contre, les
microorganismes strateges-K présenteraient des taux de croissance plus faibles et seraient
probablement en compétition avec les stratéges-r en condition de faible disponibilité en
nutriments, d0 a leur meilleure affinité pour les substrats, et par conséquent seraient plutot
impliqués dans la dégradation de la matiere organique native du sol (Fierer et al., 2007a).
Pour ces raisons, les organismes strateges-r apparaissent préférentiellement dans le stade
précoce de la décomposition de la matiere organique fraiche, contrairement aux stratéges-K
intervenant plutdt au stade tardif (Liebich et al., 2006 ; Bastian et al., 2009).

Certains auteurs ont essaye de relier la diversité microbienne a ces caractéristiques
écologiques (stratéges-r/copiotrophes ou strateges-K/oligotrophes). Fierer et al. (2007a), grace
a une étude ou ils ajoutaient du sucrose comme source de C dans le sol, ont pu relier des
phylums de bactéries aux taux de minéralisation du carbone. Ils ont montré que les -
Protéobactéries et les Bacteroidetes sont positivement correlés avec le taux de mineralisation
du carbone contrairement aux Acidobacteria négativement corrélées avec le taux de
minéralisation du carbone. Par contre 1’abondance des a-Protéobactéries, des Firmicutes et
des Actinobacteria n’a pas pu étre prédite par ce taux de minéralisation. Lors de dégradation
de résidus de blé marqués au *C, Bernard et al. (2007) ont suggéré des caractéristiques de
stratéges-r pour les B-Protéobactéries et les y-Protéobactéries et de strateges-K pour les

Actinobactéries. Quant a Bastian et al. (2009), ils ont mis en évidence des microorganismes
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décrits comme des strateges-r au stade précoce de la décomposition (Pseudomonas spp,
Neurospora sp) et d’autres décrits comme des strateges-K (Actinobacteria et 5-protéobacteries
pour les bactéries ; Basidiomycota et Madurella spp. pour les champignons) au stade tardif de

la decomposition de résidus de culture de blé.

Les auteurs sont conscients que 1’ensemble des especes d’un phylum ne peut pas étre
rattaché a un caractere écologique, mais ces résultats peuvent fournir des bons indicateurs de

la décomposition.

3.4. Stratégies méthodologiques pour étudier la composante microbienne du

sol

Pour mieux comprendre le réle et I’'importance de la composante microbienne
tellurique dans les fonctions délivrées par le sol, différentes approches sont possibles nous
apportant des informations bien distinctes sur les communautés microbiennes indigénes. Il
n’est pas question ici de faire une liste exhaustive de toutes les techniques recouvrées en
écologie microbienne mais de pointer celles utilisées couramment dans notre domaine
d’application, et de focaliser sur celles utilisées pour les expérimentations de ma these, tout en
intégrant leurs limites techniques et leurs domaines d’application. Durant mes travaux de
theése, nous avons décidé d’appréhender les microorganismes en tant que communauté (i.e.
groupe d’organismes a un endroit donné a un moment donné) et non comme entité isolée
comme le permet 1’approche par isolement et mise en culture sur milieu synthétique. Nous
noterons que la décomposition de la matiére organique est une « fonction » large englobant de
nombreux processus ; il n’est donc pas possible de cibler des fonctions précises (génes cibles)
parmi les microorganismes avec ces techniques moléculaires. Par conséquent, nous nous
sommes limités a des études sur 1’abondance, la structure génétique et la diversité des

communautés indigénes.

3.4.1. Densité microbienne

Si ’on veut faire une description des meéthodes les plus utilisées pour étudier les
microorganismes dans les agrosystemes, il semble indispensable de commencer par la
biomasse microbienne, méthode permettant de quantifier le pool microbien du sol. Le concept

de biomasse microbienne a été initialement proposé par Jenkinson (1966). 1l fait référence a la
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fraction vivante de la matiére organique, considérant I’ensemble des microorganismes du sol.
Les techniques permettant de mesurer la biomasse microbienne donnent des valeurs en pgC
.g* et les 4 principales méthodes sont: (i) la fumigation-incubation, (ii) la fumigation-

extraction, (iii) la respiration induite par un substrat, (iv) I’extraction ATP (Martens, 1995).

Les mesures de biomasse microbienne ont été tres utilisées (Chaussod, 1996 ;
Kandeler et al., 1999 ; Marschner et al., 2003 ; Lejon et al., 2005 ; Ranjard et al., 2006) afin
d’évaluer les impacts de différentes perturbations dans les agrosystémes (pratiques agricoles,
pollutions...) et, comme énoncé en introduction générale, sont souvent les seules a étre prises
en compte dans les modéles de minéralisation de la matiére organique du sol pour représenter
la composante microbienne (Hadas et al., 2004 ; Shibu et al., 2006). Méme si elle reste un bon
bioindicateur de la qualité des sols (Marschner et al., 2003), la biomasse microbienne souffre
d’un manque de résolution et nécessite d’étre complétée par des méthodes plus informatives
sur les processus étudiés. En effet, cette mesure, qui prend en compte I’ensemble des
microorganismes présents (vivants ou non), ne fait pas de différence entre les domaines des
microorganismes (archaea-champignons-bactéries) et donne seulement une mesure

quantitative et non qualitative.

3.4.2. Activités enzymatiques, métaboliques et cataboliques

Les activités enzymatiques impliquées dans la décomposition de MOF peuvent étre
mesurées et permettent d’obtenir une mesure fonctionnelle de la composante microbienne du
sol. Tres utilisées dans les études concernant la décomposition de matiére organique, ces
approches fournissent des résultats qui restent compliqués a interpréter car les enzymes
restent actives quand elles sont stabilisees sur la matiére organique ou la surface minérale
(Nannipieri et al., 2003 ; Bunemann et al., 2006).

Les capacités metaboliques et cataboliques apportent aussi une mesure fonctionnelle
des communautés microbiennes du sol. Elles sont appréhendées par des techniques utilisant
les aptitudes des communautés microbiennes a utiliser certains substrats organiques comme la
technologie BIOLOG ou la méthode SIR (substrate-induced respiration). Ces méthodes
permettent de caractériser et classer les communautés microbiennes hétérotrophiques suivant
leurs capacités métaboliques et cataboliques et de visualiser rapidement des structures de
communautés comme un composite de capacités fonctionnelles (Garland et al., 1991 ; Degens

et al., 1997). Le désavantage du BIOLOG est qu’il implique, sans I’intégrer, la croissance des
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communautés microbiennes, biaisant ainsi la représentativit¢ de 1’ensemble des
microorganismes. La méthode SIR s’affranchit de ce probléme et semble plus précise méme

si moins utilisée (Degens et al., 1997 ; Nannipieri et al., 2003).

Les nombreuses études réalisées jusqu’a présent pour évaluer 1’impact des apports de
MO sur la communauté microbienne du sol, sont essentiellement fondées sur ces mesures de
densité (biomasse microbienne) et d’activité (Lundquist et al., 1999 ; Griffiths et al., 2001 ;
Gaillard et al., 2003 ; Zelenev et al., 2005) ; mais elles ne reflétent pas les dynamiques et
diversités des communautés microbiennes influencées ou impliquées dans la dégradation de la
MOF.

3.4.3. Analyse des phospholipides a acides gras (PLFA)

L’analyse des phospholipides a acide gras (PLFA pour phospholipid fatty acid) est la
1%¢ méthode d’analyse structurale des communautés microbiennes a faire abstraction des
méthodes de culture ; elle est basée sur 1’extraction, le fractionnement, la méthylation et la
chromatographie des composants phospholipidiques des lipides du sol. Les phospholipides
sont des composants essentiels des membranes des cellules vivantes et sont donc utilisés
comme indicateurs de la microflore du sol (Zelles, 1999 ; Nannipieri et al., 2003). La force de
cette methode est sa capacité a fournir différentes informations a partir d’un méme
échantillon. En effet, 1’analyse des PLFA peut fournir (i) des mesures de biomasses
bactérienne et fongique; (ii) des informations taxonomiques sur les communautés
microbiennes (champignons, bactéries, Gram +, Gram -, ...) ; (iii) des profils représentant la

structure des communautés microbiennes dans 1’échantillon.

Méme si I’analyse des PLFA a montré une bonne sensibilité sur des changements de
structure de communautés microbiennes aprés apport de résidus de plantes au sol (MacMahon
et al., 2005 ; Duong et al., 2009), la classification taxonomique des microorganismes par cette
méthode est plus délicate a cause du manque de données qualitatives et quantitatives sur la
distribution des acides gras au sein des taxons microbiens, et cette méthode reste peu

résolutive surtout pour les champignons.
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3.4.4. Approches moléculaires basées sur I’ADN de sol

Les approches moléculaires basées sur ’ADN de sol se sont développées avec la
nécessité de s’affranchir des méthodes dépendantes de 1’isolement basées sur la culture des
microorganismes [Encadré 1: Historique de 1’écologie microbienne] et sont encore en
constante évolution. Ces méthodes sont basées sur 1’analyse de I’ADN directement extrait des
échantillons environnementaux (Ranjard et al., 2000). Deux principaux types de techniques
moléculaires sont disponibles : (i) les approches moléculaires prenant en compte 1’ensemble
de l’information génétique de I’ADN extrait du sol ; (ii) les approches moléculaires se
focalisant sur certaines parties de 1’information génétique, c'est-a-dire certaines séquences du
génome qui sont ciblées et amplifiées par réaction de polymérisation en chaine (PCR) grace a

des amorces universelles capables d’amplifier ces génes cibles.

Apreés analyse de la bibliographie disponible sur notre sujet, nous avons pu observer
que les approches principalement employées sont celles concernant 1’analyse d’une partie de
I’ADN du sol dont la plupart sont basées sur 1’analyse des génes codant pour I’ARN
ribosomal (ARNr 16S pour les procaryotes et ARNr 18S ou 28S pour les eucaryotes). En
effet, méme si les génes fonctionnels sont judicieux pour cibler les populations impliquées
dans certains processus, dans notre cas il n’est pas possible de se concentrer sur des genes
cibles impliqués dans la décomposition de la matiere organique car c’est une fonction
« large » et redondante englobant de nombreux processus et avec peu de possibilité de mise

au point d’outils moléculaires adaptés (Ranjard et al., communication personnelle).

Les différentes approches moléculaires basées sur ’ADN des geénes ribosomiques de
sol peuvent fournir des informations précieuses sur la représentativité, les structures
génetiques et la diversité taxonomique des communautés microbiennes comme détaillées ci-

dessous.

3.4.4.1. Structure génétique des communautés microbiennes

Le pool de PCR obtenu a partir de I’ADN extrait du sol peut étre caractérisé par des
techniques de génotypages produisant des «empreintes génétiques » des communautés
microbiennes. Ces « empreintes génétiques » sont en fait des profils de bandes complexes
donnant une représentation globale de la structure génétique des communautés microbiennes.

Ces différentes techniques sont basées sur le principe de migration électrophoretique
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Tableau 1.4 : Liste des techniques permettant 1’étude des structures génétiques des communautés microbiennes, leurs principes, avantages et
inconvénients. D aprés Amann et al. (1995) ; Nocker et al. (2007) ; Ranjard et al. (2000) ; Torsvik et al. (1998).

Différentiation suivant la taille de la séquence

Nom de la Geéne ciblé Principe méthode Principaux avantages techniques Principaux inconvénients
technique de la méthode techniques de la méthode
ARDRA ARNr 16S Amplifiats digérés par enzymes de | - Utile pour communautés microbiennes | - Nécessité de faire plusieurs

(Amplified rDNA
Restriction Analysis)
ou

RFLP (Restriction
Fragment Length
Polymorphism)

restriction et séparés sur gels d’agarose
ou de polyacrylamide.

simples.

restrictions multiples si pas assez
sensible avec une ;

- Perte d’information
phylogénétique si profil génétique
trop complexe.

T-RFLP
(Terminal-Restriction
Fragment Length
Polymorphism)

ARNr 16S ou autres
génes

Amplifiats marqués sur coté 5° digerés
par enzymes de restriction, puis
détection des T-RFs (Terminal-
Restriction Fragment) sur gel de
polyacrylamide ou séquenceur
capillaire.

- Peut permettre assignation
phylogénétique des microorganismes ;

- Bonne résolution pour comparaison de
communautés complexes ;

- Permet de réduire la complexité des
profils retrouvés pour I’ARDRA.

- Assignation de faible résolution ;
- Surestimation diversité.

RAPD
(Random Amplified
Polymorphic DNA)

Différents endroits de
I’ADN génomique.

Utilisation d’amorces courtes ciblant
au hasard dans le génome, puis
migration sur gel d’agarose ou
d’acrylamide.

- Rapide et sensible pour comparaison de
communautés complexes.

- Manque de reproductibilité ;
- Pas d’information phylogénétique
sur composition microbienne.

ARISA

(Automated
Ribosomal Intergenic
Spacer Analysis)

ITS : intergenic
transcribed spacer entre
les génes 16S et 23S pour
bactérie

Amplifiats marqués par un
fluorochrome, sur séquenceur
migration sur gel de polyacrylamide et
séquences détectées par laser.

- Plus haute hétérogénéité en longueur et
en nucléotide des séquences
- Hautement résolutif

- Amplification préférentielle des
séquences les plus courtes ;

- Un organisme peut contribuer a
un ou plusieurs signaux.

Différentiation suivant

la composition de la

séquence

DGGE
(Denaturing Gradient

Pas de géne précis ou
ARNTr 16S avec amorce

Dénaturation  des  amplifiats et
électrophorese des produits PCR en

- Bandes d’intérét peuvent étre excisées
du gel pour séquencage ;

- Sensibilité et résolution limitées ;
- Comparaison inter-gels difficile ;

Gel Electrophoresis) en 5’ avec clamp riche en | présence d’un gradient dénaturant | - Abordable d’un point de vue - Faible taille des séquences ;
et GC (agent  dénaturant  chimique ou | économique. - Faible efficacité PCR d a
TGGE physique). I’amorce riche en GC.
(Temperature Gradient

Gel Electrophoresis)

SSCP Pas de gene précis Analyse électrophorétique sur gel | - Bandes d’intérét peuvent étre excisées | - Fort taux de réassociation des

(Single Strand
Conformation
Polymorphism)

d’acrylamide non dénaturant ou sur
séquenceur capillaire des amplifiats
sous forme de fragments simple brin

du gel pour séquencage.

simples brins ;
- Une espéce peut étre représentée
par plusieurs pics.
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différentielle sur gels d’agarose ou de polyacrylamide suivant leur taille (ARDRA, t-RFLP,
ARISA, RAPD) ou suivant leur séquence (DGGE, TGGE, SSCP).

Ces methodes, peu colteuses, permettent un criblage rapide des structures genétiques
des communautés microbiennes et sont souvent utilisées pour mettre en évidence des
variations de structure induites pas des changements environnementaux. Plusieurs auteurs
(Amann et al., 1995 ; Nocker et al., 2007 ; Ranjard et al., 2000 ; Torsvik et al., 1998) ont
répertorié et pointé les avantages et désavantages de ces différentes techniques de typage
génétique résumées dans le Tableau 1.4. D’apres ces considérations, la bibliographie ayant
montré le potentiel de cette technique sur des échantillons de sol (Ranjard et al., 2001) et le
matériel disponible au laboratoire, nous avons eu recourt a I’ARISA (Automated Ribosomal
Intergenic Spacer Analysis) pour déterminer les structures génétiques des communautés

microbiennes dans nos études.

3.4.4.2. Diversité taxonomique

La méthode communément appelée clonage/séquencage consiste en I’amplification de
séquences cibles (couramment les génes ribosomiques) qui sont ensuite intégrées dans des
clones a I’aide de vecteur. Les inserts sont alors séquences et comparés a des sequences
connues répertoriées dans des bases de données internationales tel NCBI (National Center for

Biotechnology Information, http://blast.ncbi.nlm.nih.gov/Blast.cgi). Cette méthode offre une

haute résolution phylogénétique permettant 1’identification des especes (Nocker et al., 2007 ;

Ranjard et al., 2000 ; Torsvik et al., 1998).

Cette méthode étant colteuse en temps et en argent, généralement une centaine de
clones sont séquencés par échantillon étudié. Méme si la plupart des études montrent que ce
nombre est trop faible pour une estimation reelle de la diversité, les résultats obtenus
informent de la diversité des populations majoritaires et permettent de mettre en évidence des

modifications suite a des perturbations environnementales.

Afin de contourner les biais dus au faible nombre de séquences, les derniéres avancées
technologiques se sont concentrées sur le séquencgage a haut débit tel que le pyroséquencage.
Cette technique permet de s’affranchir de 1’étape de clonage et d’obtenir jusqu’a 400 000
séquences valides en un seul « run » (Christen, 2008). Cependant, les séquences obtenues sont

a I’heure actuelle trés courtes - maximum 400bp - laissant penser que 1’affiliation
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taxonomique des séquences sera peu efficace pour atteindre le niveau de I’espeéce. Toutefois,
Liu et al. (2007) ont montré que des séquences d’au moins 100bp suffisaient pour mettre en
évidence des similarités et/ou des différences biologiques entre des échantillons microbiens.
Un point sensible pour I'utilisation de cette technologie est le choix de la séquence cible et
donc des amorces correspondantes. La sequence amplifiée étant courte, il est préférable
qu’elle ne représente ni une partie hypervariable ni une partie trop conservée du génome
(principalement I’ARNr16S) au risque de surestimer ou sous-estimer la diversité des especes
(Youssef et al, 2009). Cette nouvelle technologie semble étre un outil d’avenir pour I’étude de
la diversité et a déja montré son efficacité sur I’étude de communautés microbiennes du sol
affectées par les pratiques agricoles ou I’utilisation des sols (Acosta-Martinez et al., 2008 ;
Roesch et al., 2007).
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Figure 1.6 : Modéle schématique de minéralisation de la matiére organique fraiche.

Le stade précoce correspond a une minéralisation rapide de la matiére organique fraiche, le
stade moyen correspond a un ralentissement de la minéralisation de la MOF et le stade tardif
correspond a une phase lente de la minéralisation.
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Il - Impact des apports de résidus de culture dans les agrosystémes sur

les communautés microbiennes telluriques

Au niveau des agrosystémes, entre 0.3 et 2.0 tonnes de matiére organique fraiche par
hectare sont réintroduites au sol par an sous forme de résidus végétaux de culture (Gobat et
al., 1998). Cette quantité de résidus dépend du type de culture initialement présente et du
mode d’utilisation des sols associé. De plus, la typologie biochimique des résidus végétaux
ainsi que les pratiques agricoles vont aussi fortement influencer la minéralisation de cette
matiére organique fraiche ou sa transformation en matiére organique stabilisée du sol. Au
niveau du sol, cet apport de matiere organique fraiche constitue une impressionnante source
de substrats organiques et d’énergie pour les micro-organismes indigenes, dont la croissance
est habituellement fortement limitée par la pauvreté en ressources nutritives de la matrice sol
(Wardle, 1992). Par consequent, cet apport de MOF va augmenter 1’hétérogénéité spatiale du
sol en créant de nouvelles niches ou hot spot d’activité fonctionnelle comme la détritusphére.
Cette partie de notre étude bibliographique a pour objectif de renseigner sur les capacités de
transformation de cette MOF dans le sol ainsi que son impact sur la composante microbienne

indigene.

1. Minéralisation des résidus de culture dans le sol

De nombreuses études ont suivi la minéralisation de résidus de plantes réintroduits
dans les sols ou les effets de leur décomposition sur les flux de carbone et d’azote du sol
(Gaillard et al., 1999 ; Trinsoutrot et al., 2000a and 2000b ; Martens et al., 2000). Il est
courant de retrouver une forte minéralisation au stade précoce de la décomposition suivie par
une phase plus lente correspondant a un stade tardif de la décomposition [Figure 1.6]. Ces
intensités de minéralisation sont principalement expliquées par des modifications dans la
composition de la MO. En effet, les composés facilement dégradables (C soluble, cellulose,
hémicellulose) sont trés rapidement dégradés dés I’introduction des résidus dans le sol, puis
les composés plus récalcitrants (tel la lignine) sont dégradés beaucoup plus lentement dans un
deuxiéme temps. Les variabilités temporelles et d’intensit¢ de minéralisation observées entre
les différentes études peuvent étre dépendantes de divers parametres que nous allons décrire

dans la section 11.3.
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2. Influence de I'apport de résidu de culture sur les communautés microbiennes

du sol

Au niveau microbien, les nombreux travaux réalisés jusqu’a présent pour évaluer
I’impact des apports de MOF se sont concentrés sur des mesures de densité et d’activité des
microorganismes telluriques (Bending et al., 2002 ; Gaillard et al., 1999 ; Gaillard et al.,
2003 ; Griffiths et al., 2001 ; Lundquist et al., 1999 ; Zelenev et al., 2005). Les auteurs
s’accordent a dire que I’apport de résidus entraine une augmentation de la
biomasse microbienne dans les sols, du moins au début de la décomposition de la matiére
organique fraiche. Les capacités enzymatiques et métaboliques semblent étre reliées aux
modifications de composition des résidus (Cookson et al., 2008 ; Fang et al., 2007). Quelques
¢tudes ont commencé a s’intéresser a la dynamique des communautés microbiennes au cours
de la dégradation et ont mis en évidence des successions de populations bactériennes et
fongiques (Bastian et al., 2009 ; Baumann et al., 2009 ; Bernard et al., 2007 ; Poll et al.,
2010). Pour aller plus loin, certains auteurs ont déterminé la diversité des microorganismes
indigénes du sol, permettant d’identifier des phylums ou genres dominants aux différents
stades de la décomposition des résidus de culture, et ils ont tenté de les relier avec des
caractéristiques écologiques type stratéges-r et strateges-K décrits en section 1.3.2 (Bernard et
al., 2007 ; Bastian et al., 2009).

Des tendances générales au niveau des communautés microbiennes commencent a étre
dégagées des différents travaux en termes de successions populationnelles et de groupes
taxonomiques impliqués dans les différents stades de dégradation. Toutefois, des parametres
environnementaux sont mis en évidence comme fortement influant sur les processus de
dégradation des résidus végétaux dans le sol. Ces parameétres sont liés (i) a la qualité
biochimique des résidus apportes, (ii) aux pratiques agricoles, mais aussi (iii) a des parametres

plus globaux comme le type pédoclimatique de la zone étudiée.

3. Parameétres influencant les processus de dégradation de la MOF dans le sol
3.1. Influence de la qualité biochimique des résidus de culture

Les études comparant la minéralisation de différents types de résidus sont nombreuses
et elles ont toutes démontrées que la composition biochimique des résidus de plantes est un
des plus importants facteurs influencant sa décomposition. Quant a savoir exactement les

composants organiques qui déterminent la vitesse et 1I’amplitude de la décomposition,

-37 -



Chapitre 1 : Synthése Bibliographique

plusieurs hypotheses ont été formulées. De nombreux travaux (Johnston et al., 2009 ; Xu et
al., 2006) ont mis en évidence que le ratio C/N pouvait étre un bon prédicteur de la vitesse de
décomposition de la matiére organique et de la minéralisation de 1’azote dans le sol. De
maniere géneérale, les résidus avec un C/N élevé auraient un turnover moins rapide que les
résidus avec un C/N plus bas, de méme que les substrats riches en N ont un taux de
décomposition et une libération de nutriments plus importants. Les teneurs en cellulose,
hémicellulose, lignine, composés solubles, tannins, amidon, protéines, lipides et polyphénol -
composés organiques classiques des plantes - sont souvent suivies lors d’études portant sur la
décomposition de matiére organique et leurs proportions varient avec I’espece et la maturité
des plantes. Il en ressort, entre autre, que la teneur en lignine influerait négativement la
décomposition de résidus (Fang et al., 2007 ; Luxhoi et al., 2002) alors que les résidus avec
les plus hautes quantités de carbohydrates et d’aminoacides se décomposent plus vite

(Martens et al., 2000).

La qualité du résidu lui-méme influence sa décomposition mais aussi les parametres
biologiques du sol. Des résidus avec des forts C/N (>30) favoriseraient la colonisation par les
champignons alors que ceux avec un faible C/N (<30) favoriseraient celle des bactéries
(Lundquist et al., 1999 ; Moore et al.,, 2004). Quel que soit le résidu considéré, une
augmentation de la biomasse microbienne peut étre observée, corrélée positivement au taux
de carbone disponible du résidu (Bremer & van Kessel, 1992 ; Cayuela et al., 2009 ; Govaerts
et al., 2007).

La décomposition de différentes qualités de résidus entraine des réponses
métaboliques et enzymatiques distinctes, ce qui semble cohérent avec la composition des
résidus (Bending et al., 2002 ; Cookson et al., 1998 ; Fang et al., 2007 ; Govaerts et al., 2007).
Ceci n’exclut pas que les communautés microbiennes soient semblables, mais plusieurs
auteurs (Baumann et al., 2009 ; Ha et al., 2008 ; Nicolardot et al., 2007) ont montré que les
structures des communautés microbiennes engendrées par 1’apport de MO fraiche étaient
différentes suivant la qualité biochimique de la MO apportée. A 1’heure actuelle, aucune étude
ne compare la réponse de la diversité des microorganismes a 1’apport de différents résidus de

plante dans les sols cultivés, comme Aneja et al. (2006) ont pu le faire sur des litieres de forét.

La qualité du résidu lui-méme influence les communautés microbiennes indigenes du
sol, mais a I’heure actuelle peu d’études ont essayé de relier les composants biochimiques des

résidus a des compositions particulieres des communautés microbiennes. Seul Baumann et al.
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(2009) ont tenté d’établir des relations entre la chimie du carbone et les structures de
communautés microbiennes. lls ont pu montrer que les changements dans les structures de
communautés microbiennes étaient associés avec des changements dans la chimie du carbone
des résidus, principalement la teneur relative en aryl-C et O-alkyl-C. D’autres scientifiques se
sont focalisés directement sur des composants des résidus de plantes comme la lignine (Bahri
et al., 2008) ou la cellulose (Haichar et al., 2007 ; Hu et al., 1997) pour s’affranchir de ce
probléme.

Méme si ’on commence a décrypter le role de la qualité biochimique des résidus de
culture sur la composition et la diversité des communautés microbiennes indigenes du sol, il
est important de continuer les travaux dans ce sens pour, a terme, pouvoir généraliser les
conclusions déja formulées et les utiliser dans des modeles permettant de simuler la
décomposition de la matiére organique suivant sa qualité tout en prenant en compte les
microorganismes indigenes du sol. Il reste tout de méme a préciser que les deux tiers des
travaux cités dans ce paragraphe ont été réalisés en laboratoire sous forme de microcosmes en

conditions controlées et qu’il sera donc important de vérifier leur réalité au terrain.

3.2. Influence des pratiques agricoles

De nombreuses études ont examiné I’influence des pratiques agricoles sur la
dynamique des MOS. La plupart des pratiques agricoles ont un effet sur les composantes
physiques, chimiques et biologiques du sol et ont par conséquent des répercussions sur les
activités biologiques associées, notamment sur la dégradation des résidus de culture. Parmi
ces pratiques, le travail du sol, la fertilisation azotée et ’apport de composés exogenes
toxiques de type ETM semblent engendrer le plus de modifications de ces activités
biologiques, soit par des modifications de la matrice sol, soit directement par des
modifications de la composante microbienne indigéne (Binemann et al., 2006 ; Schlesinger &
Andrews, 2000).

3.2.1. Influence du travail du sol

La compilation des données de la littérature concernant 1’influence du travail du sol
sur la dégradation de résidus de culture montre deux grandes stratégies d’investigation. La

premicre stratégic est d’utiliser des agrosystemes avec des sols présentant des historiques
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culturaux différents en termes de travail du sol (Chen et al., 2009 ; Cookson et al., 2008 ; Fu
et al., 2000 ; Lundquist et al., 1999 ; Spedding et al., 2004 ; White & Rice, 2009) ; alors que la
deuxieme stratégie prend en compte des sols avec le méme historique mais qui seront menés
sous différentes techniques de travail du sol (labour vs non labour) (Coppens et al., 2006 ;
Curtin et al., 2008 ; Nicolardot et al., 2007 ; Sharma et al., 1999).

Pour les études menées sur I’influence de I’historique cultural, il apparait qu’un apport
de résidus entraine une plus importante augmentation de biomasse microbienne dans le sol
ayant subi le moins de perturbations dues au travail du sol accumulé dans le temps (Lundquist
et al.,, 1999 ; Spedding et al., 2004 ; White & Rice, 2009). Par contre, au niveau de la
minéralisation, les résultats ne sont pas homogeénes, certains auteurs observent une
minéralisation identique du résidu sous des sols ayant subi différents historiques de travail du
sol : sols sous rotations culturales vs systeme de production végétale intensive (Lundquist et
al., 1999) et culture conventionnelle vs non-labour (White & Rice, 2009) ; alors que d’autres
mettent en évidence des variations significatives en comparant : le labour vs un travail du sol

réduit vs une prairie (Chen et al., 2009).

En ce qui concerne les études menées via la deuxieme stratégie décrite ci-dessus, et
testant I’influence de la localisation du résidu dans le sol via son incorporation grace au labour
ou le fait qu’il soit laissé en surface (sans labour = mulch), les auteurs ont montré des effets
différents sur la décomposition des résidus de culture (Coppens et al., 2006 ; Curtin et al.,
2008 ; Nicolardot et al., 2007). En effet, les auteurs s’accordent a dire que la décomposition
des résidus est plus importante quand ils sont incorporés au sol que lorsqu’ils sont laissés en
surface. Ce phénomeéne s’explique par un meilleur contact entre le sol et le residu qui
améliore les conditions d’humidité et de colonisation microbienne nécessaire a une
dégradation optimum du résidu végétal. Toutefois, Abiven et al. (2007) ont montré une
absence de différence en fonction de la localisation du résidu, qu’ils expliquent par les
conditions non limitantes en azote qu’ils ont appliquées dans leur étude en microcosme. Ils
ont suggéré que la structure du sol ferralitique en micro-agrégats augmenterait le contact entre
la surface du sol et le résidu et donc gommerait les causes des différences de minéralisation
observées précédemment. Par ailleurs, Nicolardot et al. (2007) ont montré que la localisation
du résidu (en surface ou incorporé au sol) a une influence sur la diversité des populations
microbiennes colonisant le résidu, qui pourrait s’expliquer par les conditions hydriques plus
limitantes au niveau du mulch qui menent a la sélection de populations capables de dégrader

le résidu dans ces conditions.
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A la vue de ces éetudes, il est difficile de pouvoir dégager des tendances générales sur
I’influence du travail du sol sur la dégradation des résidus de culture et les successions
populationnelles microbiennes impliquées dans cette dégradation. Par ailleurs, certains
auteurs ont mis en évidence que I'impact du travail du sol est moins influant sur la
dégradation des résidus que d’autres facteurs comme la qualité biochimique du résidu [cf
section 11.3.1] (Nicolardot et al., 2007). Fu et al. (2000), par une expérimentation double
menée au terrain et au laboratoire en conditions controlées et comparant des sols sous culture
conventionnelle ou sans labour, ont montré que les tendances obtenues in situ étaient
comparables a celles obtenues en microcosmes mais toujours avec une amplitude plus faible.
Ces résultats montrent 1’importance d’intégrer les variations pédoclimatiques du terrain pour
valider les études du travail du sol sur la dégradation des résidus de culture, et une telle
stratégie doit aussi étre appliquée aux études portant sur les dynamiques de communautés

microbiennes impliquées dans cette dégradation.

3.2.2. Influence de I’azote disponible

Les amendements azotés sont courants en agriculture pour participer a la fertilisation
du sol, c'est-a-dire au developpement des plantes, mais en contre partie cet apport d’azote
intervient sur la décomposition des résidus de plantes réintroduits dans les sols. En effet,
plusieurs travaux ont testé différentes concentrations d’azote disponible dans le sol sur la
décomposition de résidus de plantes (Recous et al., 1995 ; Henriksen et al., 1999). Ces auteurs
ont mis en évidence que I’augmentation d’azote disponible accroit le taux de minéralisation
de C de résidu de plantes jusqu’a un certain seuil, puis 1’augmentation de la teneur en azote
n’a plus d’impact sur la décomposition. Par ailleurs, ils ont montré que plus la teneur en azote
disponible dans le sol est importante, plus la biomasse microbienne et ’activité enzymatique
associée le sont aussi. En effet, lors de la décomposition de résidus de culture, les
microorganismes puisent 1’azote qu’ils ont besoin soit dans le résidu lui-méme, soit dans le
sol. Les résidus avec des C/N bas, c’est a dire des taux d’azote ¢levés, permettent facilement
leur dégradation par les microoganismes grace a leur disponibilité en azote, contrairement aux
résidus végétaux avec des C/N plus haut ou 1’azote du sol est la source pour les

microorganismes.

L’azote est donc un facteur important controlant la décomposition de MO fraiche

(Mary et al., 1996) et il est nécessaire de le prendre en compte dans les études de
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décomposition. En effet, les conclusions dégagées d’études prenant en compte des conditions
limitantes en azote (en conditions naturelles par exemple) ou en conditions non limitantes en
azote seront différentes, comme nous avons pu le voir dans la section précédente [11.3.2.2]
avec 1’étude d’Abiven et al. (2007). Ces auteurs ont suggéré qu’il n’y avait pas de différence
de minéralisation entre des résidus de culture incorporés au sol ou laissés en surface et
différents types de résidus de culture (riz, soja, sorgho, brachiaria et blé) car les conditions de

leur étude étaient non limitantes en azote.

3.2.3. Influence des éléments traces métalliqgues (ETM)

Les contaminations aux éléments traces metalliques dans les sols agricoles sont le
résultat de retombées atmosphériques locales (industrielles et urbaines) et d’apports divers
(boues de stations d’épuration, composts, engrais, pesticides...) anciens ou actuels
(Biinemann et al., 2006 pour revue). L’impact de ces ETM sur la densité, 1’activité et la
diversité des microorganismes a déja ét¢ largement mené et s’est traduit globalement par des
effets déléteres sur la composante microbienne du sol mais aussi par une capacité d’adaptation
de certains microorganismes a ces substances toxiques (Lejon et al., 2007 ; Lejon et al., 2010)

[voir annexes 1 et 3].

L’objectif commun des principales études est de déterminer des seuils critiques
auxquels I’effet de ces contaminants est irréversible, tout en prenant en compte les
interactions avec les différentes composantes biotiques et abiotiques du sol comme la matiére
organique du sol (Lejon et al., 2007 ; Lejon et al., 2008 ; Lejon et al., 2010) [voir annexes 1,2
et 3]. Toutefois, ’impact des contaminants sur les processus du sol a été rarement mené
spécifiqguement sur la dégradation des résidus de culture, méme si les modifications des
communautés microbiennes du sol par les ETM suggerent des modifications fonctionnelles
importantes dans ces processus. Néanmoins, les études existantes ont mis en évidence une
diminution de la respiration du sol aprés apport de résidus de plantes en présence d’ETM
(Aoyama, 1998 ; Giller et al, 1998 ; Tobor-Kaplon et al., 2005) variant suivant le type d’ETM
et sa concentration. A I’inverse, Bernard et al. (2009) ont montré une augmentation de la
respiration apres un apport de résidu de blé dans un sol contaminé au cuivre. Cette
augmentation n’est pas due a une plus forte minéralisation du résidu mais a une augmentation
de la respiration basale du sol, correspondant a une sur-minéralisation de la MOS via le

processus appelé « priming effect » [cf section 111.1.2 pour plus de précisions]. Aoyama et al.
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(1997) avaient d’ailleurs montré que [’addition de métaux lourds dans un sol sans
amendement organique augmentait aussi la respiration du sol. Dans 1’é¢tude de Bernard et al.
(2009), I’étude de la dynamique et de la diversité des communautés bactériennes indigénes a
mis en evidence des populations particuliéres parmi celles activement impliquées dans la
dégradation des résidus dans le sol contaminé par rapport au sol non contaminé. La présence
de cuivre semble avoir inhibée des populations a croissance rapide en présence de carbone
facilement disponible et favorisée la présence de populations co-métabolisant la MOS et la

MOF expliquant la stimulation du processus de « priming effect ».

Si ’on veut résumer 1’impact des ETM sur I’interaction résidus — microorganismes
indigénes, les ETM modifient 1’abondance et la diversité des populations présentes mais la
forte redondance fonctionnelle des microorganismes permet de maintenir les activités
biologiques de dégradation de ces résidus (Girvan et al., 2005). Toutefois, une analyse plus
précise montre des différences de minéralisation des MOS du sol due au processus de
priming-effect et a la stimulation de populations particuliéres microbiennes et adaptées aux

métaux.

3.3. Influence des facteurs environnementaux

L’environnement extérieur climatique (température, disponibilité en oxygene,
conditions météorologiques...) et ’environnement édaphique (structure, humidité, pH...)

peuvent avoir des répercussions au niveau de la minéralisation de la MOF.

3.3.1. Influence de la température

L’effet de la température a déja été examiné sur la respiration de la MOS, de la
rhizosphéere mais a été peu apprehende sur la décomposition de MO fraiche apportée au sol.
Une forte corrélation positive entre la respiration du sol et la température a été mise en
évidence et quantifiée dans certains travaux. Quant a la décomposition du carbone organique
de résidus de plantes, elle serait aussi plus importante a des plus hautes tempeératures (Kétterer
et al., 1998 ; Knorr et al., 2005). Des observations similaires ont été obtenues pour la
décomposition de résidus de blé (Codteaux et al., 2002 ; Luxhoi et al., 2002 ; Bauer et al.,
2008). Pour étudier in situ des variations de température, Couteaux et al. (2002) se sont basés

sur un transect d’altitude (de 65 a 3968 metres). Leurs résultats montraient une diminution
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significative de la décomposition des résidus de plantes avec I’accroissement de 1’altitude
(c'est-a-dire une diminution de la température). Le probléme majeur de cette étude est que les
différences observées ne peuvent pas forcément étre attribuées aux variations de température,

mais au type de sol ou aux autres conditions climatiques comme les précipitations.

Afin de lier la décomposition et la tempeérature, les scientifiques ont utilisé des
fonctions pour décrire les réponses obtenues en fonction de la température. Une des plus
utilisées est le coefficient de température Qi (van’t Hoff, 1898 ; Katterer et al., 1998). Ce
coefficient représente le facteur par lequel le taux d’une réaction (ici la décomposition)
augmente pour chaque élévation de 10 degrés de température. Ce coefficient n’a pas d’unité,
il est de 1.0 si la réaction est completement indépendante de la température et supérieur a 1 si
le taux de la réaction s’amplifie avec I’augmentation de température. Au niveau de la
décomposition de la MOS, Kirschbaum (1995) a indiqué des valeurs de Qo élevées a faible
température et inversement des valeurs de Qi plus basses pour des températures plus hautes.
Bauer et al. (2008) ont déterminé le Q1o a 1.16 pour le taux de décomposition de résidus de
blé, valeur assez faible qu’ils expliquent par une complexité de I’impact de la température sur

la décomposition de la MOF.

A travers I’analyse de la bibliographie, on se rend compte que les études, portant sur
I’effet de la température sur la décomposition de la MOF, se sont concentrées sur des
modélisations de fonctions et que I'impact des changements de température sur les
communautés microbiennes a été trés peu pris en compte. Au niveau des résidus de plante
réintroduits au sol, Rui et al. (2009) ont montré un effet important de différentes températures
(15, 30 et 45°C) sur les dynamiques bactériennes lors de la décomposition de résidus de riz.
Par contre Luxhoi et al. (2002) n’ont pas mis en évidence de changement d’activité
enzymatique entre 3 et 9°C lors de la décomposition de plusieurs résidus de plantes. Etant
donné les dernieres prises de conscience sur le réchauffement climatique, I’amélioration des
connaissances sur I’impact de la température sur la dégradation de MO fraiche semble

primordiale.
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3.3.2. Influence du pH et de I'’humidité des sols

Comme décrit en section 1.1.1, le sol est une matrice complexe dont les propriétées
varient entre les différents types de sol. Plusieurs de ces propriétés ont montré leur influence

sur la minéralisation de résidu de plantes.

Plus précisement, le pH du sol semble étre positivement corrélé avec les taux de
respiration observés aprés apport de résidus de plants de légumes ou de pailles de blé (Xu et
al., 2006). De leur coté, Renella et al. (2006) ont montré que [P’activité de
phosphomonoestérase acide prédominait dans un sol acide, alors que dans des sols de pH
neutre ou basique, c’est la phosphomonoestérase alcaline qui était la plus retrouvée apres
apport de résidu de plante fourragere. Le pH fait donc partie des parametres du sol qui
influencent le processus de décomposition de la MOF. Une telle influence s’explique soit par
des modifications physiologiques directes des populations microbiennes, soit par des
modifications de diversité des communautés et donc de leur fonctionnalité. En effet, les
récents travaux menés sur la caractérisation de la biodiversité microbienne tellurique sur des
grandes échelles spatiales montrent que le pH est le filtre environnemental majeur de cette
biodiversité (Fierer & Jackson, 2006 ; Dequiedt et al., 2009)

L’humidité est aussi une propriété¢ du sol qui influence la minéralisation de résidus
végétaux dans le sol (Degens et al., 1998). Entre autre, Poll et al. (2006) ont mis en évidence
de meilleurs taux d’activité enzymatique et de PLFA avec des teneurs en humidité des sols
importantes. Bending et al. (2002) ont, quant a eux, testé la qualité de la matiere organique
native du sol sur la décomposition de différentes MOF apportées au sol. La MOS native du
sol influencerait la minéralisation des résidus, ainsi que les activités enzymatiques. Pour
Bending et al. (2002), la qualité de la MOS affecterait la diversité fonctionnelle microbienne
du sol au méme titre que la qualité de la MOF retournée au sol. La structure du sol en micro-
agrégat est un autre paramétre contr6lant la minéralisation de résidus apportés au sol
(Balesdent et al., 2000 ; Denef et al., 2001). Par exemple, Oorts et al. (2006) montrent que la
minéralisation du carbone est inférieure au sein de zones compactees par rapport a des zones

non compactées dans le profil de sol.

En conditions naturelles, ces paramétres de I’environnement sont trés variables. En
conditions contrblées, (c'est-a-dire en expérience en microcosmes de sol), ces paramétres sont
stables et gérés au cours de I’expérimentation et ne reflétent donc pas forcément les

conditions que I’on peut retrouver au champ. En effet, les saisons, le climat et autres
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Figure 1.7 : Schéma conceptuel de la détritusphére.
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perturbations extéricures (pratiques agricoles...) influent les conditions retrouvées dans le sol
et donc la dégradation de la MOF. Il est important de vérifier que les expérimentations en
laboratoire reflétent alors la réalité au champ, tout comme il est primordial de continuer les
travaux intégrant des systemes pedologiques variés afin d’augmenter la généricité des

résultats obtenus.

4. Influence de l'apport de résidus sur les niches écologiques du sol : la

détritusphere

Comme expliqué dans la section 1.1.2., la détritusphére est une niche écologique du sol
créée sous I’influence des résidus de plantes, qui correspond a un « hot-spot » de biomasse
microbienne et d’activité biologique associée a cette biomasse (Beare, 1995 ; Brown et al.,
2000). Parfois, certains auteurs parlent de « residusphere » pour caractériser ce « hot-spot »
(Magid et al., 2006 ; Sengelgv et al., 2000), mais ce terme est tres peu employé et nous

resterons donc sur le terme de détritusphére dans ce manuscrit.

Les premiéres études, qui ont porté sur la caractérisation de la détritusphére, ont
permis d’évaluer la spheére d’influence de cette niche en termes de modifications des
populations microbiennes telluriques et des flux de C associés a I’activité biologique dans
cette niche. Par exemple, I’apport de résidu de paille de blé induit des stimulations de
biomasse et d’activités enzymatiques jusqu’a 4mm de distance des résidus dans le sol
(Gaillard et al., 1999). De facon similaire, Poll et al. (2006) ont démontré que des résidus de
mais peuvent induire des modifications de biomasse et d’activités biologiques jusqu’a 3mm
suivant le mécanisme de transport (diffusion ou convection) des solutés engendrés par la
dégradation du résidu. Nicolardot et al. (2007) ont aussi demontré un gradient de
minéralisation et de dynamique des communautés microbiennes a I’échelle millimétrique qui

déclinait quand on s’¢loignait du résidu.

Par conséquent, que ce soit pour les flux d’éléments engendrés par la décomposition
de matiére organique fraiche apportée, ou pour les modifications quantitatives et qualitatives
de la composante microbienne, la niche détritusphere contribue a 1’hétérogénéité spatiale du
sol et son influence semble se limiter a quelques millimetres dans le sol (Gaillard et al., 1999 ;
Gaillard et al., 2003 ; Nicolardot et al., 2007 ; Poll et al., 2008). Cette hétérogénéité spatiale
est donc aussi bien physico-chimique que biologique, en termes d’abondance, de dynamique,

de diversité et d’activité microbienne [Figure 1.7]. Par ailleurs, certaines études démontrent
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que la structuration de cette niche dans 1’espace et le temps varie aussi avec la qualité
biochimique de la matiere organique fraiche apportée et les caractéristiques physico-
chimiques initiales du sol (Gaillard et al., 1999 ; Poll et al., 2006).

D’un point de vue dynamique et diversité des communautés microbiennes indigenes
du sol, la détritusphére est un véritable réacteur biologique qui se matérialise par
d’importantes successions populationnelles. Ces successions ont ét¢ démontrées au niveau des
populations de champignons telluriques (Bastian et al., 2009 ; Poll et al., 2010 ) ou au niveau
bactérien (Bastian et al., 2009 ; MacMahon et al., 2005 ) et des transferts de génes bactériens
y ont été mis en évidence (Sengelgv et al., 2000). Malgré le dynamisme de cette zone, il est
important de noter que c’est le résidu lui méme qui est la principale source de CO, (Gaillard
et al., 1999) et qui est le plus dynamique au niveau microbien (Bastian et al., 2009 ;
Nicolardot et al., 2007).

En conclusion, parmi la bibliographie portant sur la dégradation de la matiere
organique fraiche apportée au sol, la notion de détritusphere est tres peu mentionnée et se
retrouve souvent amalgamée avec le sol non influencé par les résidus de plantes. Il en résulte
une certaine méconnaissance écologique de cette niche et donc la nécessité de mieux
appréhender ce « hot-spot » biologique qui peut avoir une importance fondamentale dans le
fonctionnement biologique du sol et plus largement des services écosystémiques.
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Il - Role fonctionnel de la diversité microbienne dans le turn-over des

matieres organiques du sol

Méme si I’implication des microorganismes dans le turn-over des matiéres organiques
du sol est bien établie [cf section 1.3.2], la relation entre le niveau et la composition de la
biodiversité microbienne et la dégradation des MOS reste encore peu décrite et demontrée.
L’intérét final de comprendre le réle fonctionnel de la composante microbienne dans le cycle
du carbone est de pouvoir mieux gérer les microorganismes afin d’améliorer la productivité
des agrosystemes (Welbaum, 2004). Toutefois, ces questionnements scientifiques d’écologie
fonctionnelle supposent de disposer d’outils performants pour caractériser les communautés
in situ d’un point de vue fonctionnel (structure fonctionnelle, fonctionnalité). Dans ce
contexte, un effort important a été consenti au niveau de la communauté scientifique
internationale pour développer des approches innovantes permettant une telle caractérisation.
Deux grandes approches peuvent étre décrites :

- d’une part des technologies innovantes qui permettent de caractériser in situ les
populations actives et la structure fonctionnelle / fonctionnalité des communautés et de les
relier a leurs capacités métaboliques [Stratégie 1],

- d’autre part, une stratégie qui met en ccuvre des expérimentations spécifiques
impliquant des manipulations de la diversité afin de faire un lien empirique entre la

diversité/composition des communautés et leurs capacités fonctionnelles [Stratégie 2].

1. Stratégie 1: développement de méthodologies innovantes pour aborder le role

fonctionnelle de la diversité microbienne
1.1. La caractérisation in situ du métaprotéome microbien du sol

Le métaprotéome microbien représente I’ensemble des protéines synthétisées a
I’échelle de la communauté microbienne & un temps donné. Les protéines représentant les
biomolécules réellement responsables des biotransformations, 1’analyse du métaprotéome
permet de caractériser la diversité fonctionnelle des communautés microbiennes et d’identifier
sans a priori les fonctions impliquées dans leurs réponses a 1’apport de MOF [Figure 1.8].
Couplée a des approches de caractérisation de la diversité taxonomique, une telle approche
peut donc renseigner sur le lien entre la diversité génétique et fonctionnelle des communautés

microbiennes.
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L’¢tude du métaprotéome est trés récente et également peu développée, et nécessite
donc encore de forts développements méthodologiques. A 1’heure actuelle, les principales
¢tudes se sont concentrées sur I’amélioration de I’extraction des protéines d’environnements
complexes comme I’cau et le sol (Bastida et al., 2009 ; Benndorf et al., 2007 ; Maron et
al., 2007b). Au niveau de la matrice sol, les trois principales limites rencontrées actuellement
sont : (i) la faible ressource en protéines qui empéche parfois leur détection, sans compter
qu’il n’existe pas a I’heure actuelle de techniques qui permettent d’amplifier les protéines,
comme la PCR pour ’ADN et I’ARN ; (ii) ’association des protéines a des composés
organiques ou minéraux qui interferent avec leur extraction mais aussi leur identification ; (iii)
les bases de données qui sont encore trop incomplétes pour pouvoir identifier les protéines des
environnements naturels (Bastida et al., 2009 ; Maron et al. 2007a). L’analyse du fingerprint
du métaprotéome peut étre une alternative a 1’identification des protéines [Figure 1.8]. Maron
et al. (2008) ont pu mettre en évidence différentes structures fonctionnelles correspondant a
une méme structure génétique dans trois sols différents, revisitant ainsi le concept du lien

structure-fonction.

Au niveau des agrosystemes, 1’étude du métaprotéome pourrait offrir la possibilité
d’identifier les fonctions microbiennes impliquées dans la dégradation de la matiére organique
et donc du cycle du carbone. Toutefois, cette approche a été tres peu utilisée a ce jour. Parmi
les quelques travaux réalisés, Schulze et al. (2005) ont identifié le type (cellulase, glucosidase,
collagénase, phenoloxidase ligniolytique) et [’origine biologique (archaea, bactéries,
champignons, plantes, nématodes...) de protéines par spectrométrie de masse dans des
échantillons de matiere organique dissoute (MOD) et de particules de sol d’écosystémes de

lac et de forét.

Comme pour les techniques basées sur ’ADN et I’ARN combinées a celles de SIP
(Stable Isotope Probing, voir section 111.1.2), une perspective pour étudier le métaprotéome
est le SIP-protéines qui permettra d’identifier les microorganismes et les enzymes intervenant
activement dans la dégradation de la matiere organique du sol. L’étude du métaprotéome
mérite D’intérét qu’on commence a lui porter pour participer a I’éclaircissement du role

fonctionnel des microorganismes dans le turn-over de la matiére organique du sol.
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1.2. La caractérisation in situ des communautés activement impliquées dans la
dégradation de la MO par DNA/RNA-SIP

- méthodologie

L’utilisation de substrats marqués isotopiquement est couramment employée pour
suivre specifiqguement les produits de la décomposition de la matiere organique fraiche dans
les sols, en suivant (i) la distribution du carbone et de 1’azote marqués dans le sol et/ou (ii) les
dégagements de CO;, marqué dans 1’atmospheére. Cette pratique permet aussi de différencier
les flux de carbone et d’azote provenant de la MOF et ceux provenant de la MOS native du
sol. Certains travaux (Bell et al., 2003 ; Fu et al., 2000 ; Hu et al., 1997 ; Liebich et al., 2006)
utilisent plutét le carbone 14, isotope radioactif du carbone, comme marqueur ; mais
I’utilisation d’isotopes stables comme le carbone 13 et 1’azote 15, plus facile a manipuler,
devient de plus en plus courante (Coppens et al., 2006 ; Gaillard et al., 1999 ; Trinsoutrot et
al., 2000).

Récemment, des techniques de biologie moléculaire utilisant ces isotopes stables ont
été mises au point pour tenter de lier les capacités métaboliques des microorganismes avec
leurs identités taxonomiques (Bernard et al., 2007 ; McMahon et al., 2005 ; Padmanabhan et
al., 2003). En consommant les molécules ou substrats d’intérét (glucose, acétate, méthane,
cellulose, plantes, xénobiotiques...) fortement marqués par des isotopes stables (**C et/ou
>N), I’ADN des populations microbiennes se retrouve significativement marquée au 13C et/ou
au °N. L’ADN ainsi marqué *3C et/ou N est séparé de I’ADN *2C et/ou N (qui correspond
aux populations qui n’utilisent pas le substrat organique marque), sur un gradient de densité
[Figure 1.9]. A partir de cette matrice d’ADN “*C et/ou *°N, des outils moléculaires (comme
décrit en section 1.3.2) sont appliqués afin de résoudre la diversité/structure génétique des
populations considérées comme activement impliquées dans les processus de dégradation.
Cette technique, appelée SIP (pour Stable Isotope Probing), couplée a des techniques de
biologie moléculaire (PLFA-SIP, DNA-SIP, RNA-SIP), a ’avantage considérable de pouvoir
cibler au sein de I’immense diversité des microorganismes indigénes du sol les populations
microbiennes activement impliquées dans des processus de dégradation et/ou d’incorporation
de substrats marqués (Friedrich, 2006 ; Neufeld et al., 2006 ; Radajewski et al., 2000). Ces
outils isotopiques ont été eprouvés dans différentes études portant sur les interactions plantes-

microorganismes (Haichar et al., 2008 ; Prosser et al., 2006 ; Rangel-Castro et al., 2005) afin
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de déterminer les communautés microbiennes incorporant activement les exsudats racinaires

dans la rhizosphére.

- communautés microbiennes activement impliquées dans la

décomposition de résidus de culture

Au niveau des résidus de MOF, seuls Bernard et al. (2007) ont utilisé a ce jour cette
approche SIP pour identifier la composante microbienne activement impliquée dans la
dégradation de résidus de culture de blé, tout en suivant les flux de CO, associés. lls ont pu
mettre en évidence des modifications de structure génétique de la communauté bactérienne au
cours de la dégradation du résidu soulignant la stimulation de successions de populations. En
termes de diversité bactérienne tellurique, caractérisée par clonage/séquencage des genes
codant pour I’ARN 168, ces auteurs ont démontré que celle impliquée dans la dégradation des
résidus était moins importante que celle non impliquée dans ce processus. Plus précisément,
ils ont montré que les B-protéobactéries et les y-protéobactéries (principalement les genres
Massilia, Variovorax et Pseudomonas), étaient activement impliquées dans la dégradation
précoce des résidus de blé. Une telle approche permet donc de confirmer les attributs
écologiques copiotrophes (strateges-r) de ces populations car elles interviennent dans le stade
précoce de la décomposition et utilisent de la matiere organique fraiche et facilement

dégradable.
- une résultante fonctionnelle : le « priming-effect »

En parallele de ces résultats sur la biodiversité « active » du sol, Bernard et al. (2007)
ont observé une augmentation significative du relargage de *CO, résultant de la sur-
minéralisation de la MOS suite a I’apport de MOF. Ce processus est communément appelé
« priming effect » et a été défini par Bingemann (1953) comme 1’extra-décomposition de la
matiére organique native du sol recevant un amendement organique. Certains auteurs ont
montré que I’amplitude de 1’extra-décomposition pouvait étre dépendante du type de résidu
apporté (Sall et al., 2007) ou de la contribution relative des champignons et des bacteries
impliqués dans la décomposition du residu apporté (Bell et al., 2003). Malgré la mise en
¢évidence de I’influence de 1’apport de MOF sur la dégradation de la matiére organique native
du sol dans certaines études, les mécanismes qui régissent ce processus sont trés controversés
(Fontaine et al., 2003 ; Kuzyakov et al., 2000).
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A partir de ’ADN *2C, Bernard et al. (2007) ont mis en évidence des modifications
specifiques de la structure génétique des communautés bactériennes associees a cette sur-
minéralisation de MOS native. Les populations identifiées comme étant impliquées dans ce
processus etaient affiliées taxonomiquement aux Actinobacteria, Cyanobacteria, Candidate,
Gemmatimonadetes, Verrumicrobia et Planctomycetes, populations généralement décrites
comme des stratéges-K. Haichar et al. (2008), dans une étude sur les exsudats racinaires, ont
aussi mis en évidence ce phénomeéne de « priming-effect » et 1’ont associé a des structures
génétiques particulieres de communautés bactériennes actives, qui sont donc impliquées dans

cette sur-minéralisation de la MOS.

Afin d’expliquer cette sur-minéralisation lors d’apport de résidu de bl¢, Bernard et al.
(2007) ont suggéré que les communautés bactériennes considérées comme des
strateges-K aient profité des exo-enzymes, produites par les strateges-r impliqués dans la
dégradation du résidu, pour induire une hydrolyse de la MOS native comme décrit dans le
mécanisme 1 du priming-effect proposé par Fontaine et al. (2003). Par ailleurs, comme
certaines populations activement impliquées dans la dégradation du résidu de blé étaient
affiliées a des strateges-K, ils ont aussi suggéré que le mécanisme 2 du priming effect pouvait
étre impliqué dans les processus observés. L’implication des populations bactériennes en
fonction de leurs attributs écologiques (strateges-r / stratéges-K) dans ces deux mécanismes

du « priming-effect » est conceptualisée dans la Figure 1.10.

Ces quelques études utilisant ces techniques innovantes de DNA/RNA-SIP ont mis en
évidence la capacité de ces techniques a identifier les populations microbiennes activement
impliquées dans la dégradation de la MOF mais aussi de la MOS native. Ces études montrent
aussi les fortes potentialités de ces approches d’écologie fonctionnelle pour mieux décrire le
role de la diversité microbienne dans le cycle biogéochimique du carbone. A travers nos
études, nous avons choisi cette approche technique pour contribuer a 1’identification des
acteurs microbiens impliqués dans la décomposition de résidus de blé et de luzerne, et de la

matiére organique native du sol associée [Chapitre 4 et Perspectives].
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2. Stratégie 2: Développement d’approches expérimentales spécifiques pour
aborder le lien entre la diversité des communautés microbiennes et leurs

capacités fonctionnelles
2.1. Manipulation de diversité

Les quelques études abordant le lien entre la diversité des communautés microbiennes
et leurs capacités fonctionnelles ont montré que la simplification de la diversité peut permettre
la démonstration expérimentale du lien entre diversité et fonction. Deux types d’approches
expérimentales peuvent étre dégagés de la littérature pour manipuler les communautés
microbiennes : (i) ’approche par dilution de diversité, et (ii) I’approche par reconstitution de

communautés microbiennes.

En 1981, Salonius a ouvert la voie de I’approche par dilution en inoculant des
suspensions de sol de différents niveaux de biodiversité (mais contenant approximativement
la méme biomasse) a des échantillons de sol stérilisés. Cette méthode permet la simplification
de la diversité microbienne en créant des taux réalistes de diversité ; toutefois, le désavantage
est que ce sont les organismes les plus nombreux qui sont sélectionnés (Dimitriu et al., 2010 ;
Franklin et al., 2001 ; Garland et al., 1999). Girvan et al. (2005) quant a eux ont utilisé
directement deux sols différents en composition de matiére organique, considérant que la
biomasse et la diversité microbienne étaient meilleures dans le sol le plus organique. D’autres
auteurs ont utilisé des méthodes plus destructives, comme des fumigations répétées sur le sol
diminuant la diversité (Degens, 1998 ; Dickens et al., 1999 ; Griffiths et al., 2000) ou
I’application de stress (bactéricide...) tuant spécifiquement des microorganismes. Dans ce
cas, des microorganismes avec des capacités adaptatives et des caractéristiques

physiologiques particulieres sont sélectionnés.

La deuxieme approche par reconstitution consiste a créer des consortiums de
communautés microbiennes en sélectionnant des microorganismes cultivables (Bell et al.,
2005 ; Griffiths et al., 2008 ; Liebich et al., 2007 ; Naeem and Li, 1997 ; Setéla et al., 2004).
Dans ce cas, I’inconvénient est que la diversité sélectionnée n’est pas du tout représentative de
la communauté indigéne du sol que ce soit (i) en terme de richesse spécifique: les
communautés reconstituées sont composées de 10 (Liebich et al., 2007) a 72 especes (Bell et
al., 2005), alors que la composante microbienne des sols est caractérisée par une énorme

diversité genétique [cf section 1.3.1] ; ou (ii) en terme de caractéristiques physiologiques :
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seules les espéces microbiennes ayant les capacités de croitre en milieu de culture sont

utilisées.

Méme si les différentes approches entrainent des biais dans la sélection de diversité et
de composition, elles permettent d’avoir une vision de la réponse des processus des
écosystémes a une €rosion de diversité. Ces travaux ont d’ailleurs mis en évidence qu’une
baisse de diversité n’est pas forcément synonyme de perte de fonction. En effet, la forte
redondance fonctionnelle des communautés microbiennes permettrait la stabilité et la
résilience des activités des communautés microbiennes telluriques aprés perturbation (Girvan
et al., 2005 ; Griffiths et al., 2000).

2.2. Influence de I’érosion de diversité sur les capacités fonctionnelles des

communautés

Au niveau des fonctions dans les processus biogéochimiques, Horz et al. (2004) ont
montré qu’une modification de la diversité de la communauté nitritante du sol en réponse aux
changements globaux peut entrainer une augmentation de la nitrification, illustrant un lien
fonctionnement-diversité. Au niveau de la dégradation de la matiere organique, les différents
travaux mettent en évidence qu’une diminution de la diversit¢é microbienne n’entraine pas

forcément un déclin ou une perte de fonction de dégradation mais peut modifier sa réponse.

En effet, différents travaux ont mis en évidence une minéralisation des résidus de
plantes plus importante avec des taux de diversité réduite (Degens, 1998 ; Griffiths et al.,
2000 ; Liebich et al., 2007). Sachant que ces résultats peuvent s’expliquer (i) dans le cas de
diminution de diversité par fumigation, par 1’augmentation des concentrations en nutriments
dans le sol due a la méthode qui permettrait une meilleure minéralisation du résidu (Degens,
1998) ; (ii) dans le cas d’inoculation par microorganismes cultivables, par la capacité de ces
microorganismes a croitre rapidement et donc considérés comme des stratéges-r connus pour
intervenir au début de la minéralisation de matiére organique fraiche (Liebich et al., 2007).
Wohl (2004), quant a lui, a observé une diminution du taux de dégradation de la cellulose si
seulement une ou deux especes différentes de décomposeurs de cellulose étaient présentes
dans une culture liquide, comparées a 4 ou 8 especes différentes ; concluant qu’une bonne

diversité est quand méme indispensable en termes d’intensité du processus.
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Les auteurs considerent que la fonction de décomposition est alors redondante dans les
communautés microbiennes, étant donné une minéralisation des résidus toujours présente
apres manipulation de la diversité. Méme si les auteurs observent cette redondance de la
fonction de décomposition apres baisse de diversité, Griffiths et al. (2000) préviennent
qu’apres une trés importante perturbation, cette fonction peut étre perdue. Ce constat résulte
du concept d’ « assurance écologique » (Loreau et al., 2000) qui fait le postulat qu’une baisse
de diversité entraine une baisse de stabilité donc de résistance de la communauté face aux
perturbations et aux stress environnementaux. Liebich et al. (2007) ont montré que tous les
mécanismes importants pour I’humification des résidus ne peuvent étre réalisés par une
communauté microbienne avec une diversité réduite. Il y aurait donc perte de cette fonction
avec diminution de la diversité. La dégradation de la matiére organique est un processus
complexe ou de nombreuses fonctions, et donc populations, interviennent. Un changement de
diversité ne semble pas affecter la fonction de minéralisation mais celle d’humification. Il
parait donc inquiétant que des fonctions soient perdues et d’autres non, les conséquences de la
décomposition de résidus de plantes seraient totalement changées. Toutefois, les études
portant sur I’érosion de la diversité et la démonstration empirique du lien diversité-fonction
sont peu nombreuses et quelquefois contradictoires. Un des challenges majeurs en écologie
microbienne est de continuer ce genre d’investigation afin d’améliorer nos connaissances sur
ce sujet et de réellement démontrer la valeur patrimoniale, mais aussi fonctionnelle de la

diversité microbienne tellurique dans un contexte d’utilisation durable des sols.
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IV - Conclusion

Cette synthese bibliographique présentait un état des lieux de la réponse des
communautés microbiennes du sol a I’apport de résidus de culture. D’un point de vue général,
nous pouvons dire que, malgré de nombreuses études s’intéressant a la décomposition des
résidus de culture apportés au sol dans les systémes cultivés et les flux de carbone et d’azote
associés, la prise en compte de I’implication des microorganismes du sol en termes de

diversité, de dynamique de communauté et de fonctionnalité reste faible et incomplete.

Plus précisément, il en résulte une méconnaissance des facteurs édaphiques et
environnementaux qui peuvent influencer la composante microbienne du sol associée a la
décomposition de résidus de culture. Dans ce contexte, il nous est paru important de réaliser
des études sur la dynamique et la diversité de la composante microbienne du sol, au cours de
la décomposition de résidu, tout en tenant compte de ces différents facteurs, comme le travail
du sol [chapitre 2] ou la qualité biochimique des résidus de culture [chapitres 3 et 4], voire
la température [perspectives]. L’objectif d’augmenter ce type d’étude est de dégager des
tendances microbiennes et a terme de pouvoir déduire le déterminisme et des indicateurs

microbiens de la décomposition de résidus de culture.

L’analyse de la littérature a aussi révélé un nombre conséquent d’études réalisées en
microcosmes de sol, c'est-a-dire en conditions contrélées, qui simulent les systemes cultivés
par quelques dizaines de grammes de sol. Bien que ces études permettent d’utiliser des
techniques de pointe non applicables au champ, comme [’approche prometteuse de
DNA/RNA-SIP décrite dans cette synthése et utilisée dans le chapitre 4 et les perspectives,
I’importance de prendre en compte I’approche au terrain (i.e. en conditions naturelles
intégrant la variabilité pedo-climatique) permet de valider les resultats obtenus en laboratoire

avec des microcosmes [chapitres 2 et 3].

De plus, cette partie bibliographique soulignait le peu d’intérét porté a la détritusphére
et donc la nécessité d’améliorer nos connaissances sur cette niche écologique, ce que nous
avons essayé de prendre en compte au mieux dans la suite de nos travaux [chapitres 2 et 4 et

perspectives].

Un dernier point mis en évidence dans cette synthese bibliographique est la tres faible
connaissance du lien diversité — fonction de la composante microbienne du sol impliquée dans

la décomposition des résidus de culture dans le sol. Par des outils isotopiques couplés a des
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techniques de biologie moléculaire, nous avons essayé d’appréhender ce lien diversité —
fonction dans le chapitre 4 et les perspectives en identifiant les populations activement
impliquées dans la dégradation de résidus de culture.
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Chapitre 2 : Influence de la localisation de résidu de culture in situ

Parmi les facteurs influencant la décomposition de résidus de culture dans le sol
présentés dans la synthese bibliographique [Chapitre 1], la localisation du résidu, qui est
déterminée par le travail du sol (labour vs mulch), nous a particulierement interpelés [Chapitre
1, section II1.3.2.1]. En effet, bien que I’influence de la localisation du résidu sur sa
décomposition ait été bien appréhendée (Coppens et al., 2006 ; Curtin et al., 2008), les études
caractérisant la dynamique et la diversité microbienne associées sont peu nombreuses.
Nicolardot et al. (2007), dans une étude en microcosmes, ont étudié la minéralisation de
résidus de blé et de seigle soit incorporés au sol, soit laissés a la surface du sol. Ils ont mis en
évidence des structures génétiques de communautés bactériennes et de champignons
spécifiques de la localisation du résidu ainsi qu'un gradient de dynamique microbienne allant

du résidu, a la détritusphere puis au sol nu.

Dans ce contexte, il nous a semblé important d’étudier 1’influence de la localisation
des résidus de culture sur leur minéralisation et sur la réponse des communautés microbiennes
telluriques in situ. Pour cela une expérimentation au champ a été mise en place a 1’unité
expérimentale de Mons (projet géré par B. Nicolardot, INRA Reims) qui a consisté a apporter
au sol des résidus de blé selon deux modalités de travail du sol : incorporé (par le labour) ou
laissé en surface (= mulch), ainsi qu’un controle sans résidu. Un échantillonnage mensuel
d’aoit 2005 a mars 2006 a permis de suivre les produits de la décomposition ainsi que la
réponse des communautés microbiennes tout au long du processus de décomposition, tout en
tenant compte de différents compartiments du sol : le résidu, la détritusphere et le sol « nu ».
L’azote inorganique du sol, la teneur en carbone du résidu, et les fractions « Van Soest » (C
soluble, hémicellulose, cellulose et lignine) ont été mesurés au cours de I’expérimentation. En
parallele, la biomasse microbienne, les structures génétiques des communautés bactériennes et
la diversité taxonomique bactérienne ont été déterminées dans les différents compartiments de

sol prélevés.
Cette étude in situ avait pour objectifs :

- d’étudier I’influence de la localisation (incorporés vs surface) de résidu de culture sur

la réponse des communautés microbiennes indigenes ;

- d’observer I’influence de I’incorporation ou non de résidu de culture au sol sur

I’hétérogénéité spatiale du sol (résidu, détritusphere, sol nu) ;
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- de relier la décomposition du résidu a la composante microbienne du sol en fonction
de la localisation du résidu ;

- de comparer les résultats obtenus sur les études en microcosmes (conditions

contrdlees) & ceux obtenus in situ lorsque les variations pedoclimatiques sont intégrees.

Cette eétude sera présentée ci-dessous sous la forme d’un article accepté pour
publication dans la revue Microbial Ecology : DOI: 10.1007/s00248-010-9648-z.
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Abstract

The effect of the location of wheat residues (soil surface vs. incorporated in soil) on their
decomposition and on soil bacterial communities was investigated by the means of a field
experiment. Bacterial-Automated Ribosomal Intergenic Spacer Analysis (B-ARISA) of DNA
extracts from residues, detritusphere (soil adjacent to residues), and bulk soil evidenced that
residues constitute the zone of maximal changes in bacterial composition. However, the
location of the residues influenced greatly their decomposition and the dynamics of the
colonizing bacterial communities. Sequencing of 16S rRNA gene in DNA extracts from the
residues at the early, middle, and late stages of degradation confirmed the difference of
composition of the bacterial community according to the location. Bacteria belonging to the! " y-
subgroup of proteobacteria were stimulated when residues were incorporated whereas the a-subgroup
was stimulated when residues were left at the soil surface. Moreover, Actinobacteria were more
represented when residues were left at the soil surface. According to the ecological attributes
of the populations identified, our results suggested that climatic fluctuations at the soil surface
select populations harboring enhanced catabolic and/or survival capacities whereas residues
characteristics likely constitute the main determinant of the composition of the bacterial

community colonizing incorporated residues.

Key words: crop residues, soil bacterial community, bacterial diversity, decomposition

process
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| - Introduction

Soil Organic Matter (SOM) represents the largest pool of organic carbon in the biosphere and
plays a central role in the regulation of many of the soil functions and consequently for
numerous ecosystem goods and services that humanity depends upon (De Groot et al., 2002).
In agrosystems, considerable changes have occurred in SOM content as a result of cultivation,
with a decrease in carbon stock generally observed in intensive cultivation or continuous
cropping systems compared to prairies, grasslands or forests (Lal & Kimble, 1997). Such a
decrease can have dramatic consequences for the ability of soils to support sustainable crop
growth. To maintain soil carbon stocks and consequently agrosystem productivity and
economic returns, organic amendments such as crop residues are commonly applied
(Campbell et al., 2000).

Accumulation of SOM is highly dependent on the activity of soil heterotrophic
microorganisms responsible for the transformation of residues into complex and stabilized
organic compounds. The biochemical nature (depending on plant species) and organic
amendment practices greatly influence the C mineralization versus sequestration ratio and
therefore the repercussion on global climatic and atmospheric changes (Gaillard et al., 1999a;
Takeuchi et al., 1995; Wang et al., 2002). In this context, the challenge is to improve
management of organic inputs in order to maximize the benefits while minimizing negative
agronomic and environmental effects. To this end, progress in the knowledge of the factors
affecting decomposition must be achieved and a better understanding of the interaction
between microorganisms, organic matter and agricultural practices would constitute a decisive
step forward for this problematic (Bernard et al., 2007). Many attempts have been made to
elucidate the influence of different factors on microbial processes involved in the carbon cycle
(Gaillard et al., 2003; Giller et al., 1998; Kwabiah et al., 2003; Lundquist et al., 1999;
Nicolardot et al., 1994; Pankhurst et al., 2002; Rangel-Castro et al., 2005). These studies were
all based on measurements of global quantitative parameters such as microbial biomass,
respiration rate, enzymatic activities or C and N turnover, thus considering microbial
communities as a functional “black box”. These works provided estimations of organic carbon
turn-over in soil based on evaluations of the mineralization/immobilization ratio which was
demonstrated to vary depending on soil type, biochemical characteristics of the residues,
agricultural practices, climate, etc (Balesdent et al., 2000). However, prediction of the

residence time of the residues is still not satisfactory, mainly because of a lack of knowledge
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concerning the parameters controlling degradation, and in particular the functional

involvement of microbial actors (Gleixner et al., 2002).

In this context, to improve our ability to predict and manage the fate of organic matter
in soil, microbial communities must no longer be considered as a “functional black box” and a
major challenge for microbial ecology is to identify of the microbial populations involved in
SOM degradation and to understand the influence of carbon sources and agricultural practices
on the diversity of soil microbial communities. Recently, Bernard et al. (2007) performed a
microcosm experiment using the molecular DNA/RNA-SIP approach to elucidate the
dynamics and the diversity of bacterial populations actively assimilating C derived from *C
labelled wheat residues incorporated in soil. They showed that residue incorporation induced
a rapid succession of bacterial populations, with the stimulation of specific labelled bacterial
populations belonging to the B- and y- subgroups of proteobacteria (Bernard et al., 2007).
They linked the dynamics of diversity they observed with the degradation of both residues
and soil organic matters on the basis of hypothesis of Fontaine et al. (2003) dealing with the
microbial involvement for priming-effect in soil. Similarly, Nicolardot et al. (2007) performed
a microcosm experiment to evaluate the influence of location (soil surface vs. incorporated
into soil) and quality of plant residues (young rye vs. wheat straw) on both residue
decomposition and genetic structure of soil microbial communities. The results obtained
showed that depending on both the quality and the location of the residues, different genetic
structures of microbial communities were stimulated, with a gradient observed from residue to
bulk soil particularly for young rye. These results suggest that the quality of organic inputs
and the way they are added to soil may represent a suitable way to manage the microbial
component in soil and consequently the soil processes they are responsible for. However, all
these studies were conducted in soil microcosm laboratory incubations and extrapolating to
the field decomposition data derived from laboratory experiments must be undertaken with
caution (Coppens et al., 2006; Parr & Papendick, 1978) since variations in soil characteristics,
climatic events as well as seasonal variations occurring in natura can greatly influence

residues degradation and microbial community dynamics.

In the present work, our purpose was to evaluate under field conditions the influence of
the location of wheat residues on residue degradation and the dynamics of bacterial
communities colonizing the residue. To this end, we performed a field experiment in which
mature wheat residues were added to soil either as mulch or incorporated into the soil by

tillage. The dynamics of residue degradation and of soil bacterial communities were then
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assessed each month, from August 2005 to March 2006 in three soil zones, i.e. the residue, the
detritusphere (soil adjacent to the residues), and the bulk soil. Evolutions in soil inorganic N
content, as well as the quantitative and qualitative evolution of residues in each treatment
were monitored. Furthermore, the bacterial community structure was assessed using the DNA
fingerprinting technique B-ARISA (for Bacterial-Automated Ribosomal Intergenic Spacer
Analysis) to characterize the succession of bacterial populations during the residue
decomposition. Based on the dynamics of residue degradation and community structure, three
sampling dates were selected for both amended treatments (residues left at the soil surface vs.
incorporated) to build up 16S rRNA gene clone libraries from DNA extracts from residues
and characterize the evolution of the composition of the bacterial community between an
early (September 9", 2005), middle (November 8", 2005), and late (March 20", 2006) stage

of decomposition.
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Il - Materials and methods
1. Site description and sampling

A field experiment was set up on the Estrées-Mons INRA experimental station located at
Mons (49.53°N, 3.01°E). Three samples were collected from the 0-20 soil layer and sent to
the Arras Laboratory of Soil Analysis (INRA) for determination of soil properties following

standardized methods (http://www.lille.inra.fr/las/methodes d analyse/sols). The main

characteristics of the soil were as follows: clay (<2pm) 163 + 4.1 g kg™; silt (2-20 pm) 299 +
2.3 g kg*; silt (20-50 pm) 462 + 3.6 g kg; sand (50-200 pm) 61 + 2 g kg™; sand (200-
2000pm) 13.6 + 1.3 g kg™, pHiz0 7.05 + 0.13; CaCO5 1.1 + 0.15 g kg™, organic carbon 10 +
0.3 g kg™; organic matter 17.4 + 0.5 g kg™, total nitrogen 0.99 + 0.01 g kg™, and C:N ratio 8.4

+ 0.16. It is classified as a silt loam soil (Luvisol Orthic, FAO classification).

Prior to the establishment of the field experiment, the 0-20 cm soil layer was
homogenous because of yearly soil tillage of the entire experimental site (Alvarez et al., 1995;
Oorts et al., 2007). As a consequence, the heterogeneity observed in our study will be
essentially the consequence of crop residue amendment and not of a vertical gradient due to

differences in soil characteristics over the soil profile.

The field experiment consisted of three treatments according to the way organic inputs
were applied to the soil. Each treatment was laid out in a 50 x 4 m block subdivided into three
independent 10 x 3 m plots. Before the experiment, all previous crop residues (winter wheat)
were removed from soil surface either by harvesting or burning. At the beginning of the
experiment (August 2005), plots were amended with the same quantity (6 t dry matter ha *) of
wheat residues (Triticum aestivum). Residues were either left at the soil surface (SW), or
incorporated into the first 10 cm of soil by tillage using a rotavator (IW). This allowed
distributing the residues as homogeneously as possible in the 0-10 cm soil layer. To avoid
migration of surface applied residues via runoff, high density polyethylene safety nets with a
20mm x 20mm diamond mesh have been placed on SW plots. Considering the methodology
used to incorporate the residues as well as the quantity of residues added insuring a high
density of residues in the 0-10cm soil layer, we assumed that almost all the soil was under the
influence of the residues and consequently that this layer corresponded to a detritusphere.

Plots without any organic matter input (NA) were used as a control.
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For the three treatments, sampling was carried out each month from August 2005 to
March 2006. For SW and IW treatments, three zones were considered at each sampling date:
(1) the crop residue which was carefully separated from the soil using sieving (5-6 mm) and
hand picking and subsequently washed with sterile water on a sieve of 200um to remove soil
particles, (ii) the detritusphere (0-1 cm soil layer for SW; and 0-10 cm soil layer for IW), and
(iii) the bulk soil (1-20 cm soil layer for SW; 10-20 cm soil layer for IW). For control plots,
only bulk soil (0-20 cm soil layer) was collected. For each plot, four soil subsamples per soil
zone were collected over a 50 x 50 cm area and afterwards pooled and mixed. The number of
replicates was therefore n=3 for each treatment. This allowed obtaining samples
representative of each plot. Each soil zone was sieved at 2 mm and stored at either 4°C or -
20°C, depending on determinations. The crop residues were either dried at 80°C or cut into
pieces and stored at -20°C. Bulk density of the different soil layers (2 replicates per plot) was
measured with a rubber balloon density meter (Nardeaux-Humisol, Saint Avertin, France) at
the end of the experiment, dry weight of sampled soil being measured after oven-drying at
105°C.

2. Soil and plant residue chemical and biochemical determinations

The soil inorganic N in the detritusphere and bulk soil was obtained by extraction of 100
g fresh soil by 200 mL 1 M KCI (3 replicates per soil layer and date) and determined by
continuous flow colorimetry with an auto-analyser (TRAACS 200, Bran & Luebbe,
Norderstedt, Germany) using adaptations of the methods proposed by Kamphake et al. (1967)
and Krom (1980). The C content of dried wheat residues crushed to 80 um (3 replicates per
date and treatment) was determined with an NA 1500 element analyzer (Fisons, Milan, Italy).
To characterize the biochemical composition of decomposing residues, the soluble
compounds of the 1 mm dried wheat residues were determined using the method described by
Linéres & Djakovitch (1993). The resulting non-extracted material was then successively
subjected to selective extraction for hemicellulose and cellulose as described by Van Soest
(1963). The mass of residue was weighed after each step in the serial extraction: the
difference between the mass of material subjected to specific extraction and the mass of
residue accounted for a specific component. The mass of the final residual non-extractable
fraction of the plant material was considered as lignin (lignin-like) mass. C content of each
fraction was determined with an NA 1500 element analyser (Fisons, Milan, Italy) after
crushing residues to 80 um. Microbial biomass C in the detritusphere and bulk soil were
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determined after measuring soluble organic C in of CHCI3; fumigated and non fumigated soil
extracts (30 g fresh soil, 100 mL 0.05 M K,SQO,, agitation 30 min at 20°C, 3 replicates per
date and soil layer) using a 1010 TOC analyser (Ol Analytical, College Station, TX)
(Trinsoutrot et al., 2000). All results (i.e. residue C, C present in the different biochemical
fractions, soil inorganic N and microbial biomass C) were then expressed per unit of surface

(ha™) taking into account the size and the bulk density of each soil layer.

3. Extraction and purification of total DNA from bulk soil, detritusphere and plant

residues

Microbial DNA was extracted from three replicates of the wheat residues, detritusphere and
bulk soil samples which had been stored to -20°C according to the method described by
Ranjard et al. (2003). Briefly, 1 g of each soil and residue sample was mixed with 4 mL for
soil and 5 mL for residue of a solution containing 100 mM Tris (pH 8.0), 100 mM EDTA (pH
8.0), 100 mM NacCl, and 2% (w/v) sodium dodecyl sulphate. Two grams of 106 um diameter
glass beads and eight glass beads of 2 mm diameter were added in a bead-beater tube. The
samples were then homogenized for 30 s at 1600 rpm in a mini bead-beater cell disruptor
(Mikrodismembrator; S.B. Braun Biotech International) and centrifuged at 7000 x g for 5 min
at 4°C after a 30 min incubation at 70°C. The collected supernatants were incubated for 10
min on ice with 1/10 volume of 3 M potassium acetate (pH 5.5) and centrifuged at 14000 x g
for 5 min. After precipitation with one volume of ice-cold isopropanol, the nucleic acids were
washed with 70% ethanol. For purification, aliquots (100 pL) of crude DNA extracts were
loaded onto polyvinyl polypyrrolydone (PVPP) minicolumns (Bio-Rad, Marne la Coquette,
France) and centrifuged at 1000 x g for 2 min at 10°C. The elute was collected and purified
from residual impurities by using a Geneclean Turbo kit as recommended by the manufacturer
(Q Biogene®, Illkirch, France).

4. Automated-RISA fingerprinting communities

The bacterial ribosomal IGS were amplified by PCR using the primers S-D-Bact-1522-b-S-20
(small eubacterial ribosomic subunit; 5’-TGCGGCTGGATCCCCCTCCTT-3’), which was
labelled at its 5° end with the IRD800 fluorochrome, and L-D-Bact-132-a-A-18 (large
eubacterial ribosomic subunit; 5’-CCGGGTTTCCCCATTCGG-3’), as described by Ranjard
et al. (2003). Fifty nanograms of DNA were used as template in PCR. B-ARISA involved the
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use of a fluorescent-labeled primer for PCR which is the IRD 800 dye fluorochrome (MWG
SA Biotech, Ebersberg, Deutschland) for the LiCor® DNA sequencer (ScienceTec, Les Ulis,
France). For RISA fingerprinting, PCR products were loaded on a 3.7% polyacrylamide gel
(acrylamide-N, N-methylenebisacrylamide, 29: 1, Bio-Rad, Ivry sur Seine, France) and run
under denaturing conditions for 14 h at 1500V / 80W on a LiCor® DNA sequencer
(ScienceTec). The software converted fluorescence data into electrophoregrams where peaks
represented PCR fragments. The height of the peaks was calculated in conjunction with the
median filter option and the Gaussian integration in 1D-scan, and represented the relative
proportion of the fragments in the total products. Lengths (in base pairs) were calculated by
using a size standard with bands ranging from 200 to 1659 bp. The standard was made by
PCR amplifications of different fragment sizes of phage M13 mp18 (Promega, Charbonnieres,

France).

5. Statistical analysis

The effect of location of wheat residues and of the sampling date on the soil inorganic N
content, C content of dried wheat residues and van Soest fractions and microbial biomass data
were tested by means of two-ways ANOVA and differences between means were tested with
the Student-Newman-Keuls test (P < 0.05). All theses statistical calculations were carried out
using XLSTAT software (Addinsoft, Paris, France).

The kinetics of C evolution in the different biochemical fractions (hemicellulose,
cellulose, lignin) was fitted using a 1-compartment model by using the NLIN procedure (SAS
Institute, 2001):

C(t) = All—e™)

where C(t) represents the carbon of residue present in the biochemical fraction by day t (kg C
ha™), A is the amount of residue C present in the biochemical fraction by day t = 0 (kg C ha"
1), and ki is the rate constant of decomposition of the biochemical fraction (days™). Rate
constants of decomposition of the biochemical fractions obtained for the different treatments
were then compared using variance analysis and mean classification were based respectively
on the ANOVA procedure and the Student-Newman-Keuls test of the SAS software (SAS
Institute, 2001), with a significance at level of P = 0.05.
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Data obtained from the 1D-Scan software were converted into a table summarizing the
band presence (i.e peak) and intensity (i.e. height or area of peak) using the PrepRISA
program (Ranjard et al., 2001). This software allowed us to choose the number of peaks (i.e.
all detected populations versus the most dominant populations), the profile resolution

(between 1 and 10 bp) and the method of evaluating peak intensity (height or area).

Covariance matrix (bacterial communities as rows and bands as columns) were
subjected to Principal Component Analysis (PCA), which provided an ordination of bacterial
communities in a factorial map based on the scores of the first two principal components. The
Monte Carlo test was performed with 1000 permutations to confirm the significance of the
discrimination of the structures of the bacterial communities revealed by the PCA. PCA and

Monte Carlo test were performed using the ADE-4 software (Thioulouse et al., 1997).

6. Clone library construction and sequencing

In order to precisely describe bacterial populations during crop residues degradation, clone
libraries were constructed. Three dates were chosen for SW and IW treatments, respectively:
September 2005, November 2005 and March 2006. For each date and each treatment, same
amount of DNA extracted from each of the three repetitions was pooled to perform the PCR.
The bacterial 16S rRNA gene subunit was amplified by PCR with universal primers: 1492R
and 27F (Amann et al., 1995). PCR products were ligated to the vector pGEMT (Promega,
Charbonniéres, France). Ligation and transformation into Escherichia coli JIM109 competent
cells were carried out according to the manufacturer’s protocol. A total of 50 white clones
were sampled to constitute the library. The DNA of each clone was extracted by “heat/cold”
shocks. The plasmid inserts from each clone were amplified using Sp6 and T7 primers. The
amplicons were visualized through a 2% agarose gel electrophoresis by ethidium bromide
staining to determine the insert size. Sequencing of amplicons with the expected size was

performed by Beckman Coulter Genomics (http://www.beckmangenomics.com) using the

1492R primer with a Sangers sequencing protocol using the Big Dye 3.1 kit (Applied
Biosystems) and the ABI 3730XL DNA sequencer. For each sequence, quality of the read has
been determined based on the phred scores of each base (based on a basecall performed with
the basecaller phred). Portion of the read composed by bases harboring phred scores >20 have

been considered as high quality portion suitable for diversity analysis.

-70 -


http://www.beckmangenomics.com/

Chapitre 2 : Influence de la localisation de résidu de culture in situ

7. Sequence analyses and diversity indices calculation

The 16S rRNA gene sequences were used as queries in blast searches for standard nucleotide-
nucleotide Basic Local Alignement Search Tool (Altschul et al., 1990) using GeneBank
database. Sequences from clones and the most closely relative sequences were aligned using
Clustal W (Trinsoutrot et al., 2000). Phylogenies were determined by Neighbour-Joining
method (Saitou & Nei, 1987) using Kimura “2-parameters” model of nucleotide substitution
(Kimura, 1980). Tree nodes validity was determined from the results for 1000 bootstrapped
data sets using the phylowin software in the PHYLIP program (Felsenstein, 1985). The
combination of similarity data and phylogentic analysis was used to define operational
taxonomic units (OTUs). An OTU was defined when the percentage of similarity was

superior to 90 % and the bootstrap value was superior to 80 %.

Calculation of diversity indices was applied to 16S rRNA gene sequences defined as
OTUs. Shannon diversity index richness (H) and evenness (E) values were calculated as
previously described (Begon et al., 1986).

8. Nucleotide sequence accession numbers

The nucleotide sequences determined in this study, corresponding to an average of 750 bp of
length, have been deposited in the GeneBank database. The accession numbers for the 16S
rRNA gene sequences obtained in our study were from FJ432290 to FJ432586 and are

provided as supplemental data.
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Figure 11.1: Amount of C in remaining wheat residues during decomposition depending on
their localization: incorporated (IW) or left at the soil surface (SW). In the control, dynamics
represents the residual wheat residues remaining in the whole soil after aerial parts have been
exported and burned. Bars indicate standard deviations.
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lIl - Results and Discussion
1. Dynamics of residue degradation

The dynamics of the degradation of wheat residues in IW and SW treatments were
investigated by measuring the C of the residues remaining in soil at each sampling date
[Figure 11.1]. Wheat residues decomposed significantly more quickly in the IW, compared to
the SW treatment (P < 0.05). Almost all the residue was decomposed four months after
incorporation whereas C content of the residues left at the surface decreased only from 2500
to 800 kg C ha™ during the same period before stabilizing until the end of the experiment
[Figure 11.1]. This finding was in agreement with those from other field experiments
demonstrating a slower decomposition rate for mulched than for incorporated residues (Curtin
et al., 2008; Curtin et al., 1998; Douglas et al., 1980). This difference in degradation rate
between IW and SW (p < 0.05) may be explained by (i) an increase of the soil/residue surface
contact for soil-incorporated residues, hence favouring the colonization of residues by the soil
degrading microbial community (Cookson et al., 2008), and (ii) more favourable moisture
conditions for microbial activity when residues are mixed with soil (Coppens et al., 2006;
Curtin et al., 2008).

Qualitative changes of the residues in terms of the dynamics of the different C pools
(soluble compounds, hemicellulose, cellulose and lignin) as measured by the Van Soest
procedure indicated that regardless of the location of the residues, cellulose and hemicellulose
decomposed more quickly than lignin (P < 0.05) [Figure 11.2]. However, qualitative evolution
of the residues depended greatly on location (P < 0.05). More precisely, when residues were
incorporated, the decrease in the C content of the residues over the first three months was
mainly due to a fast cellulose and hemicellulose degradation whereas lignin content decreased
much slowly (P < 0.05). Degradation of the lignin pool really began only after almost all of
the easily degradable C pools were consumed. This was in agreement with the weak
degradability of lignin which represents the recalcitrant C pool of plant tissues (Hadas et al.,
2004; Henriksen & Breland, 1999). In other respects, the delay observed for lignin
degradation suggested a modification in the microbial degradation strategy during the
decomposition of the residues. This finding confirms recent results highlighting successions
of microbial populations responsible for the degradation of wheat residues in soil and relating
those successions to differences in growth strategies between fast growing microbes

decomposing mainly easily degradable C compounds, and slow growing microbes
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remaining wheat residues during their decomposition depending on their localization in the
soil: incorporated (IW) or left at the soil surface (SW). Bars indicate standard deviations.
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decomposing mainly recalcitrant C compounds (Bernard et al., 2007). In contrast, in the SW
treatment, the relative proportion of lignin increased in the remaining C measured in the
residues as it decomposed much slowly than the other fractions (P < 0.05) during the
sampling period, perhaps because of the characteristics of the mulch in terms of moisture
which did not allow lignin degrading microbes to develop and/or to express their catabolic

capacities on the residues.

2. Inorganic N dynamics in soil

Significantly lower amounts of inorganic N were recorded in the bulk soil of the SW and IW
treatments compared to the control for the period from September 2005 to December 2006 (P
< 0.05), suggesting N immobilization in microbial biomass in this soil zone [Figure 11.3]. This
result suggested that under field conditions the stimulation of the microbial activity by the
presence of the crop residues is not limited to the first millimeters close to the residues, as
previously demonstrated under laboratory conditions (Gaillard et al., 1999), but extended to
several centimeters around the residues. Such an immobilization of N in the bulk soil could be
due to the decomposition of carbon compounds derived from the residues and leached through
the soil profile because of rain (Coppens et al., 2006). More precisely, the bulk soil of the SW
treatment showed important variations in N content, characterized by an increase from 18 to
25 kg N ha™ due to N mineralization during the autumn, followed by a decrease to < 5 kg N
ha® between October and March due to drainage [Figure 11.3]. These results were in
accordance with those of other authors reporting dynamics of soil mineral N consecutive to
residue addition in field experiments (Fuentes et al., 2003; Oorts et al., 2007a). Contrastingly,
weak variations in N content were observed in the bulk soil of the IW treatment, mainly due
to an important N immobilization recorded for the period from September to November. This
agrees with Corbeels et al. (2003), and Coppens et al. (2006) who found that more N was
immobilized when residues were ground and mixed with the soil than when they were cut and
left on the surface. This increase in N immobilization in IW compared to SW could be
attributed to an increase in the microbial activity in the bulk soil due to a major release of
soluble C compounds from the residues, hence increasing their need of N to meet their
metabolic requirements (Mary et al., 1996). This hypothesis is in agreement with the greater

decomposition of residues observed in the IW treatment.
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Whatever the location of the residues, the amount of inorganic N observed was always
significantly lower in the detritusphere compared to the bulk soil (P < 0.05), indicating an
increase in N immobilization in this particular soil zone. This result was in agreement with
Nicolardot et al. (2007) and highlighted the fact that residue decomposition induced a gradient
of microbial activity, as stated before by Gaillard et al. (2003).

3. Spatial distribution of microbial biomass

Addition of wheat residues did not induce significant modifications (P < 0.05) in microbial
biomass in the bulk soil of IW or SW treatments compared to the NA control soil [Figure
I1.4]. However, a significant increase (P < 0.05) was recorded in the detritusphere compared
to the bulk soil in both IW and SW treatments, indicating a quantitative stimulation of
microbial communities in this particular soil zone. This shift in microbial biomass recorded in
the detritusphere may be explained by the transfer from the residues to the detritusphere and
bulk soil of water soluble C during wheat decomposition (Coppens et al., 2006; Gaillard et al.,
2003; Nicolardot et al., 2007; Poll et al., 2006). Together with the dynamics of residue
decomposition and inorganic N discussed above, our results suggested that the increase of
activity in both detritusphere and bulk soil could be explained by different mechanisms
depending on the C flux gradient between the soil zones, with the detritusphere being
characterized by an increase in the metabolic activity and in the number of microbes and the
bulk soil being just characterized by an increase in metabolic activity. This hypothesis is in
agreement with the highest microbial activity in regards to N immobilization recorded in the

detritusphere compared to the bulk soil whatever the way residues were added to soil.

4. Spatial distribution of the structure of bacterial communities

For both IW and SW treatments, bacterial ARISA fingerprinting was performed on each of
the three soil zones: the residue, the detritusphere and the bulk soil for September, November
and March sampling dates to evaluate the spatial distribution of the structure of the bacterial
communities according to residues degradation stage. B-ARISA profiles obtained were
complex, with bands ranging from 200 to 1659 bp, highlighting that the bacterial communities
were highly diverse whatever the soil zone (data not shown).
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Principal Component Analysis (PCA) of the profiles revealed a significant
discrimination (Monte-Carlo, 1000 permutations) of the residues from the bulk soil and the
detritusphere on the first PCA axis whatever the sampling date [Figure 11.5]. These results
highlighted an enduring impact of crop residues inputs on the spatial distribution of bacterial
diversity since no return of the residues colonizing communities to the original bacterial
community (i.e. bulk soil) was observed whatever the localization and the degradation stage
of the residues. Our results confirmed that decomposing residues result in soil heterogeneity
(Gaillard et al., 2003), but highlighted that their sphere of influence is spatially limited when
considering the structure of bacterial communities. More precisely, it appears from our results
that residues themselves constitute the zone of greatest changes in microbial community
composition over time. This may be explained by the wide range of metabolic capacities
necessary to degrade complex plant materials, hence requiring the selection of particular
microbial populations (De Boer et al., 2005; Hu & van Bruggen, 1997). Contrastingly, in the
detritusphere and bulk soil, C compounds transferred from the residues may be mainly
represented by more simple soluble compounds, the degradation of which does not require
specialized metabolic capacities nor consequently the stimulation of specific microbial

populations.

5. Dynamics of the structure of bacterial communities colonizing the residue

Regarding the structure of the bacterial communities colonizing the residues, PCA of B-
ARISA profiles obtained for IW and SW treatments revealed significant important dynamics
over the sampling time (Monte Carlo, 1000 permutations) [Figure 11.6]. Such a community
dynamics suggested a succession of populations consecutive to wheat addition, as described
in recent studies focusing on the decomposition process of plant residues in soils (Aneja et al.,
2004; Bernard et al., 2007; De Boer et al., 2005; Lundquist et al., 1999; Zelenev et al., 2005).
Analysis of the metabolic capacities necessary for residue degradation reveals that they are
not uniformly distributed over the soil microflora, and in particular that those involved in the
last steps of the degradation are only carried out by a relatively limited number of populations
(De Boer et al., 2005; Hu & van Bruggen, 1997), which could explain the successions of
populations observed. The important variability observed for the samples collected in
February for the two treatments may be explained by the negative temperatures that occurred

during this period (see temperature and rainfall data provided as supplemental data).

-75 -



Incorporated wheat (IW)

September 2005 November 2005 March 2006
N
detritusphere g_) detritusphere
) residue
A\ PC1:52% bulk sofl i PC1:70%

bulk soil PC1:45% /

‘ bulk soil residue
< ~ S
S residue detritysphere S
Y 0
Surface wheat (SW)
September 2005 November 2005 March 2006

o

PC2:16%

detritusphere detritusphere
residuexv' bulk soi
remdueﬁ PCT 54% ‘ residue/

PC1: 48% bulk soil PC1: 48%

Q* detritysphere \

bulk soil

N

PC2:16%
PC2:18%

Figure 11.5: Principal component (PC1 x PC2) plots generated from B-ARISA profiles
obtained from the residues, the detritusphere, and bulk soil depending on their localization:

incorporated (IW) or left at the soil surface (SW). Convex hulls represent 90 % confidence
limits.



Chapitre 2 : Influence de la localisation de résidu de culture in situ

Depending on the location of the residues, we observed different dynamics in the
structure of the residue colonizing bacterial communities (Monte Carlo, 1000 permutations).
The IW treatment showed a continuous dynamics, with the different sampling dates being
gradually discriminated on the first axis accounting for 36% of the variability [Figure 11.6A].
Contrastingly, dynamics appeared less progressive in the SW treatment, with two clusters
being discriminated on the first axis (62% of the variability) between an early
(September/October/November) and a late (December/January/February/March) step in the
degradation process [Figure 11.6B]. Such a difference between the two treatments could be
related to the biochemical changes of the residues during the degradation process as
highlighted above. More precisely, in the SW treatment, modifications observed between the
early and the late stages of the degradation process might be explained by an increase in the
recalcitrance of the residues due to the increase in the relative lignin content [cf Figure 11.2].
Contrastingly, the progressive modifications observed in the SW treatment could be attributed
to the succession of populations harbouring the different metabolic capacities required for the
complete degradation of residues.

Comparison of the dynamics of the structure of bacterial communities between IW and
SW treatment evidenced two different dynamics depending on the way residues were added to
soil [Figure 11.7]. Communities in SW and IW were similar just after addition of straw, maybe
because of the release of easily accessible carbohydrates in both treatments. However, the
dynamics observed for the two treatments diverged over the experiment, the late sampling
dates being more discriminated than the initial sampling dates on the first axis of the factorial
map. This clearly suggested a strong influence of the location of the residues on the diversity
of the bacterial populations stimulated, which could be explained by (i) the differences in the
ecological niches between the mulch and the incorporated residues, and (ii) the differences in
the quantitative and the qualitative changes of the residues observed between SW and IW.

6. Taxonomic composition of the bacterial communities colonizing the residues

In regards to the results discussed above, we investigated the taxonomic composition of the
bacterial populations colonizing the residues at an early (September 2005), middle (November
2005), and late (March 2006) stage of degradation in each treatment. To do so, 16S rRNA
gene clone libraries were constructed for SW and IW. Whatever the treatment and the

sampling date, a wide diversity of bacterial species was observed [Figure 11.8; table II.1,
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supplemental data]. These results were in agreement with the complexity of the B-ARISA
profiles obtained from these samples. The Shannon diversity indices were calculated using the
determined sequences of each clone library. The values obtained were H = 3, 3.2, 3.2, and H
= 2.8, 2.5, 2.8 for September, November, and March samples of IW and SW treatments,
respectively. The diversity recorded for the residues left at the surface seems always lower
than diversity observed in incorporated residues. This could be attributed to the increase in the
soil/residue surface when residues are incorporated, which may favour the accessibility of
residues for a wide diversity of degrading microbial populations (Cookson et al., 2008). On
the other hand, wheat residues left at the soil surface are more exposed to fluctuations of
temperature and moisture than residues incorporated to soil (Coppens et al., 2006), which may
limit microbial colonization (Curtin et al., 2008) and select particular populations able to
survive in fluctuating environments. Evenness indices calculated using the sequences of each
clone library supported this hypothesis since the values obtained were lower for SW than for
IW (E = 0.91/0.85/0.87 vs. E = 0.93/0.94/0.94 for September, November and March libraries,
respectively), indicating that the distribution of bacterial populations was less equitable when

residues were left at the soil surface.

Whatever the date and the treatment considered, bacteria belonging to the
proteobacteria group may be the most represented since they represented an average of 70%
of all the sequences recovered in our molecular inventories. This was in agreement with
(Fierer et al., 2007a) who observed an increase in the relative abundance of bacteria belonging
to this group in rhizospheric soils compared to C-poor bulk soils, demonstrating that this
group is stimulated in C-rich environments. However, the distribution of the different
subgroups of proteobacteria may be different depending on the location of the residues. More
precisely, bacteria belonging to the a-subgroup may be stimulated on residues left at the soil
surface compared to the incorporated residues (44%, 51%, 55% for SW vs. 38%, 44%, 32%
for IW of all the sequences obtained from September, November and March samples,
respectively), maybe due to the stimulation of the Sphingomonas phylum which represented
8%, 26% and 18% of all the sequences obtained from September, November, and March SW
samples, respectively [Table 11.1, supplemental data]. Sphingomonas is a Gram-negative, non
spore forming, chemoheterotrophic, strictly aerobic bacterium. It has been found in various
environments, including aqueous and terrestrial habitats, plant root systems or clinical
samples (Fredrickson et al., 1995; Hsueh et al., 1998; Rickard et al., 2002). Its widespread

distribution in the environment is a result of its ability to use a wide range of organic
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compounds (Fredrickson et al., 1995). Interestingly, it has also been described as an r-
strategist (i.e: fast growing copiotroph microbe) (Wittmann et al., 1998) widespread on plant
aerial parts (Kim et al., 1998; Takeuchi et al., 1995), which may explain its better fitness on

the residues left at the soil surface.

Contrastingly, incorporation of the residues may induce a stimulation of -
proteobacteria since the proportion sequences affiliated with this group was higher when
residues were incorporated, and particularly in the early degradation phase (31%, 10%, 14%
vS. 6%, 2%, 2% of all the sequences obtained from September, November, and March
samples of IW and SW treatments, respectively). Stimulation of y~proteobacteria consecutive
to wheat residue incorporation had previously been reported by Bernard et al. (2007). In other
respects Fierer et al. (2007a) observed an increase in y-proteobacteria after addition of sucrose
to soil, highlighting the copiotrophic ecological attributes of these organisms. Consequently,
in our study the stimulation of populations affiliated with jy-proteobacteria when residues
were incorporated could be attributed to the increase in soluble-C release from the residues in

this treatment, hence conferring a better fitness to those copiotrophic populations.

Differences between the two treatments may also be due to an increase in sequences
affiliated to the Actinobacteria when residues were left at the soil surface (14%, 21%, 14% vs.
6%, 6%, 10% of all the sequences obtained from September, November, and March samples
of SW and IW treatments, respectively). Actinobacteria are a group of Gram-positive bacteria
with high G+C ratio. They play an important role in decomposition of organic materials, such
as cellulose and lignin and thereby play a vital part in organic matter turnover and carbon
cycle (De Boer et al., 2005). Furthermore, some Actinomycetes species produce external
spores adapted for survival for periods of time in unfavourable conditions. Consequently, in
our study, stimulation of this bacterial group when residues were left at the soil surface is in
agreement with the fluctuating temperature and moisture conditions occurring in the muich.
Together with the stimulation of the Sphingomonas phylum described above, our result
suggest that when residues are left at the soil surface, moisture and temperature fluctuations
occurring in the mulch may lead to the selection of particular well adapted populations
harbouring enhanced catabolic and/or survival capacities. The Bacteroidetes group was also
well represented in all the libraries, whatever the location and the sampling date, suggesting a

stimulation of this group in C-rich environments because of its copiotrophic attributes. This
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finding was in agreement with Fierer et al. (2007a) who demonstrated a positive correlation

between the abundance of Bacteroidetes and the C mineralization rates.

Altogether, our results demonstrated that the location of the residues greatly
influenced the decomposition rate as well as the ecological successions observed in the
population structure and taxonomic diversity of the bacterial communities colonizing these
residues. Consequently, crop residues management practices may represent a suitable way to
manage the bacterial component in soil and consequently the soil processes they are
responsible for. However, it needs to be noticed that the present study focused on bacterial
communities and did not take into account fungi that constitute another important soil
microbial component involved in organic matter degradation. Consequently, this may give an
incomplete picture of microbial dynamics at the site, especially on the soil surface where
fungi will be important colonizers because of their ability to translocate nutrients. Our choice
was justified by the lack of knowledge of the populations and the ecology of the bacterial
communities involved in organic matter degradation in soil compared to fungal communities.
However, further research will need to take into account both fungal and bacterial
communities to better understand the complementarities of those two microbial components

involved in soil organic matter turn-over.
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Table 11.51 supplemental data. Closest affiliations of 16S rRNA sequences cloned from the

DNA extracted from wheat residue incorporated and left at the soil surface for September,

November 2005 and March 2006. The accession numbers for the 16S rRNA sequences were
deposited in the GeneBank database (from FJ432290 to FJ432586).

Incorporated Surface
Accession . wheat wheat
Genus of bacteria Acession number number of d'hom/glo ie 9 I S ] B S
reference 9 & & & & & §
[2] — ™ (2] — ™
o — o o — o
Alphaproteobacteria
Brevundimonas (4) FJ432380 DQ372984.1 89% 1 2 1
FJ432324 AY571824.1 94%
FJ432402 DQ108394.1 87%
FJ432415 EF423374.1 94%
Caulobacter (7) FJ432550, FJ432437, FJ432438 and DQ337549.1 9429%6% 1 2 2 2
FJ432375
FJ432388 AJ227774.1 92%
FJ432431 AJ227788.1 92%
FJ432432 AJ227772.1 95%
Phenylobacterium (1) FJ432456 AJ717391.1 93% 1
Aurantimonas (3) FJ432376, FJ432297 and FJ432518 EF423363.1 94 2 96% 1 1 1
Afipia (2) FJ432374 U87785.1 95% 2
Bradyrhizobium (2) FJ432541 Z94805.1 98% 1 1
FJ432470 EF601955.1 95%
Rhodopseudomonas (5) FJ432465 AB087719.1 94% 1 3 1
FJ432346, FJ432348 and FJ432307 AJ968691.1 892 93%
FJ432347 CP000463.1 94%
Ochrobactrum (2) FJ432554 AF452128.1 95% 1 1
FJ432352 AM490617.1 94%
Devosia (10) FJ432412 AB271045.1 94% 2 2 1 2 3
FJ432328 and FJ432329 DQ227786.1 94 2 95%
FJ432562 EF433462.1 92%
FJ432460 and FJ432515 EF540476.1 932 97%
FJ432547 and FJ432413 EF540486.1 95 & 96%
FJ432486 EF554909.1 87%
FJ432301 EF012357.1 93%
Rhodomicrobium (1) FJ432416 EF648045.1 86% 1
Methylobacterium (12) FJ432292 AB220076.1 86% 1 2 1 8
FJ432309 and FJ432517 AB220078.1 97 2 98%
FJ432319 AM237344.1 94%
FJ432290, FJ432291, FJ432293 and AY369236.2 922 96%
FJ432294
FJ432306 and FJ432391 AY616142.1 94%
FJ432484 DQ322592.1 94%
FJ432522 Z23156.1 95%
Roseomonas (4) FJ432490 and FJ432491 AM489616.1 962 97% 3 1
FJ432530 AM231587.1 89%
FJ432425 AF533356.1 93%
Kaistia (1) FJ432436 DQ337585.1 94% 1
Agrobacterium (1) FJ432580 AB306891.1 94% 1
Rhizobium (23) FJ432561 AJ271902.1 97% 5 3 1 9 3 2
FJ432430 AJB810381.1 92%
FJ432560 AM084044.1 95%
FJ432499, FJ432500, FJ432501, AMZ237359.1 94 299%
FJ432502 and FJ432503
FJ432521 AM489652.1 96%
FJ432563, FJ432442 and FJ432320 AY509211.1 92 2 96%
FJ432475 AY509213.1 95%
FJ432463 DQ337581.1 92%
FJ432372 DQ855276.1 96%
FJ432424 and FJ432295 EF363715.1 93%
FJ432414, FJ432544, FJ432545, EF540493.1 92 298%
FJ432494, F)432495 and FJ432496
Sinorhizobium (3) FJ432305 AF285965.1 94% 1 2
FJ432335 EF100529.1 85%
FJ432533 AMO084000.1 87%
unclassified rhizobiales (1) FJ432338 AJB810382.1 92% 1
Rhodobacter (1) FJ432553 DQ413163.1 95% 1
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http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=70720943&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=70720945&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=90818747&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=73622367&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=53627352&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=83839274&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=951304&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=124299865&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=89255068&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=22653374&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=85002011&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=148596906&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=6967049&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=97955094&dopt=GenBank&RID=M37RB3KF013
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=77415859&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=90818762&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=124299901&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=40456368&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=40456370&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=85002007&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=112012405&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=125487085&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=146166654&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=9789563&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=118498603&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=77415816&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=97955099&dopt=GenBank&RID=M35M5CNA01R
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=89348117&dopt=GenBank
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unclassified Rhodobacteraceae (1)
Paracoccus (1)

Caenimicrobium (2)

Kaistobacter (1)

Sphingobium (4)

Sphingomonas (37)

unclassified Alphaproteobacteria (1)
unclassified Alphaproteobacteria (1)
uncultured alpha proteobacterium (1)
Betaproteobacteria

Polaromonas (1)

Variovorax (9)

unclassified Burkholderiales (1)
unclassified Comamonadaceae (1)
unclassified Comamonadaceae (1)
Janthinobacterium (1)

Massilia (6)

unclassified Oxalobacteraceae (1)
unclassified Oxalobacteraceae (1)
unclassified Oxalobacteraceae (1)
Deltaproteobacteria
Chondromyces (1)
Gammaproteobacteria

Pantoea (3)

Legionella (1)
Acinetobacter (6)

Cellvibrio (2)

Pseudomonas (7)

Rhizobacter (1)
Aquimonas (1)
Dokdonella (1)
Hydrocarboniphaga (1)
Luteimonas (1)

FJ432525

FJ432528

FJ432477 and FJ432478

FJ432471

FJ432577, FJ432578, FJ432584 and
FJ432296

FJ432510, FJ432511 and FJ432396
FJ432321, FJ432322, FJ432323,
FJ432394 and FJ432395

FJ432397

FJ432448, FJ432449 and FJ432450
FJ432345 and FJ432429
FJ432302

FJ432417

FJ432398 and FJ432401
FJ432569

FJ432428

FJ432469

FJ432403 and FJ432400
FJ432570 and FJ432479
FJ432378

FJ432311, FJ432316 and FJ432526
FJ432440

FJ432439

FJ432310, FJ432312, FJ432313,
FJ432537 and FJ432399
FJ432379

FJ432386

FJ432542

FJ432474

FJ432462 and FJ432371
FJ432420
FJ432534
FJ432387
FJ432385
FJ432349 and FJ432350
FJ432331
FJ432481 and FJ432482
FJ432446
FJ432555
FJ432367
FJ432373
FJ432514 and FJ432390
FJ432489
FJ432509
FJ432551
FJ432497
FJ432581
FJ432519 and FJ432389
FJ432308 and FJ432411

FJ432360

FJ432552
FJ432467 and FJ432468
FJ432418
FJ432559
FJ432549 and FJ432571
FJ432539
FJ432548 and FJ432582
FJ432369
FJ432370
FJ432558
FJ432583 and FJ432498
FJ432556
FJ432364
FJ432573
FJ432447
FJ432461
FJ432359
FJ432445
FJ432564
FJ432382
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DQ659412.1
AY573045.1

EF100695.1
AB245347.1
DQ376584.1

AB055863.1
AF131295.2

AF385529.1
AF503278.1
AJ009706.2
AJ251638.2
AY512601.1
AY571827.1
AY599670.1
CP000699.1
DQ151830.2
DQ339616.1
DQ898300.1

DQ917253.1
EF103200.1

EF103215.1
EF462462.1
EF540484.1

Y09639.1
EF612766.1
AF498713.1
EF032742.1

AMA492164.1
AB245358.1
AB300597.1
AF538929.1
AY571831.1
AY689053.1
DQ279350.1

EF419341.1
AB245356.1
AF468446.1
EF540485.1
EF455530.1
AJ871463.1

AM237371.1

AM489661.1
AY966001.1
DQ177478.1
AY429714.1

DQ113445.1
DQ337591.1

AJ233940.1

AF130946.1
DQ307453.1
AF424887.1
DQ857754.1

DQ988168.1
EF540501.1

X81659.1
EF540502.1
AJ289162.1
AY308048.1
AY456700.1
DQ178233.1
DQ898298.1
EF491958.1
EF601815.1
AB297965.1
DQ499974.1
AJ969432.1
AY363245.1
DQ337599.1

94%
87%
87289%
92%
90 4 95%

91493%
944 97%

91%
92a493%
92494%

90%

92%
95 4 96%

94%

94%

93%
90 4 95%

94%

96%
914 96%

95%

93%
942 97%

94%
83%
94%
89%

95 a4 96%
96%
98%
96%
95%
97%
96%
96%
96%
96%
86%
96%

93494%
94%
99%
94%
94%
95%

92 496%

89 4 90%

91%

95%
93494%
91%
93%
96 497%
96%
96%
92%
95%
97%
95 4 96%
97%
88%
93%
97%
93%
97%
94%
92%
90%

[N

[N


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=110264997&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=45826489&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=118573953&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=84453022&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=87204401&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=21928194&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=15147394&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=14537938&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=21360894&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=6911689&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=29134777&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=41056868&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=46253484&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=47420152&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=148498119&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=89257996&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=84874664&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=114309686&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=115353937&dopt=GenBank&RID=M2V1JM43016
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=119394201&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=119394216&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=126566010&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=146166645&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=2437848&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=148833317&dopt=GenBank&RID=M2VXHNCK016
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=24021212&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=118084494&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=144895553&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=84453033&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=158259706&dopt=GenBank&RID=M36SSSJN01R
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=23194455&dopt=GenBank&RID=M2W025R7011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=46253488&dopt=GenBank&RID=M2VR7YFB011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=51339852&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=82792043&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=126092579&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=84453031&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=28269094&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=146166646&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=144228186&dopt=GenBank&RID=M2UCS9W2016
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=57996771&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=90818774&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=124299910&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=62240119&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=75860319&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=40804455&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=70959407&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=85002017&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=5701836&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=4754878&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=83616677&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=23451455&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=112148866&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=116043784&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=146166662&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=829098&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=146166663&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=10944783&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=32351736&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=38488915&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=75709154&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=114309684&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=145386857&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=148607977&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=133778371&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=94962676&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=71979676&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=34305684&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=85002025&dopt=GenBank&RID=M2VHNFZN013
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Stenotrophomonas (3) FJ432557 AM745261.1 97% 2 1
FJ432568 and FJ432358 EF540516.1 96%
Xanthomonas (4) FJ432546 DQ279336.1 92% 1 2
FJ432506 and FJ432507 DQ279337.1 93298%
FJ432300 DQ213024 94%
uncultured gamma proteobacterium (1)  FJ432351 EF520572.1 95% 1
Acidobacteria
uncultured Acidobacteria (1) FJ432303 DQ514191.1 94%
unclassified Acidobacteriaceae (1) FJ432318 AY234727.1 91%
Actinobacteria
Mycobacterium (1) FJ432332 AF408955.1 95%
Frankia (2) FJ432317 AY502034.1 81% 1
FJ432422 U60285.1 79%
Blastococcus (1) FJ432339 AJ316573.1 96%
Agrococcus (2) FJ432326 and FJ432426 DQ232611.1 9334 94% 1
Clavibacter (1) FJ432523 DQ339609.1 96% 1
Curtobacterium (6) FJ432527 AM042692.1 85% 1 4
FJ432327 AM410688.1 94397%
Frigoribacterium (2) FJ432441 and FJ432365 AY571813.1 952 97% 1 1
Labedella (1) FJ432434 DQ533552.1 96% 1
Leifsonia (1) FJ432343 EF466129.1 95% 1
Microbacterium (1) FJ432585 AB042085.1 98% 1
Plantibacter (2) FJ432392 and FJ432393 AM396918.1 96% 2
Rathayibacter (1) FJ432505 AM410683.1 96% 1
unclassified Microbacteriaceae (1) FJ432512 EF540491.1 95% 1
Arthrobacter (1) FJ432574 AY572475.1 96% 1
Sanguibacter (1) FJ432529 DQ339590.1 96% 1
unclassified Micrococcineae (1) FJ432575 DQ010160.1 91% 1
Actinoplanes (1) FJ432421 ABO037004.1 92% 1
Aeromicrobium (1) FJ432368 AB245387.1 95% 1
Friedmaniella (1) FJ432315 Z278206.1 94%
Saccharothrix (1) FJ432357 AB020031.1 95% 1
Lentzea (1) FJ432383 AB327257.1 91% 1
Streptomyces (2) FJ432451 EF063500.1 95% 2
FJ432457 DQ448729.1 91%
Conexibacter (2) FJ432314 and FJ432508 AJ440237.1 89 2 93% 1
Solirubrobacter (1) FJ432524 AB245334.1 88% 1
Bacteroidetes
Chryseobacterium (2) FJ432567 EF442766.1 95% 2
FJ432576 AY883415.1 95%
Flavobacterium (3) FJ432452 AM230488.1 93% 1 1 1
FJ432488 DQ168834.1 91%
FJ432423 AJ786788.1 91%
Terrimonas (4) FJ432476 AB192292.2 91% 2 1
FJ432473, FJ432363 and FJ432304 AM230484.1 91 a94%
unclassified Flavobacteriaceae (1) FJ432325 AY468453.1 92%
Niastella (3) FJ432472, FJ432384 and FJ432340 DQ244077.1 88 a93% 1 1
Cytophaga (1) FJ432466 AF414444.1 89% 1
Dyadaobacter (8) FJ432493 AF137029.1 94% 3 2 1
FJ432535 and FJ432435 AJ619978.1 9324 94%
FJ432453, FJ432454, FJ432455, EF017660.1 932 94%
FJ432298 and FJ432299
Flexibacter (1) FJ432458 EF535334.1 89% 1
Hymenobacter (8) FJ432538 AB251884.1 92% 1 3 3
FJ432516 AJ276901.1 95%
FJ432492 AJ549285.1 95%
FJ432487 AY647897.1 84%
FJ432366 DQ177475.3 94%
FJ432361 and FJ432336 EF423328.1 95%
FJ432356 Y18837.1 90 a 95%
Larkinella (1) FJ432586 AMO000022.1 90% 1
Sporocytophaga (1) FJ432354 DQ186971.1 88% 1
uncultured Flexibacteraceae (1) FJ432520 AM489683.1 96% 1
Pedobacter (7) FJ432531 AJ438170.1 86% 3 3
FJ432337 AM114396.1 96%
FJ432513 and FJ432409 AM491372.1 922 97%
FJ432536 and FJ432419 EF660752 96%
FJ432433 EU169155.1 96%
Sphingoterrabacterium (2) FJ432333 AB267718.1 94%
FJ432341 AB267717.1 92%
unclassified Sphingobacteriaceae (1) FJ432334 X89912.1 95%
Chitinophaga (8) FJ432572 AB078049.1 89% 3 1 3 1
FJ432381 AB078067.1 91%
FJ432579 AB078068.1 96%
FJ432543, FJ432485 and FJ432353 AB245374.1 91a97%
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http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=148725150&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=146166677&dopt=GenBank&RID=M2WEAGN7016
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=82792029&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=82792030&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=78057536
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=148723987&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=105990460&dopt=GenBank
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=37961884&dopt=GenBank
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FJ432344 AB267723.1 97%
FJ432408 AB267724.1 92%

uncultured Chloroflexi (1) FJ432443 DQ811880.1 88% 1

uncultured Fibrobacteres (1) FJ432459 EF520549.1 82% 1

Bacillus (1) FJ432540 AJ316316.1 98% 1
Exiguobacterium (2) FJ432565 and FJ432566 DQ019168.1 96% 2
Paenibacillus (2) FJ432355 AF290916.1 92% 1 1
FJ432410 AF468220.1 91%
‘Gemmatimonadetes
Gemmatimonas (1) FJ432480 AB072735.1 89% 1
uncultured Gemmatimonadetes (1) FJ432342 EF612389.1 94% 1
Planctomycetes
unclassified Planctomycetaceae (1) FJ432362 AY162119.1 85% 1
‘Spirochaetes
Leptospira (1 FJ432483 AB251602.1 94% 1
uncultured Spartobacteria (1) FJ432444 AY395435.1 87% 1
Rubritalea (1 FJ432464 AB277853.1 87% 1
uncultured bacterium (5) FJ432427 AF268998.1 94% 1 2 1 1
FJ432504 AF269013.1 93%
FJ432330 and FJ432377 AF418963.1 932 94%
FJ432532 DQ378246.1 94%
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Figure 11.51 supplemental data. Temperature (°C) at 2.5 and 12.5 cm depth under control

soil and rainfall (mm) during the experiment.
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Chapitre 3 : Influence de la qualité biochimique des résidus de culture in situ

Dans le Chapitre 2, nous nous sommes intéressés a 1’influence de la localisation de
résidus de blé dans le sol sur la dynamique et la diversité microbienne du sol au cours de la
décomposition du résidu. Dans cette expérimentation, un seul type de résidu a été considéré.
Toutefois, parmi les autres facteurs énumérés dans la synthése bibliographique [Chapitre 1],
qui semblent contrdler la vitesse et le taux de décomposition des résidus de culture, la qualité
biochimique du résidu lui-méme fait partie des plus importants [Chapitre 1, section 11.3.1].
Bien que quelques auteurs aient observé que les structures des communautés microbiennes
telluriques engendrées par D’apport de MO fraiche étaient conditionnées par la qualité
biochimique de la MO apportée (Baumann et al., 2009 ; Ha et al., 2008 ; Lejon et al., 2005 ;
Lejon et al., 2007 ; Nicolardot et al., 2007), peu de données sont encore disponibles pour faire
le lien entre la composition biochimique des résidus et la diversité et la dynamique de la

communauté microbienne impliquée dans le turn-over de la matiére organique du sol.

Dans ce contexte, notre objectif était d’évaluer I'influence de la composition
biochimique de résidus de culture sur leur decomposition et la réponse des communautés
microbiennes indigénes. Pour cela nous avons choisi de suivre la décomposition de 3 résidus
de culture différents et la réponse des communautés microbiennes du sol associée. Notre
choix des résidus a été motivé par leur composition biochimique contrastée et leur importance
agronomique :

- une céréale : le ble,

- une crucifére : le colza,

- une légumineuse : la luzerne.

Pour réaliser notre étude, nous avons utilisé les parcelles du projet MICAGRO (projet
ayant pour objectif d’étudier I’impact des rotations culturales) mises en place sur le domaine
expérimental INRA d’Epoisses (Bretenicres, 21). Apres culture et récolte, les résidus ont été
incorporés au sol, puis un échantillonnage mensuel a été effectué de juillet 2006 a juin 2007.
De méme que dans le Chapitre 2, différents compartiments de sol ont éte prélevés : les résidus
d’une part, et le sol sous I’influence des résidus (détritusphére) d’autre part. Au cours de
I’expérimentation, la respiration du sol ainsi que les caractéristiques biochimiques des résidus,
grace a la spectroscopie en proche infrarouge, ont été suivis. En paralléle, la biomasse
microbienne (par mesure des PLFA), les structures génétiques des communautés bactériennes
(par génotypage ARISA) et la diversité taxonomique bactérienne (par clonage du gene ARNr

16S) ayant colonisée les résidus, ont été identifiées.
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Les résultats obtenus ont indiqué, comme dans le Chapitre 2, que le compartiment
résidu lui-méme était plus réactif en termes de dynamique bactérienne. Par conséquent, nous
nous sommes focalisés dans ce chapitre sur D'interprétation des résultats obtenus sur le

compartiment résidu.

Les différents objectifs de ce chapitre étaient :

- d’étudier la réponse des communautés microbiennes du sol a I’apport de résidus de
culture de différentes qualités biochimiques in situ

- de relier la composition biochimique des résidus de culture au cours de leur

décomposition a des communautés microbiennes spécifiques.

Cette étude sera présentée ci-dessous sous la forme d’un article accepté avec révision

pour publication dans la revue Microbial Ecology.
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Abstract

Microbial communities are of major importance in the decomposition of soil organic matter.
However, the identities and dynamics of the populations involved are still poorly documented.
We investigated, in a eleven-month field experiment, how the initial biochemical quality of
crop residues could lead to specific decomposition patterns, linking biochemical changes
undergone by the crop residues to the respiration, biomass and genetic structure of the soil
microbial communities. Wheat, alfalfa and rape residues were incorporated into the 0-15 cm
layer of the soil of field plots by tilling. Biochemical changes in the residues occurring during
degradation were assessed by near infrared spectroscopy (NIRS). Qualitative modifications in
the genetic structure of the bacterial communities were determined by Bacterial-Automated
Ribosomal Intergenic Spacer Analysis (B-ARISA). Bacterial diversity in the three crop
residues at early and late stages of decomposition process was further analyzed from a
molecular inventory of the 16S rDNA. The decomposition of plant residues in croplands was
shown to involve specific biochemical characteristics and microbial communities dynamics
which were clearly related to the quality of the organic inputs. Decay stage and seasonal shifts
occurred by replacement of copiotrophic populations/bacterial groups such as proteobacteria
successful on younger residues with those successful on more extensively decayed material
such as Actinobacteria. However, relative abundance of proteobacteria depended greatly on
the composition of the residues, with a gradient observed from alfalfa to wheat, suggesting
that this bacterial group may represent a good indicator of crop residues degradability and

modifications during the decomposition process.

Key words: crop residues, soil microbial community, microbial diversity, decomposition

process, near infrared spectroscopy

-89 -



Chapitre 3 : Influence de la qualité biochimique des résidus de culture in situ

| - Introduction

Soil organic matter (SOM) constitutes the main organic C reservoir in terrestrial ecosystems.
The accumulation of SOM is greatly dependent on soil microbial activity which determines
the decomposition and transformation of fresh organic matter entering the soil, mainly
originating from plants (root exudates and dead plant tissues), into complex and stabilized
organic compounds. SOM influences many soil functions and is a key component of global
carbon cycle dynamics (Lal, 2004; Piccolo, 1996). A decrease in SOM content is currently
being reported in most cultivated lands due to agricultural practices, with important
consequences on soil fertility and environmental quality. The preservation and the
improvement of SOM content are thus of central importance in the maintenance of
agrosystem productivity. A possible solution to compensate the mineralization of SOM
resulting from arable farming is to amend the soil with plant residues (Campbell et al., 2000;
Cayuela et al., 2009). However, negative effects on environment quality can be induced if
these organic inputs are mismanaged (Kuan, 2004). In this context, a thorough understanding
of the underlying processes and mechanisms controlling the fate of crop residues added to soil
is required so that organic amendments can be managed in a suitable way. In view of the
importance of soil microorganisms in the mineralization of plant residues and, more widely,
in the turnover of soil organic matter, better knowledge of the microbial processes involved in

SOM evolution should provide a decisive step forward.

Many attempts have been made to elucidate the influence of different factors on microbial
processes involved in the carbon cycle. Such factors include organic matter quality (Cayuela
et al., 2009; Jensen et al., 2005; Trinsoutrot et al., 2000), soil type (Lundquist et al., 1999),
crop management practice (Pankhurst et al., 2002; Rangel-Castro et al., 2005), temperature
(Nicolardot et al., 1994) and contamination by stressing agents (Giller et al., 1998). The above
studies provided evidence that most of the biological changes induced by organic
amendments in soil result from changes in the availability of carbon sources which lead to
alterations in the dynamics, functioning and structure of the soil communities (Holland &
Coleman, 1987). However, these investigations were based on measurements of global
quantitative parameters such as microbial biomass, respiration rate, enzymatic activities or C
and N turnover in which the microbial communities were considered as a functional “black
box”. As a result, there is still a great gap in our knowledge of the ecology and diversity of the

soil microbial communities responsible for organic matter degradation.
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Recent studies were performed under controlled laboratory conditions to characterize the
diversity of soil microbial communities after crop residues inputs (Bastian et al., 2009;
Bernard et al., 2007; Nicolardot et al., 2007). These studies showed that the addition of plant
material to soil induces important modifications of the genetic structure and diversity of the
soil microbial communities. For example, Bernard et al. (2007) demonstrated that the
incorporation of wheat residues into soil induced a rapid succession of bacterial populations,
mainly explained by the ecological attributes of the successive populations identified in terms
of differences in growth strategies between r- and K-strategists (Fontaine et al., 2003). In
other respects, Nicolardot et al. (2007), and Bastian et al. (2009) showed that the addition of
crop residues to soil led to considerable heterogeneity in soil microbial community diversity,
and discriminated three different soil zones i.e. (i) the actual residues, (ii) the detritusphere
(soil zone in close contact with the residues), and (iii) the bulk soil. Furthermore, they
reported the greatest dynamics of microbial diversity on the residues, thereby demonstrating
that this particular ecological niche represents a hot spot for microbial communities. Both the
localization and chemical composition of the residues were shown to be important factors
influencing the diversity of soil microbial communities (Nicolardot et al., 2007). However,
these authors did not monitor the dynamics of biodiversity occurring during organic matter
decomposition, and the influence of the chemical composition of crop residues on the patterns
of microbial diversity evolution during decomposition remains unclear. Furthermore, these
studies were conducted under laboratory conditions and are difficult to extrapolate to the field
since residues degradation and microbial community dynamics can be greatly influenced by
variations in soil characteristics, climatic events, as well as seasonal variations occurring in
natura (Coppens et al., 2006; Parr & Papendick, 1978).

In this study, our objective was to evaluate the influence of the biochemical quality of crop
residues on the dynamics of bacterial communities colonizing the residue under field
conditions. To do this, we performed a field experiment in which crop residues of different
chemical quality were added to soil. Biochemical changes in residues of wheat, alfalfa and
rape were monitored during the decomposition process using near infrared spectroscopy
(NIRS). NIRS is a reliable, fast-track tool for investigating detritus dynamics in soils
(Cécillon et al., 2010), as the near infrared (NIR) region contains meaningful information
regarding the chemical structure of organic matter (Stenberg et al., 2004; Workman & Weyer,
2008). In parallel, the dynamics of the soil bacterial communities were monitored monthly,

from July 2006 to June 2007 by molecular analysis. The genetic structure of the bacterial
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community was determined by DNA fingerprinting technique B-ARISA (for Bacterial-
Automated Ribosomal Intergenic Spacer Analysis) to characterize the succession of bacterial
populations occurring during residue decomposition. The bacterial populations colonizing
each crop residue and their succession during the degradation process were identified on two
sampling dates, corresponding to an early and a late degradation phase, by compilingl6S

rDNA clone libraries.
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Il - Materials and methods
1. Site description and sampling

A field experiment was set up on the INRA experimental site at Epoisse (47.14°N, 5.06°E,
Burgundy, France). The main characteristics of the soil were as follows: clay (<2um) 37.9%;
silt (2-20 pm) 32.5%; silt (20-50 pm) 23.7%; sand (50-200 pm) 3.8 %; sand (200-2000 pm)
2.1%; pHu20 6.73; CaCO; <1 g.kg™; organic carbon 14.7 g.kg™; total nitrogen 1.33 g.kg™;
and C/N ratio 11.1. The soil was a loamy clay soil (top soil characteristics according to FAO
classification). Soil characteristics over the entire experimental site were analysed before
setting up the different treatments. The field was shown to be homogeneous for the different
soil parameters measured: soil texture, pH, CaCO3 and organic matter contents (Mathieu and
Lévéque, personal communication), which was a prerequisite to avoid plot-to-plot variations
that might have masked the impact of crop residue quality. Rainfall and atmospheric

temperature and were measured during the time course of the experiment.

The field experiment consisted of three treatments, depending on the type of residue
incorporated into the soil i.e. wheat (13 t/ha dry matter), rape (17 t/ha dry matter), and alfalfa
(4 t/ha dry matter), respectively. Amounts of residues incorporated to the soil corresponded to
the entire biomass of each crop at the moment of the harvest (excepted to the grain that has
been exported in the case of wheat) that was different between wheat, rape and alfalfa. We
used this procedure since it was a common agricultural practice to amend the soil with crop
residues. Each treatment was laid out in three replicates represented by three independent 3 x
8m plots. At the beginning of the experiment (TO corresponding to 4 July 2006), the plots
where either amended with fresh residues of wheat (Triticum aestivum), rape (Brassica
napus), or alfalfa (Medicago sativa) which were ground before being incorporated into the
first 15 cm of soil by tilling using a rotavator. Plots without any organic matter input were
used as controls. For each treatment, herbicide (glyphosate) was applied to keep the soil bare

during the experiment.

Soil was sampled from the three treatments at least monthly from TO to T335 (4 June 2007),
but more frequently at the beginning of the experiment. Correspondence between the
sampling dates and their corresponding calendar is TO (4 July 2006), T7 (11 July 2006), T22
(26 July 2006), T51 (24 August 2006), T98 (10 October 2006), T126 (7 November 2006),
T169 (20 December 2006), T231 (20 February 2007), T254 (15 March 2007), T304 (4 May

2007), T335 (4 June 2007). Two zones in each residue amended treatment were considered at
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each sampling date: (i) the crop residue, which was separated from the soil, (ii) the soil layer
between 0 and 15 cm. Only bulk soil (between 0 and 15 cm) was collected from the control
plots. Three soil subsamples per zone were collected over a 20 x 20 cm area in each plot,
pooled and mixed. The number of replicates was therefore n=3 for each treatment which
allowed representative samples to be obtained from each plot. Each soil sample was sieved at

2mm and stored at -20°C. The crop residues were cut (0.5 cm) and stored at -20°C.

2. Plant residues determinations

Residue samples were ground to obtain homogeneous powders for NIR and elementary
analysis. Total carbon and nitrogen contents were determined for each residue sample by total

combustion in a 1500 CN elemental analyser (Carlo Erba).

The biochemical characteristics of the crop residues during decomposition were roughly
assessed by NIR analysis. Diffuse reflectance measurements (10000-4000 cm™, equivalent to
1000-2500 nm) were obtained for each sample using a Fourier-transform NIR
spectrophotometer Antaris Il (Thermo electron). Each spectrum comprised 32 averaged scans
of the sample. Data were collected at 16 cm™ resolution resulting in 1556 absorbance values
per spectrum. All NIR spectra were preprocessed using multiplicative scatter correction and
the computing of second derivatives. An infrared fingerprint of each residue sample was
computed using a data fusion technique called “outer product analysis” (Vesela et al., 2007).
Infrared fingerprints were obtained from the outer product of two NIR spectral domains:
4220-4835 cm™ (160 wavenumbers) and 5685-6100 cm™ (109 wavenumbers), which resulted
in a single data matrix (160 rows by 109 columns = 17440 outer product variables) per
sample. The two NIR regions were chosen because of their numerous absorbance peaks
related to carbohydrates, lipids, proteins or aromatic structures such as lignin, usually found in

natural organic matter (Fourty et al., 1996; Gleixner et al., 2001; Workman & Weyer, 2008).

3. Soil respiration measurement

Soil CO;, production was determined on the fresh soil samples on the day of sampling. Five g
of each of the 12 manually homogenized soil samples (3 treatments + control ; 3 plots of

each) were placed in a 37 ml flask which was then airtightly closed for 24 h at 20°C. The

-94 -



Chapitre 3 : Influence de la qualité biochimique des résidus de culture in situ

flask atmosphere was sampled using Terumo venoject tubes and analysed for CO,
concentration on a microGC (MT1200) fitted with a TCD detector.

4. Extraction and purification of total DNA from crop residues

Microbial DNA was extracted from three replicates of residues from the wheat, rape and
alfalfa samples according to the method described by (Ranjard et al., 2003). Briefly, 1 g of
each residue sample was mixed with 5 ml of a solution which contained 100 mM Tris (pH
8.0), 100 mM EDTA (pH 8.0), 100 mM NacCl, and 2% (w/v) sodium dodecyl sulphate. Two
grams of 106 um diameter glass beads and eight glass beads of 2 mm diameter were added in
a bead-beater tube. The samples were then homogenized for 30 s at 1600 rpm in a mini bead-
beater cell disruptor (Mikrodismembrator; S.B. Braun Biotech International) and centrifuged
at 7000 x g for 5 min at 4°C after incubation for 30 min at 70°C. The collected supernatants
were incubated for 10 min on ice with 1/10 volume of 3 M potassium acetate (pH 5.5) and
centrifuged at 14000 x g for 5 min. After precipitation with one volume of ice-cold
isopropanol, the nucleic acids were washed with 70% ethanol. For purification, aliquots (100
pL) of crude DNA extracts were loaded onto polyvinyl polypyrrolydone (PVPP) minicolumns
(Bio-Rad, Marne la Coquette, France) and centrifuged at 1000 x g for 2 min at 10°C. The
eluate was collected and purified from residual impurities by using a Geneclean Turbo kit as
recommended by the manufacturer (Q Biogene®, Illkirch, France).

5. Automated-RISA fingerprinting communities

The bacterial ribosomal IGS were amplified by PCR using the primers S-D-Bact-1522-b-S-20
(small eubacterial ribosomic subunit; 5’-TGCGGCTGGATCCCCCTCCTT-3), which was
labelled at its 5° end with the IRD800 fluorochrome, and the primer L-D-Bact-132-a-A-18
(large eubacterial ribosomic subunit; 5’-CCGGGTTTCCCCATTCGG-3’), as described by
(Ranjard et al., 2003). Twenty-five nanograms of DNA were used as template in PCR. B-
ARISA involved the use of a fluorescent-labeled primer for PCR i.e. the IRD 800 dye
fluorochrome (MWG SA Biotech, Ebersberg, Deutschland) for the LiCor® DNA sequencer

(ScienceTec, Les Ulis, France).

For ARISA fingerprinting, the PCR products were loaded on a 3.7% polyacrylamide gel

(acrylamide-N, N-methylenebisacrylamide, 29: 1, Bio-Rad, Ivry sur Seine, France) and run
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under denaturing conditions for 14 h at 1500V / 80W on a LiCor® DNA sequencer
(ScienceTec). The software converted the fluorescence data into electrophoregrams where the
peaks represented PCR fragments. The height of the peaks was calculated in conjunction with
the median filter option and the Gaussian integration in 1D-scan, and represented the relative
proportion of the fragments in the total products. Lengths (in base pairs) were calculated by
using a size standard with bands ranging from 200 to 1659 bp. The standard consisted of PCR
amplifications of different fragment sizes of phage M13 mpl8 (Promega, Charbonniéres,

France).

6. Statistical analysis

The effects of the quality of the crop residues and of the sampling date on CO, release data
were tested by two-way ANOVA and differences between means were tested with the
Student-Newman-Keuls test (P < 0.05). All these statistical calculations were carried out
using XLSTAT software (Addinsoft, Paris, France).

The biochemical quality of the plant residues was assessed by using principal component
analysis (PCA) of the infrared fingerprints. The unconstrained ordination of samples obtained
with PCA allows a blind discrimination of samples based on their biochemical quality,
without any a priori assumption on residue type or sampling time (Cécillon et al., 2009).
Biochemical changes in plant residues during decomposition were assessed by examining the
loadings matrices of the PCA (weights for each outer product variable when calculating the
principal components). For NIR analysis, statistical treatments were conducted using R
software version 2.8.0 with ADE-4 package for PCA (Chessel et al., 2004).

The B-ARISA data obtained from the 1D-Scan software were converted into a table
summarizing the band presence (i.e peak) and intensity (i.e. height or area of peak) using the
PrepRISA program (Ranjard et al., 2001) under R software version 2.8.0. This program
allowed us to choose the number of peaks (i.e. all detected populations versus the most
dominant populations), the profile resolution (between 1 and 10bp) and the method of
evaluating peak intensity (height or area). As described in a previous study, we used 100
peaks, 2bp resolution and Gaussian peak area for a robust analysis of the bacterial

communities (Ranjard et al., 2003).
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The covariance matrices (bacterial communities as rows and bands as columns) were
subjected to Principal Component Analysis (PCA), which provided an ordination of the
bacterial communities in a factorial map based on the scores of the first two principal
components. The Monte Carlo test was performed with 1000 permutations to confirm the
significance of the discrimination of the genetic structures of the bacterial communities
revealed by PCA. The PCA and Monte Carlo test were performed using the ADE-4 package
(Chessel et al., 2004; Thioulouse et al., 1997) under R software version 2.8.0.

7. Clone library construction and sequencing

A description of the most abundant bacterial populations in relation to crop residue
degradation time was obtained by constructing clone libraries. Two dates corresponding to an
early (July 26" 2006, T22) and a late (March 15" 2007 T254) stage of decomposition were
chosen for wheat residues, rape residues and alfalfa residues. For each date and each
treatment, DNA extracted from the three replicates was pooled to perform the PCR. The
bacterial 16S rDNA subunit was amplified by PCR with universal primers: 1492R and 27F
(Amann et al., 1995). PCR products were ligated to the vector pGEMT (Promega,
Charbonniéres, France). Ligation and transformation into Escherichia coli JIM109 competent
cells were carried out according to the manufacturer’s protocol. A total of 50 white clones
were then sampled to constitute the library. The DNA of each clone was extracted by
“heat/cold” shocks. The plasmid inserts from each clone were amplified using Sp6 and T7
primers. The insert size was determined by visualizing the amplicons by a 2% agarose gel
electrophoresis with ethidium bromide staining. Amplicons with the expected size were

sequenced by GENOME express (http://www.genome-express.com) with a Sangers

sequencing protocol using the 1392R primer.

8. Sequence analyses and diversity indices calculation

The 16S rDNA sequences were used as queries in blast (Basic Local Alignment Search Tool)
searches for standard nucleotide-nucleotide sequences (Altschul et al., 1990) using the
GeneBank database. Sequences from clones and the most closely relative sequences were
aligned using Clustal W (Thompson et al., 1994). Phylogenies were determined by
Neighbour-Joining method (Saitou & Nei, 1987) using the Kimura “2-parameters” model of

nucleotide substitution (Kimura, 1980). Tree nodes validity was determined from the results
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for 1000 bootstrapped data sets using the phylowin software in the PHYLIP program
(Felsenstein, 1985). The similarity data and phylogenetic analysis were combined to define
Operational Taxonomic Units (OTUs). An OTU was defined when the percentage of
similarity exceeded 90 % and the bootstrap value exceeded 80 %. Diversity indices were
calculated from the defined 16S rDNA sequences. Shannon diversity index richness (H)

values were calculated as previously described (Begon et al., 1986).

9. Nucleotide sequence accession numbers

The nucleotide sequences determined in this study, corresponding to an average length of 900
bp were deposited in the GeneBank database. The accession numbers for the 16S rDNA gene
sequences obtained in our study (GQ379348 to GQ379673) are provided as supplemental
data.
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Figure I111.1: Soil respiration of C-CO, (ug C g™ soil h™) following the incorporation of
wheat (circle), rape (square), or alfalfa (triangle) residues in soil and in control soil (cross).
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[l - Results
1. Dynamics of CO, emission

The soil respiration dynamics consecutive to residues incorporation were determined from the
mean CO, emission measurement. Before introduction of the residues, the C-CO, emission
rate was less than 1 pg C-CO, g soil h™* and did not differ significantly between treatments.
After incorporation, different respiration patterns were observed depending on the residue
[Figure 111.1] and significant differences (p<0.05) between the treatments were observed for
126 days. More precisely, the addition of alfalfa and rape residues rapidly induced a peak of
C-CO; production, with 4.02+1.14 and 4.85+2.34 pug CO,-C g™ soil h™ respectively, observed
1 days after incorporation (T1). The C-CO; peak was followed by a rapid decline for alfalfa
whereas respiration remained high for rape and decreased slowly to the level of control soil
126 days after incorporation. In comparison, wheat residue incorporation induced only a small
increase of soil respiration (from 0.083+0.03 in the control to 0.29+0.15 ug CO»-C g™ soil h™
in the wheat treatment at T1), which remained stable up to 126 days before decreasing at the

level of the control.

2. Decomposition of plant materials

The results of the C and N determinations showed that the wheat, rape and alfalfa residues

used in our study presented different C/N ratios (p<0.05), with 94, 51, and 27 respectively.

Likewise, PCA analysis of infrared fingerprints of the wheat, rape and alfalfa residues
revealed different biochemical characteristics [Figure 111.2a]. The main differences between
residue types were observed along the first axis of the PCA (PC1 = 34% of total variance),
with negative PC1 values for wheat, values close to zero for rape and positive values for
alfalfa residues. These differences were mostly due to contrasting protein and lignin content
from wheat to alfalfa, as shown by examination of the PC1 loading matrix and subsequent
identification of the chemical structures corresponding to the highest and lowest loading
scores [Figure 111.S1 supplemental data; Table 111.1; Workman & Weyer, 2008). Changes in
the biochemical characteristics of rape and alfalfa residues during decomposition were also
observed along the second axis of the PCA (PC2 = 31% of total variance), with negative and
positive PC2 values for early and late stages of degradation, respectively [Figure 111.2 a].

Wheat residues, in comparison, showed a different pattern of decomposition which was
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Figure 111.2: Principal Component Analysis (PCA) of the biochemical quality of crop
residues calculated from preprocessed NIR fingerprints.

(@) All samples of wheat (circle), rape (square) and alfalfa (triangle) residues. Grey gradation
represents time of experiment; (b) samples of wheat residue; (c) samples of rape residue; (d)
samples of alfalfa residue. Numbers represent days after incorporation of crop residues.
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mostly observed along PC1 [Figure 111.2 a]. The degree of modification of the biochemical
characteristics of the residues during the decomposition process depended on the residue, with
rape = alfalfa > wheat [Figure 111.2 a].

PCA of the NIR fingerprints were also performed separately for each residue type [Figure
I11.2 b, ¢, d]. Each PCA showed that significant changes in the infrared fingerprints occurred
during the experiment, highlighting modifications of the residue chemistry, with
discrimination of the different sampling dates on the factorial map (Monte-Carlo test, p-value
< 0.001). During the early stages of the experiment (from TO to T51 corresponding to 4 July
and 24 August 2006, respectively), similar decomposition trajectories were observed for rape
and alfalfa residues along the first axis of PCA, with a rapid evolution of residue chemistry
(PC1 = 58% and 51% of total variance, respectively), followed by a sudden break in autumn
2006 [Figure 111.2 c, d]. Interestingly, the same NIR wavebands mainly assigned to lipid and
carbohydrate contents were associated with PC1 of both PCAs, suggesting that changes in the
relative content of both compounds characterized the early stages of decomposition of rape
and alfalfa residues [Table 111.1; Workman & Weyer, 2008]. The main NIR wavebands for the
late stages of decomposition (from T98 to T335, corresponding to 10 October 2006 and 4
June 2007, respectively) were assigned to protein and alcohol for the rape residues, while the
late changes in the alfalfa residues in spring 2007 were mainly assigned to variations in
carbohydrate concentration (PC2 of both PCAs, Table I11.1). Wheat residues exhibited a much
more continuous decomposition trajectory during the entire course of the experiment [Figure
[11.2 b] with rapid changes only occurring during the first week of the experiment, followed
by a slow and continuous evolution with no break during fall or winter (from T98 to T254),
compared to rape and alfalfa [Figure 111.2 b]. The main changes in wheat residue chemistry
were observed along the first axis of PCA (PCl = 44% of total variance), which was
associated with most of the chemical components of wheat residues (protein, lipid,

carbohydrate and aromatic structures such as lignin, Table I11.1).

3. Genetic structure of the bacterial communities colonizing the residues

The dynamics of the genetic structure of bacterial communities colonizing the residues during
the degradation process were characterized by performing B-ARISA fingerprinting on the
DNA extracts obtained from wheat, alfalfa and rape residues. The structure of the bacterial

community colonizing wheat, rape and alfalfa residues were significantly different (Monte-
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Tableau 111.1: NIR wavebands explanatory for PC1 and PC2 of Principal Component
Analysis of NIR fingerprints for all samples and for each residue and their corresponding
chemical bonds and biochemical components. Explanatory wavebands correspond to

wavebands with absolute loading above 0.8 (see Figure 111.S1).

All residues

Wheat

Rapeseed

Alfalfa

Wavebands (cm™)

** 4800-4825
**4710-4725
** 4620-4640
** 4485-4505

** 4790-4835
** 4515-4550

** 4320-4350
** 4280-4305
** 4245-4270

** 4425-4475
** 4315-4355
** 4275-4295
** 4230-4265

* 5785-5820 * 5825-5865 * 5765-5790
* 4620-4635 *5770-5795 * 4705-4765
* 4485-4505 *5730-5750 * 4560-4610
* 4355-4370 * 4575-4605
* 4365-4380
— ** NH; OH; CO; ** NH; OH; ** Aliphatic CH; ** CH; Aliphatic
8 CN; Aromatic CH Aromatic CH; CHO | Aromatic CH; CH CH; Aromatic CH
Chemical bonds* * Aliphatic CH; * Aliphatic CH; * CH; CO; NH
Aromatic CH; NH; CH; Aromatic CH;
CONH, NH; CONH,
** Protein; Alcohol; | ** Protein; Water; ** Lipid; ** Lipid;
Water; Aryl Alcohol; Aryl; Carbohydrate Carbohydrate
Biochemical Carbohydrate
components*
* Lipid * Aryl; Protein; * Aryl; Protein;
Carbohydrate Carbohydrate
** 4430-4470 ** 4245-4265 * 4775-4820 ** 4515-4550
** 4325-4350
** 4285-4350
Wavebands (cm™) | ** 4250-4265
*5775-5785 * 4335-4345 * 4390-4400
* 4595-4610 * 4280-4300
8 ** CH; Aliphatic ** CH; Aliphatic *OH; NH ** CHO; Aromatic
o Chemical bonds! CH; CHO CH; Aromatic CH CH; NH; CONH,
* CONH, *CH *OH; CO
** Carbohydrate; ** Aryl; Lipid; * Protein; Alcohol; ** Protein; Aryl;
Biochemical Lipid; Aryl Carbohydrate Water Carbohydrate
1
components * Protein * Carbohydrate; * Carbohydrate
Protein

! according to Workman & Weyer, 2008

**. * relative importance of the explanatory waveband for the construction of each principal
component of the PCA of NIR fingerprints (** = very important waveband; * = important
waveband), as determined by the examination of Figure 111.S1.
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Carlo, p<0.05) when analyzed by PCA when the three datasets were pooled [Figure 111.3],
indicating that each residue was characterized by a specific bacterial community. This
concorded with visual comparison of the B-ARISA profiles which revealed specific patterns
depending on the residue considered (data not shown). The genetic structures of the bacterial
communities of all three crop residues exhibited strong dynamics implying that successions of
populations occurred during the degradation process. However, the nature of these dynamics
was dependent on the quality of residue. For alfalfa and wheat residues, a discrimination of
the sampling dates was observed mainly on the first axis of the factorial map. However alfalfa
was characterized by rapid and major changes in microbial community structure from TO to
T126 whereas the shifts in community structure for wheat residues occurred later, from T126,
and were smaller than for alfalfa. In contrast, the pattern of community dynamics observed for
rape residues differed considerably from those of alfalfa and wheat, with strong and
continuous discrimination of the different sampling dates on both the first and second axis of
the factorial map. This suggested the establishment of a singular bacterial community on rape
residues. Interestingly, the amplitude of the modifications in genetic structure observed during

the decomposition process depended from the residues, with rape>alfalfa>wheat.

4. Taxonomic composition of the bacterial communities colonizing the residues

The evolution in taxonomic diversity of the bacterial communities colonizing each residue
was assessed by constructing 16S rDNA clone libraries from crop residues collected on 26
July 2006 (T22 days after incorporation, corresponding to the early degradation stage) and on
15 March 2007 (T254 days after incorporation, corresponding to the late degradation stage). It
should be noted that at T22 the three residues were certainly not at the same stage of
decomposition. However, this date corresponded to an initial dynamic phase in terms of both
community structure and residues modification. The sequencing of 50 to 60 clones per library
allowed the phylogenetic affiliation of bacterial sequences. Shannon diversity (H) indices
were calculated for each clone library. It should be noted that although the number of clones
sampled does not reflect the entire diversity it provides a view of the most dominant
populations [rarefaction curves calculated from each dataset did not raise the plateau, Figure
I11.S2, supplemental data] and their succession during the degradation of each crop residue.
The diversity indices for the rape, wheat, and alfalfa libraries from samples collected on 26
July and 15 March were H= 3.10/2.92/2.80, and H=3.53/3.29/3.07 respectively. These results
suggest that the bacterial communities colonizing rape residues were more diversified than
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Figure 111.3: Principal Component Analysis (PC1xPC2) plots generated from B-ARISA
profiles obtained from wheat (circle), rape (square) and alfalfa (triangle) residues. Numbers
represent days after incorporation of crop residues.
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those of wheat and alfalfa residues. Furthermore an increase in diversity between the early

and the late degradation stages was observed for all three residue types.

Examination of the taxonomic affiliation of the bacterial sequences in the six clone libraries
revealed a broad diversity of bacterial species [Table I111.S1, supplemental data].
Proteobacteria were the most dominant group whatever the date or residue considered.
However, the relative abundance of sequences related to proteobacteria recorded in July and
March respectively was significantly lower for wheat residues (63% and 57%) than for rape
(83% and 74%) and alfalfa residues (90% and 83%) [Figure I11.4]. The B-proteobacteria was
the most represented subgroup of proteobacteria in each library, with 35% of the total
sequences on average. Massilia was the main genus at the early stage of degradation, (17%,
10% and 18% for wheat, rape and alfalfa residues respectively) whereas the number of
sequences affiliated to Variovorax increased at the late stage of degradation (7%, 5% and 8%
for wheat, rape and alfalfa residues respectively). The proportion of a-proteobacteria
increased between the early and late stages of residue decomposition for all three crop
residues, mainly due to appearance of the genus Sphingomonas (5%, 7% and 11% of all
sequences obtained from wheat, rape and alfalfa residues respectively) which was not
detected at the early stage of degradation. Contrastingly, sequences affiliated to the v-
proteobacteria subgroup were mainly recorded at the early stage of degradation in all three
crop residues, with Pantoea and Stenotrophomonas being the dominant genera (7%, 2%, 12%
and 10%, 16%, 12% for wheat, rape and alfalfa respectively). The largest decrease of this
particular group was recorded for rape residues, with a decline of all the identified sequences
from 29 to 5%. Like a-proteobacteria, the Bacteroidetes group was represented in all the
libraries and increased between the early and late stages of degradation, mainly due to the
stimulation of Cytophaga and Mucilaginibacter genera. Furthermore, the relative proportions
of sequences related to this group were always higher for wheat residues (12% in July, 25% in
March) than for rape (3% in July, 16% in March) and alfalfa (2% on July, 13% on March)
residues. Firmicutes were mainly detected at the early stage of degradation in all three crop
residues, with the highest relative abundance observed for wheat residues (21%) mainly
represented by the Bacillus genus (16%). Sequences affiliated to Actinobacteria were mainly

detected during the late stage of wheat residue degradation.
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IV - Discussion

A better knowledge of the underlying microbial processes and mechanisms controlling the
fate of fresh crop residue inputs in agrosystems is necessary to maximize the benefits while
minimizing the associated negative agronomic and environmental effects. Here, an
experimental field was specifically carried out to evaluate the influence of the biochemical

characteristics of crop residues on the structure and diversity of soil bacterial communities.

1. Dynamics of residues decomposition

Three crop residues with contrasting C/N ratios were used because different dynamics of
residue decomposition were expected. Indeed the C/N ratio of plant material is a quality
parameter widely used to predict mass loss or N mineralization during crop residues
decomposition (Nicolardot et al., 2001; Vanlauwe et al., 1996). Alfalfa residues, with the
lowest C/N ratio were expected to mineralize faster than mature wheat straw, with highest
C/N ratio (Trinsoutrot et al., 2000). The results of C mineralization confirmed this general
degradation law since a large and transient peak in C-CO; release was observed for alfalfa and
rape residues during the first weeks after residues incorporation whereas only a small increase
in mineralization rate was observed in wheat. Considering rape, a more lasting effect was
observed compared to alfalfa, characterized by highest respiration values recorded during the
first 155 days. This might be explained by the important amount of rape residues added to the
soil (17 t/ha dry matter) compared to alfalfa (4 t/ha dry matter). These mineralization patterns
were in agreement with Cayuela et al. (2009) who observed similar dynamics after the

incorporation of wheat straw and cotton carding residues in soil.

Changes occurring in the biochemical components of the crop residues during decomposition
were characterized from the means obtained by near infrared spectroscopy. The suitability of
this method for monitoring plant material decomposition has already been demonstrated
(Albrecht et al., 2008; Cécillon et al., 2010; Chodak, 2008; Joffre et al.,1992; Shepherd et al.,
2005). In our study, the factorial map produced by PCA of the NIR fingerprints obtained from
wheat, rape and alfalfa residues showed significant differences between residues, highlighting
specific biochemical composition for each residue type. A biochemical gradient was observed
from wheat to alfalfa [Figure 111.2 a], which could be assigned to protein and lignin content.
Such differences could indicate an increase in aromatic structures and decrease in protein

contents from alfalfa to wheat, with intermediate values for rape residues. Biochemical
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changes in each crop residue during decomposition were also observed, in agreement with
other reports (Baumann et al., 2009; Buchan et al., 2003). The extent of the modifications
depended on the chemical composition of the residues, with rape and alfalfa showing greater
changes than wheat. Our results thus illustrated that the initial differences in crop residue
quality leads to specific decomposition patterns (with different decomposition kinetics and
variations in the concentration of specific biochemical components) (Baumann et al., 2009;
Moore et al., 2004; Xu et al., 2006), and that NIR is a suitable method for assessing such
dynamics in soil experiments. Results also suggested that the important chemical changes
observed in rape and alfalfa residues at the beginning of decomposition might be due to the
rapid degradation of easily degradable compounds such as sugars, starch, and low-molecular-
weight extractives, in agreement with other reports (Aneja et al., 2006). In contrast, wheat
residues might evolve slowly because of their lower content of readily degradable compounds
and higher lignin content. This was also supported by soil respiration and PLFA measurement
[Figure 111.S3, supplemental data] that revealed transient stimulation of microbial activity and
biomass for alfalfa and rape residues at the beginning of the decomposition process, which
was not observed for wheat. Alternatively to chemical composition, wheat residues
decomposition may also have been limited by a sub-optimal N availability since no N have
been added to soil in our study, or a non optimum physical contact to the soil compared to the
other residues. The grouping of the dates collected in autumn and winter for rape and alfalfa
residues suggested a slowdown of the chemical evolution of the residues during this period,
probably because of climatic conditions, and particularly low temperatures [see temperature
and rainfall data provided as supplemental data, Figure 111.S4], unfavourable to
decomposition and/or nutrient depletion (Cayuela et al., 2009; Demetz & Insam, 1999).
However, this pattern was not observed for wheat residues which showed continuous changes

during the experiment [Figure 111.2 b].

2. Influence of crop residue quality on the genetic structure of the colonizing

bacterial communities

The above changes in crop residue quality during decomposition were also reflected in the
structure of the colonizing bacterial communities. Successions of bacterial populations during
decomposition were evidenced by ARISA. The important modifications of genetic diversity
observed for all three crop residues could be due to responses of the colonizing microbial

community to the changing composition of the plant material during decomposition, as shown
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by NIR analysis. However, they could also be related to variations in environmental
conditions since the study was performed under field conditions. Nevertheless, the genetic
structures of the bacterial communities colonizing the alfalfa, wheat and rape residues were
different, highlighting that in our study the biochemical composition of the residues was a key
factor in determining the dynamics of the structure of the bacterial communities developing
on the residues. This is in agreement with other authors who evidenced different microbial
dynamics during beech and spruce litter degradation (Aneja et al., 2006), and between

eucalypt, wheat and vetch residues degradation (Baumann et al., 2009).

Surprisingly, the patterns of community dynamics observed for wheat and alfalfa residues
were relatively similar and very different from those of rape. This was in discrepancy with the
respiration measurements and NIR analysis that indicated strong similarities between rape and
alfalfa compared to wheat. It could indicate that the relationship between the biochemical
quality of the crop residues and the dynamics of the genetic structure of the colonizing
microbial community is weak. Likewise, Baumann et al (2009) observed kinetic differences
between the microbial community structure and residue C-chemistry changes during the
decomposition of eucalypt, wheat and vetch residues in soil, particularly in the later stages of
decomposition. However rape tissues, like those of most other cruciferous plants, are known
to contain glucosinolates. In intact rape cells, these glucosinolates are located in vacuoles.
Disruption of the tissues during degradation leads to release of the glucosinolates that are
hydrolyzed by the enzyme myrosinase, leading to the liberation of thiocyanates,
isothiocyanates and nitriles (Sarwar et al., 1998). These compounds are known to have
inhibitory or lethal effects on soil bacteria and fungi (Charron & Sams, 1999; Sarwar et al.,
1998). Consequently, their progressive liberation during the degradation process, in addition
to the residue chemistry, might exert a selection pressure of variable strength depending on
the rate of decomposition. This could explain the particular pattern of community dynamics
observed for rape in our study compared to wheat and alfalfa. On the other hand, the relative
similarity of community dynamics between wheat and alfalfa might result from the fact that in
the case of wheat carbon was difficult to be mineralized even if it is a decomposable carbon
(cellulose + hemicellulose), and in the case of alfalfa all the readily decomposable carbon was
mineralized during the first 25 days, as suggested by the peak of respiration observed during
the first two weeks after the incorporation of alfalfa residues.

The amplitude of modifications of the biochemical quality of crop residues, the respiration

rate and the genetic structure of the colonizing microbial community appeared to be more
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closely related than the dynamics, since the observed reactivities of those three parameters
were always lower for wheat than for rape and alfalfa residues. This suggests a trend in the
relationship between residue composition, decomposition, and bacterial community structure
modifications, with rapidly decomposing residues (i.e those with low C/N ratio, readily
degradable compounds content and low recalcitrant compounds content) inducing the greatest

changes in bacterial communities in terms of structure and function.

3. Influence of crop residue quality on the taxonomic composition of the

colonizing bacterial communities

Examination of the dominant taxa with significantly different relative contributions to the
early vs. the late decomposition stages of each residue was performed for evidence that (i)
residue composition can select for specific bacterial diversity, and (ii) the changing substrate
composition is responsible for microbial community changes. The Shannon index values
calculated for each clone library suggested an increase of bacterial diversity between the early
and late degradation stages for all three residues, in agreement with Bastian et al (2009). It
should be noted that regard the size of the clone libraries, the Shannon index calculated give
indications of the diversity of the dominant populations and not of the entire communities.
However, they constitute useful indicators to understand the response of bacterial
communities to residues inputs (Bastian et al., 2009; Bernard et al., 2007). In this context, the
higher H values observed at the late degradation stage could be due to the increased relative
content of recalcitrant compounds (lignin) of the residues during the decomposition process
resulting from the more rapid degradation of less recalcitrant components i.e. carbohydrates
such as sugars and starch, as supported by the NIR results and other reports (Aneja et al.,
2006). The increase in residue recalcitrance could explain the stimulation of a more diverse
bacterial consortium able to degrade such residues, i.e. communities harbouring the wide
range of metabolic capacities necessary to degrade complex recalcitrant plant materials (De
Boer et al., 2005; Hu & van Bruggen, 1997). Alternatively, the increase in bacterial diversity
observed during the decomposition for all three residues might also be attributed to physical
changes in the residues, resulting in an increase in the number of ecological niches available

for bacterial colonization (Cookson et al., 2008).

Regarding the taxonomic composition of the bacterial community at the early and late

stage of degradation, the most common phylum in all three plant residues was represented by
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proteobacteria which are known to be stimulated in C-rich environments (Fierer et al., 2007a).
However, the relative abundance of this group at the two degradation stages varied
significantly between the residues, with a gradient observed from alfalfa (90% in July vs. 83%
in March) to rape (83% vs.74%) and wheat (63% vs. 57%). The NIR results revealed a similar
gradient, mostly attributed to increasing protein content and decreasing content of aromatic
structures (such as lignin) from wheat to alfalfa. Consequently, it can be hypothesized that the
high levels of readily degradable compounds in rape and alfalfa residues could explain the
high dominance of typical “r-strategists” such as proteobacteria, as previously shown by

Aneja et al (2006) during spruce and beech litter degradation.

As proposed above for the Shannon index, the increasing recalcitrance of the residues
during the decomposition could explain the observed decrease in the relative abundance of
proteobacteria between the early and late degradation stages in all three residues. This
hypothesis is supported by the high relative abundance of sequences affiliated to
Stenotrophomonas (y-proteobacteria) and Massilia (3-proteobacteria) genera observed at the
early stage of decomposition of the three residues. Enrichment in Massilia has been
previously reported during the initial stage of green wheat decomposition in soil (Bernard et
al., 2007), and both genera were shown to be stimulated after glucose addition (Padmanabhan
et al., 2003), thereby highlighting their copiotrophic attributes and explaining their better
fitness at the beginning of the decomposition process. On the other hand, the increased
sequences related to Sphingomonas (a-proteobacteria) during decomposition may be
explained by its ability to use a wide range of organic compounds (Fredrickson et al., 1995)
conferring a better fitness to this genera with the increase in residue complexity. In other
respects, our results suggest that the relative size of the Proteobacteria group could be a good
indicator of crop residue degradability and dynamics during degradation.

The Bacteroidetes group was stimulated in the late stage of degradation of all three
residues but was mainly detected on wheat residues, irrespective of the date. This finding was
in discrepancy with Fierer et al (2007a) who demonstrated a positive correlation between the
abundance of Bacteroidetes and C mineralization rates, and with Bastian et al (2009) who
showed a stimulation of this bacterial group in the early stage of wheat residues degradation.
However, the detection of this group in all the clone libraries confirmed its stimulation in C-
rich environments. Sequences related to Actinobacteria were mainly recorded at the late stage
of degradation, with a particular stimulation observed for wheat residues. Similar results were

previously reported for wheat residues decomposition (Bastian et al., 2009; Bernard et al.,
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2007). Actinobacteria are Gram-positive bacteria with a high G+C ratio. They play an
important role in the decomposition of complex organic materials, such as cellulose and lignin
(De Boer et al., 2005), which may explain their better fitness in the late stage of residues

degradation and the higher stimulation observed for wheat residues.

V - Conclusion

This study provides evidence that the biochemical composition of crop residues is a key factor
determining the dynamics of the structure and diversity of bacterial communities. Readily
degradable residues such as alfalfa may induce greater modifications of the bacterial diversity
and activity than more recalcitrant residues such as wheat. Copiotrophic populations/bacterial
groups dominate the early stages of degradation and are progressively replaced by more
specialized groups. However, our study indicates that the relative abundance of copiotrophs
such as proteobacteria is greatly dependent on residue composition, with a gradient observed
from alfalfa to wheat. Consequently, the quality of organic inputs added to soil might
represent a suitable way to manage the microbial component in soil and potentially the soil
processes for which they are responsible. Our study highlights a link between residue
composition and bacterial diversity. The next step is to evaluate the reciprocity of this link,
i.e. do modifications of bacterial diversity induce different patterns of residue decomposition?
This phase will involve targeted experiments based on manipulations of microbial diversity

and the assessment of residue modifications during decomposition.
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Figure 111.S1, supplemental data. Loading matrices of PC1 and PC2 for Principal
Component Analysis of NIR fingerprints of all residues (a, b); wheat (c, d); rape (e, f) and
alfalfa (g, h) residues. Grey gradation represents loading values from -1 (black) to +1 (white).
Threshold values of -0.8 and +0.8 were used for the identification of wavebands explanatory

for each principal component represented in Table I11.1. Wavenumbers are expressed in cm™.
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Figure 111.S2, supplemental data. Rarefaction curves for wheat, rape and alfalfa residues at

T22 and T254 days after incorporation to soil, respectively.
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Figure 111.S3, supplemental data. Microbial C-biomass determined by analysis of the total

soil fatty acid (PLFA) content in the soil after incorporation of wheat, rape and alfalfa residue.
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Figure 111.54, supplemental data. Rainfall (mm) and atmospheric temperature (°C) during

the experiment.
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Table 111.S1, supplemental data. Closest affiliations of 16S rDNA sequences cloned from
DNA extracted from wheat, rape and alfalfa residue for July 2006 and March 2007 (22 and
254 days after incorporation, respectively). The accession numbers for the 16S rDNA gene
sequences were deposited in the GeneBank database (from GQ379348 to GQ379673).

Wheat Rape Alfalfa
Accession %
Genus of bacteria Accession number number of Lo © I~ © ™~ © ~
similarity © o =} =} S =
reference S g Q S IS IS
s 8 5 8 &5 8
Alphaproteobacteria
Bradyrhizobium (1) GQ379456 EU256463.1 97% 1
Brevundimonas (1) GQ379526 AJ244709 97% 1
Caulobacter (1) GQ379614 EU730905 97% 1
Devosia (4) GQ379534 AB361068 98% 1
GQ379630 AB271045 97% 1
GQ379547 EF012357 95% 1
GQ379493 EF540476.1 94% 1
Kaistobacter (6) GQ379385 AB258386.1 95% 1
GQ379502 and AM411905.1 89% to 1 1
GQ379553 96%
GQ379530 EU193092.1 97% 1
GQ379564 EU193111.1 97% 1
GQ379570 FJ436424.1 94% 1
Methylobacterium (5) GQ379549 and AM910530.1 94% to 1 1
GQ379665 97%
GQ379541 AY364020.2 96% 1
GQ379670 AY569283.1 98% 1
GQ379438 FJ006916.1 96% 1
Methylocapsa (1) GQ379421 AJ278726.1 91% 1
Novosphingobium (1) GQ379601 EU984513.1 95% 1
Phenylobacterium (1) GQ379565 EU202833.1 94% 1
Phyllobacterium (3) GQ379481 AJ968699.1 93% 1
GQ379497 EU697963.1 91% 1
GQ379395 FJ154092.1 94% 1
Rhizobium (7) GQ379406 AM084044.1 95% 1
GQ379600 and DQ855276 96% to 1 1
GQ379658 99%
GQ379671 EF364391.1 97% 1
GQ379583 EF540493.1 96% 1
GQ379550 EU872221.1 97% 1
GQ379540 FJ267567.1 95% 1
Roseomonas (1) GQ379519 AM231587 93% 1
Sinorhizobium (3) GQ379484 AJB79127.1 92% 1
GQ379377 AY505132.1 93% 1
GQ379525 EU399913.1 97% 1
Sphingomonas (13) GQ379621 AF177917.1 95% 1
GQ379651 and AF385529.1 89% to 2
GQ379661 95%
GQ379559 AM691108.1 96% 1
GQ379444 AM900776.1 97% 1
GQ379455 AY563441.1 95% 1
GQ379451 DQ314734.1 93% 1
GQ379672 DQ917253.1 97% 1
GQ379655 EF103200.1 91% 1
GQ379529 and EF103215.1 97% to 2
GQ379531 98%
GQ379568 EU723128.1 96% 1
GQ379667 X89909.1 98% 1
uncultured alpha proteobacterium (1) GQ379618 AY922052.1 96% 1
uncultured Caulobacterales bacterium (1)  GQ379558 EU202836.1 92% 1
Betaproteobacteria
Achromobacter (9) GQ379638 AF531768 97% 1
GQ379517 AF439314 93% 1
GQ379503 AF511516 93% 1
GQ379507 DQ530072.1 89% 1
GQ379469 and EF550171.1 93% to 1 1
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http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=161345364&dopt=GenBank&RID=FT1UX4XE011&log$=nucltop&blast_rank=2
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=56912142
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=159576256
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=113531170
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=116643160
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=146166637&dopt=GenBank&RID=8HC4VR4R015&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=108860565&dopt=GenBank&RID=FT8CR4S6016&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=157170551&dopt=GenBank&RID=FVSVJFRU01R&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=166092710&dopt=GenBank&RID=N1GGP8DY014&log$=nucltop&blast_rank=12
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=166092729&dopt=GenBank&RID=GY9DHSWW016&log$=nucltop&blast_rank=5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=215254293&dopt=GenBank&RID=N1HJJWRN012&log$=nucltop&blast_rank=9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=171701687&dopt=GenBank&RID=GY48VRVV01R&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=73622363&dopt=GenBank&RID=GY0YUGRW013&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=46812525&dopt=GenBank&RID=5FVVYE6C012&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=198404154&dopt=GenBank&RID=FSYAVTU901R&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=15072624&dopt=GenBank&RID=8GVKTYD1011&log$=nucltop&blast_rank=6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=197283684&dopt=GenBank&RID=H1HMYAK901R&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=164709410&dopt=GenBank&RID=GY9MFUW501R&log$=nucltop&blast_rank=3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=115252869&dopt=GenBank&RID=8H8FWWMH011&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=197734880&dopt=GenBank&RID=FVRM36S5016&log$=nucltop&blast_rank=3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=204324138&dopt=GenBank&RID=FT9WXJFD01R&log$=nucltop&blast_rank=6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=77415859&dopt=GenBank&RID=M4KB3JC7014&log$=nucltop&blast_rank=8
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=112012405
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=146263131&dopt=GenBank&RID=5FW1EX3R015&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=146166654&dopt=GenBank&RID=H06Y9J65013&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=195360767&dopt=GenBank&RID=GY49DR4U01R&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=209916751&dopt=GenBank&RID=GY0MVSV0011&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=89255068
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=58737229&dopt=GenBank&RID=8H965VWA011&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=47498780&dopt=GenBank&RID=FT57CXDP01R&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=166787819&dopt=GenBank&RID=5D6ARUF9015&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=5834341&dopt=GenBank&RID=5D720933012&log$=nucltop&blast_rank=2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=14537938&dopt=GenBank&RID=5FRN7GZK01R&log$=nucltop&blast_rank=4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=145279851&dopt=GenBank&RID=GY7R82XT011&log$=nucltop&blast_rank=2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=158935496&dopt=GenBank&RID=FSZGRNMM011&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=45478468&dopt=GenBank&RID=FT1NFH80011&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=83778998&dopt=GenBank&RID=FT10H88Y014&log$=nucltop&blast_rank=2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=115353937&dopt=GenBank&RID=5FW6SP0V01R&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=119394201&dopt=GenBank&RID=5FSFF5UE014&log$=nucltop&blast_rank=2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=119394216&dopt=GenBank&RID=A0XDBG06015&log$=nucltop&blast_rank=2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=189409400&dopt=GenBank&RID=GYAC8MWK016&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=6729643&dopt=GenBank&RID=5FV01FS4012&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=60266598&dopt=GenBank&RID=H3503F5A013&log$=nucltop&blast_rank=3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=164709413&dopt=GenBank&RID=N1EFBAGV012&log$=nucltop&blast_rank=17
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=22347687
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=16974762
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=21327149
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=104478903&dopt=GenBank&RID=MZDFYFYN011&log$=nucltop&blast_rank=10
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=148633574&dopt=GenBank&RID=8H4WFXVY01R&log$=nucltop&blast_rank=1
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Acidovorax (6)

Acteobacter (1)
Alcaligenes (1)
Burkholderia (6)

Collimonas (2)

Comamonadaceae bacterium TBEA3 (1)
Duganella (6)

Herbaspirillum (1)
Hydrogenophaga (1)
Janthinobacterium (8)

Leptothrix (1)
Massilia (31)

Methylibium (2)

Methylobacillus (1)
Methylophilus (6)

GQ379522
GQ379510,
GQ379546,
GQ379623 and
GQ379647
GQ379476
GQ379509
GQ379576
GQ379669
GQ379365
GQ379593
GQ379473
GQ379351
GQ379581
GQ379440,
GQ379487,
GQ379624 and
GQ379642
GQ379417
GQ379467 and
GQ379485
GQ379563
GQ379589 and
GQ379590
GQ379520
GQ379367
GQ379625
GQ379433
GQ379475
GQ379384
GQ379566,
GQ379447,
GQ379448 and
GQ379439
GQ379454 and
GQ379488
GQ379607
GQ379434 and
GQ379639
GQ379358
GQ379626
GQ379606
GQ379597
GQ379657,
GQ379355 and
GQ379366
GQ379453
GQ379582,
GQ379648,
GQ379392,
GQ379396 and
GQ379496
GQ379506,
GQ379577 and
GQ379608
GQ379483,
GQ379579,
GQ379604 and
GQ379636
GQ379462,
GQ379465,
GQ379585,
GQ379615,
GQ379632,
GQ379354 and
GQ379398
GQ379390 and
GQ379394
GQ379404 and
GQ379501
GQ379373
GQ379521
GQ379539
GQ379569
GQ379486
GQ379374,

EU239469

AM084011.1
AY177768.1
EF596912.1
EU037287.1
EU375646.1
EU730927
FM178869.1
AJ509012.1
AF408980.1
AM922178.1

EU723145.1
AY281151.1

EU825700.1
AMA412134.1

D14256.1
EF575562.1
EF584756
EU921644.1
AJ238361
AF523010.1
AY167838

EU057879.1

EU073069.1
EU341231.1

DQ463735.2
AM237371

AY966001
AJ871463
AM231588

AM237367.1
AY965999

AY966000

AY966001

EU274637

EU420063.1
FJ192602.1

FJ267580.1
EU193047.1
CP000555.1
DQ287787
AB193725
AY436789.1
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97%
96% to
98%

94%
88%
88%
96%
96%
96%
91%
98%
99%
94% to
96%

92%
95% to
96%
96%
91% to
96%
96%
96%
93%
94%
95%
96%
94% to
95%

92 to 94%

90%
94% to
97%
99%
95%
92%
97%
92% to
98%

95%
93% to
97%

90% to
96%

95% to
96%

92% to
97%

95%

93% to
95%
93%
97%
95%
94%
92%

94% to

[N


http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=159906312
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=77415827&dopt=GenBank&RID=8H7123VA014&log$=nucltop&blast_rank=4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=27805056&dopt=GenBank&RID=MZDZDN7Y01N&log$=nucltop&blast_rank=12
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=148724061&dopt=GenBank&RID=N1S2HTV4012&log$=nucltop&blast_rank=11
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=157885686&dopt=GenBank&RID=5FVM8189012&log$=nucltop&blast_rank=4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=165970286&dopt=GenBank&RID=AV0N55EV015&log$=nucltop&blast_rank=4
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=190364949
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=194032782&dopt=GenBank&RID=8H65SV8401R&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=29292335&dopt=GenBank&RID=A0VD66WP015&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=33309380&dopt=GenBank&RID=AV332SZR011&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=164518428&dopt=GenBank&RID=FSYZFZ75011&log$=nucltop&blast_rank=2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=189409417&dopt=GenBank&RID=M503PGKD01R&log$=nucltop&blast_rank=8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=36142837&dopt=GenBank&RID=8H4J5CR7014&log$=nucltop&blast_rank=2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=193876561&dopt=GenBank&RID=GY93XZBS01R&log$=nucltop&blast_rank=2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=157170635&dopt=GenBank&RID=H0S8MRYG013&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=1944498&dopt=GenBank&RID=528UCR2R014&log$=nucltop&blast_rank=3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=147907846&dopt=GenBank&RID=AV3X3HJP01R&log$=nucltop&blast_rank=2
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=148250111
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=197205765&dopt=GenBank&RID=FGJFXJBE016&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=5139501
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=32452478&dopt=GenBank&RID=FT8AVG6A016&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=27497658
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=157419683&dopt=GenBank&RID=MD7ETF0V012&log$=nucltop&blast_rank=9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=158699285&dopt=GenBank&RID=H2WHX34U013&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=164453624&dopt=GenBank&RID=FGJZ08CZ011&log$=nucltop&blast_rank=4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=114342118&dopt=GenBank&RID=AUZAV322011&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=90818774
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=62240119
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=57996771
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=89363522
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=90818770&dopt=GenBank&RID=FT1BWMUT014&log$=nucltop&blast_rank=11
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=62240117
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=62240118
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=62240119
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=169798072
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=167594050&dopt=GenBank&RID=FT93TCCR014&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=209422222&dopt=GenBank&RID=FVPEFDAP016&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=209916764&dopt=GenBank&RID=KZ6HA2C3012&log$=nucltop&blast_rank=7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=166092665&dopt=GenBank&RID=MZJ3XMDH012&log$=nucltop&blast_rank=31
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=124257968&dopt=GenBank&RID=AV52TX3201R&log$=nucltop&blast_rank=2
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=83272653
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=54695303
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=41058885&dopt=GenBank&RID=FT4TKRTW014&log$=nucltop&blast_rank=1

Chapitre 3 : Influence de la qualité biochimique des résidus de culture in situ

GQ379490, 97%
GQ379548 and
GQ379551
GQ379545 EU375653.1 96% 1
Mitsuria (1) GQ379557 EF110621.1 94% 1
Oxalobacter (3) GQ379425 AJ496038.1 96% 1
GQ379611 AY367029.1 96% 1
GQ379397 DQ196473.1 96% 1
Pigmentiphaga (2) GQ379586 and EU583723.1 93% to 2
GQ379616 94%
Polaromonas (3) GQ379430 and AM492164.1 96% to 2
GQ379460 98%
GQ379556 EU130998.1 96% 1
Ralstonia (3) GQ379628 and AY238507.1 98% 2
GQ379673
GQ379437 EU727457.1 91% 1
Ramlibacter (1) GQ379463 EU423304.1 96% 1
uncultured Comamonadaceae bacterium GQ379561 AF523038.1 95% 1
(Y]
uncultured Nitrosomonadaceae bacterium  GQ379498 EF019754.1 95% 1
(Y]
uncultured oxalobacteraceae (1) GQ379415 DQ520826.1 90% 1
Variovorax (16) GQ379584 EU979529 98% 1
GQ379629 AY599725.1 97% 1
GQ379542 AY621157.2 96% 1
GQ379645, DQ256487 96% to 3
GQ379646 and 98%
GQ379654
GQ379371 DQ530075.1 96% 1
GQ379412 EF471221.1 95% 1
GQ379360 and EU341214.1 97% to 1 1
GQ379535 98%
GQ379508 EU979529 92% 1
GQ379435, FJ006917.1 96% to 3 1
GQ379436, 97%
GQ379445 and
GQ379562
GQ379518 FJ348026.1 93% 1
Zoogloea (1) GQ379368 AF001645.1 98% 1
Deltaproteobacteria
Cystobacter (1) GQ379516 EU263004 90% 1
Polyangiaceae (1) GQ379555 EU193070.1 91% 1
uncultured delta proteobacterium (1) GQ379664 DQ269039.1 86% 1
Gammaproteobacteria
Acinetobacter (1) GQ379620 EU427316 93% 1
Aquicella (1) GQ379359 AY359283.1 94% 1
Dokdonella (1) GQ379644 EU685334.2 91% 1
Enterobacter (4) GQ379591 EF175731.1 98% 1
GQ379474 EU196755.1 94% 1
GQ379609 EU693565.1 91% 1
GQ379574 EU733519 95% 1
Escherichia (1) GQ379594 DQ013851.1 97% 1
Frateuria (1) GQ379663 EU682683.1 93% 1
Lysobacter (1) GQ379622 EF488749.1 98% 1
Pantoea (11) GQ379356 AB004757.2 93% 1
GQ379357 AJ583835.1 93% 1
GQ379596 EF428997 97% 1
GQ379613 EU302842.1 97% 1
GQ379369 and EU828365.1 96% to 1 1
GQ379494 98%
GQ379376 EU849108.1 97% 1
GQ379587 EU849111 95% 1
GQ379610 and FJ357815 97% 2
GQ379617
GQ379605 FJ357816 98% 1
Pseudomonas (3) GQ379505 AY574908 95% 1
GQ379533 EF601815.1 95% 1
GQ379491 EU391388.2 95% 1
Pseudoxanthomonas (1) GQ379652 EF540482.1 98% 1
Rhizobacter (1) GQ379575 AB297965 97% 1
Rickettsiella (1) GQ379353 EF516173.1 85% 1
Solimonas (1) GQ379512 EU370953.1 92% 1
Stenotrophomonas (28) GQ379515 AB294554 92% 1
GQ379480 AM403587.1 92% 1
GQ379431 AY131216.1 97% 1
GQ379578 and AY689032.1 90% to 1 1
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http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=165970293&dopt=GenBank&RID=GY1N3ZC6011&log$=nucltop&blast_rank=2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=124256283&dopt=GenBank&RID=MZKR9JC9016&log$=nucltop&blast_rank=23
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=21953236&dopt=GenBank&RID=MCE8Y0UB014&log$=nucltop&blast_rank=8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=34329470&dopt=GenBank&RID=H2XC9SPN01R&log$=nucltop&blast_rank=2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=76365572&dopt=GenBank&RID=FTABG0R1014&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=179743526&dopt=GenBank&RID=H097KCUW016&log$=nucltop&blast_rank=2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=144895553&dopt=GenBank&RID=A0U4YWAS011&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=157420658&dopt=GenBank&RID=GY58JCZA013&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=33562975&dopt=GenBank&RID=5D93K1WN015&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=189909560&dopt=GenBank&RID=M50NMSS601R&log$=nucltop&blast_rank=10
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=167599460&dopt=GenBank&RID=MRDWHTC7011&log$=nucltop&blast_rank=10
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=32452506&dopt=GenBank&RID=N1F28SGX014&log$=nucltop&blast_rank=25
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=134021178&dopt=GenBank&RID=MRGD109U013&log$=nucltop&blast_rank=17
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=105872433&dopt=GenBank&RID=8GN1GZ0U011&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=197360336
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=47420207&dopt=GenBank&RID=5D99JW8C014&log$=nucltop&blast_rank=2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=70906137&dopt=GenBank&RID=GY16ZMMM01R&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=80978905
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=104478906&dopt=GenBank&RID=FT498EAR011&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=134304916&dopt=GenBank&RID=8GKVZX0Y011&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=164453607&dopt=GenBank&RID=AUZSU2FN01R&log$=nucltop&blast_rank=2
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=197360336
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=198404155&dopt=GenBank&RID=FGK5T47M011&log$=nucltop&blast_rank=3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=209967826&dopt=GenBank&RID=MZFT8H9F015&log$=nucltop&blast_rank=6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=2290736&dopt=GenBank&RID=FT3SY5ZN016&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=166033778
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=166092688&dopt=GenBank&RID=MZK8XKU8016&log$=nucltop&blast_rank=15
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=82562253&dopt=GenBank&RID=5FUE8VMH014&log$=nucltop&blast_rank=2
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=167966417
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=38259996&dopt=GenBank&RID=AUZMAS7N015&log$=nucltop&blast_rank=2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=209961615&dopt=GenBank&RID=N262B2ZC01R&log$=nucltop&blast_rank=5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=121484330&dopt=GenBank&RID=H0T4PMK4016&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=159024341&dopt=GenBank&RID=8H6GG79M011&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=195975808&dopt=GenBank&RID=H2X3PH9V01R&log$=nucltop&blast_rank=3
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=190349636
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=67090097&dopt=GenBank&RID=H0WBMUDC01R&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=189485981&dopt=GenBank&RID=5FU8XNXG014&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=144704755&dopt=GenBank&RID=5D7CV575014&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=57864392&dopt=GenBank&RID=A0WB7SJZ015&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=37359624&dopt=GenBank&RID=A0WJ59E6011&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=126742078
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=163931342&dopt=GenBank&RID=H2XKCEMF01R&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=194136535&dopt=GenBank&RID=FT3ZAUAM011&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=196051302&dopt=GenBank&RID=FT51P6DW01R&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=196051305
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=209972613
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=209972614
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=46360160
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=148607977&dopt=GenBank&RID=A0Y8BZME014&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=189031301&dopt=GenBank&RID=8HBB2NUT014&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=146166643&dopt=GenBank&RID=5FRX8HZ7012&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=133778371
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=145285499&dopt=GenBank&RID=A0VS799B015&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=165909661&dopt=GenBank&RID=GYD7BSS301R&log$=nucltop&blast_rank=7
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=126149285
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=133919127&dopt=GenBank&RID=8H84S1E601R&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=22658451&dopt=GenBank&RID=A0UA6J77011&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=51339831&dopt=GenBank&RID=AV2GWHMV015&log$=nucltop&blast_rank=2
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Thermomonas (5)

uncultured gamma proteobacterium (2)

Xanthomonas (9)

Acidobacteria
Acidobacterium (1)
uncultured Acidobacteria (1)
Actinobacteria
Curtobacterium (1)
Frigobacterium (1)
Marmoricola (1)
Microbacterium (2)

Promicromonospora

uncultured Rubrobacteridae bacterium
Bacteroidetes

Chitinophaga (4)

Cytophaga (4)

Flavisolibacter (2)

Flexibacter (1)
Hymenobacter (1)
Mucilaginibacter (1)
Mucilaginibacter (9)

Niastella (5)

GQ379637
GQ379461,
GQ379479,
GQ379595,
GQ379598 and
GQ379649
GQ379588,
GQ379375,
GQ379382,
GQ379399 adn
GQ379401
GQ379405
GQ379472,
GQ379478,
GQ379631 and
GQ379641
GQ379633
GQ379592 and
GQ379612
GQ379511
GQ379470 and
GQ379471
GQ379362
GQ379409
GQ379528
GQ379653,
GQ379660 and
GQ379666
GQ379403
GQ379424 and
GQ379427
GQ379466,
GQ379349 and
GQ379422
GQ379627
GQ379419,
GQ379499 and
GQ379552
GQ379504 and
GQ379619

GQ379420
GQ379446

GQ379432
GQ379524
GQ379449
GQ379459
GQ379492
GQ379426
GQ379643

GQ379477 and
GQ379378
GQ379573
GQ379391
GQ379634,
GQ379407,
GQ379442 and
GQ379458
GQ379416
GQ379523
GQ379429
GQ379656
GQ379527
GQ379418,
GQ379423,
GQ379443,
GQ379452,
GQ379544 and
GQ379640
GQ379662
GQ379441 and
GQ379659
GQ379402
GQ379532 and

DQ109991.2

DQA424872.1

DQ993329.1
EU022689

EU048274.1
EU239138

EU693549.1
EU834266

EU834266.1
EU834266.1
AB355702
EF100698

EU202906.1
AB252888.1

AM920689

AY994101
DQ213024.1

FJ405365.1

EU403966.1
DQ648914.1

AM410692.1
AY571813.1
AM?295338.1
EF540477.1
AB004718
EU863844.1
AY395375

AB245374

AB264798
AB267723.1
CP000383

AB267476.1
AB267477
AB078049.1
EU379243.1
AM933506.1
EU423302.1

EU729366.1
EU747841.1

DQ244076.1
DQ244077
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93%
92% to
98%

95% to
97%

97%
91% to
97%

95%
96% to
97%
94%
95% to
97%
97%
93%
94%
94% to
95%

96%
93% to
95%
95% to
97%

95%
92% to
97%

91% to
94%

98%
94%

98%
98%
95%
94%
93%
98%
93%

96% to
97%
96%
95%

89% to
92%

94%
93%
91%
92%
95%
93% to
98%

93%
94% to
96%
93%
92% and

1

1

1


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=157885112&dopt=GenBank&RID=8GWKGB66014&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=90404676&dopt=GenBank&RID=FT509ABY01R&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=116739143&dopt=GenBank&RID=FVPN6KCP014&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=158905513
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=153869536&dopt=GenBank&RID=5DAAHMN4012&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=164710476
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=195975792&dopt=GenBank&RID=FVVMN9PV014&log$=nucltop&blast_rank=4
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=192757986
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=192757986&dopt=GenBank&RID=AV0644WJ01R&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=192757986&dopt=GenBank&RID=8GJRPHFT011&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=156255118
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=118573956
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=164709483&dopt=GenBank&RID=FVPC05P6014&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=110082366&dopt=GenBank&RID=A0SA13KJ015&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=167731156
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=66876525
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=78057536&dopt=GenBank&RID=8GP5754Z011&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=212291433&dopt=GenBank&RID=MZCTETYV011&log$=nucltop&blast_rank=4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=170792302&dopt=GenBank&RID=8GV3NK9U011&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=109727733&dopt=GenBank&RID=FSZWSYAF016&log$=nucltop&blast_rank=2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=117644174&dopt=GenBank&RID=A0UG17V1011&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=46253470&dopt=GenBank&RID=5D5ZZ4MB015&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=111146975&dopt=GenBank&RID=FT0NGACX01R&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=146166638&dopt=GenBank&RID=FT2AFY6A01R&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=3641629
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=194718444&dopt=GenBank&RID=A0SUUFVK011&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=39546037
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=84453049
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=110278397
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=111607211&dopt=GenBank&RID=FT9DK754011&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=110279108
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=111607199&dopt=GenBank&RID=8GN8WSXA015&log$=nucltop&blast_rank=17
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=111607200
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=21832098&dopt=GenBank&RID=A0U0J1HA014&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=166153900&dopt=GenBank&RID=5FSMW1XY014&log$=nucltop&blast_rank=2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=194239867&dopt=GenBank&RID=A0X0VSZ5011&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=167599458&dopt=GenBank&RID=8GNU6U2K015&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=190133777&dopt=GenBank&RID=5FU3YU25012&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=189169993&dopt=GenBank&RID=FSZ6CCFU014&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=80971721&dopt=GenBank&RID=FTBDCD7G011&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=80971722

Chapitre 3 : Influence de la qualité biochimique des résidus de culture in situ

GQ379650 93%
GQ379536 EU362141.1 86% 1
GQ379450 EU917053.1 93% 1
Pedobacter (2) GQ379370 EU194881.1 94% 1
GQ379495 EU109722.1 92% 1
Sphingobacterium (1) GQ379572 AM411963.1 94% 1
Sphingoterrabacterium (2) GQ379380 AB267719.1 96% 1
GQ379388 AY571816 86% 1
unclassified Chitinophagaceae (3) GQ379571 AJ252615 95% 1
GQ379413 and FJ263934.1 88% 94% 1 1
GQ379635
uncultured Crenotrichaceae bacterium (1) GQ379538 EF019302.1 94% 1
uncultured Bacteroidetes bacterium (1) GQ379543 EF522294.1 92% 1
uncultured Saprospiraceae bacterium (1)  GQ379410 EU177692.1 93% 1
uncultured bacteroidetes (1) GQ379393 EU753655.1 90% 1
unclassified Sphingobacteriales (1) GQ379414 FJ177532.1 90% 1
Cyanobacteria
Microcoleus (1) GQ379567 EF654074 97% 1
uncultured cyanobacterium (1) GQ379408 AY222299.1 92% 1
Firmicutes
Bacillus (14) GQ379352 DQ093581.1 97% 1
GQ379389 DQ993305.1 98% 1
GQ379500 EU159488 96% 1
GQ379383 EU169603.1 94% 1
GQ379468, EU333886 89% to 1 1 1
GQ379580 and 98%
GQ379364
GQ379348 and EU596422.1 97% to 2
GQ379361 98%
GQ379387 EU876652.1 95% 1
GQ379602 and EU979528 96% 2
GQ379603
GQ379372 and FJ176468.1 95% to 2
GQ379386 96%
Carnobacterium (2) GQ379428 and EU344940.1 93% to 1 1
GQ379560 98%
Paenibacillus (4) GQ379482 AB271057 94% 1
GQ379350 AM745263.1 94% 1
GQ379464 AM921628 94% 1
GQ379381 EU558287.1 95% 1
Staphylococcus (1) GQ379363 EU807753.1 94% 1
Planctomycetes
Gemmata (1) GQ379599 X81957 93% 1
uncultured planctomycete (1) GQ379457 AY921761.1 92% 1
Verrucomicrobia
uncultured Verrucomicrobia bacterium (1) GQ379489 EU979055.1 94% 1
uncultured bacterium
uncultured candidate division OP10 GQ379554 AY192276 96% 1
bacterium (1)
uncultured bacterium (7) GQ379411 AY549545.1 95% 1
GQ379668 DQ017948.1 87% 1
GQ379537 DQ856525.1 97% 1
GQ379379 EU134604.1 93% 1
GQ379513 EU790024.1 94% 1
GQ379514 EU790057.1 95% 1
GQ379400 EU881323.1 91% 1
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http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=169640999&dopt=GenBank&RID=N1J1THBC016&log$=nucltop&blast_rank=6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=196166928&dopt=GenBank&RID=FT0W4UEX01R&log$=nucltop&blast_rank=2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=165988300&dopt=GenBank&RID=KZ6AKWA0016&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=157060717&dopt=GenBank&RID=FVR023DR011&log$=nucltop&blast_rank=2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=157170609&dopt=GenBank&RID=N1JZ1HCR016&log$=nucltop&blast_rank=24
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=111607207&dopt=GenBank&RID=FT7M9E8F014&log$=nucltop&blast_rank=3
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=46253473
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=9856905
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=209943977&dopt=GenBank&RID=M4ZANF4J016&log$=nucltop&blast_rank=15
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=134020726&dopt=GenBank&RID=AV4SR5TG015&log$=nucltop&blast_rank=3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=146141790&dopt=GenBank&RID=GY1D0WCT01R&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=163717447&dopt=GenBank&RID=8GJZSGPH014&log$=nucltop&blast_rank=4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=189312468&dopt=GenBank&RID=FT9EVP07014&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=208243634&dopt=GenBank&RID=M4ZNUG7201R&log$=nucltop&blast_rank=3
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=149364159
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=29423442&dopt=GenBank&RID=8GJHCNMV015&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=72538692&dopt=GenBank&RID=A0VKVJA3011&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=116739119&dopt=GenBank&RID=FT934JEW011&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=161511563
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=158144887&dopt=GenBank&RID=FT83JNHS011&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=164504844
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=183229593&dopt=GenBank&RID=A0US7ZZF01R&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=197091169&dopt=GenBank&RID=FT8UTH1N01R&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=196050372
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=206748363&dopt=GenBank&RID=FT4AKUX9016&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=164653367&dopt=GenBank&RID=A0TB0E7W014&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=113531182
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=150246971&dopt=GenBank&RID=A0V845FV011&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=164518358
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=188509999&dopt=GenBank&RID=FT7X8FU2014&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=193299689&dopt=GenBank&RID=AV0AXD0801R&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=914848
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=60266307&dopt=GenBank&RID=FT21VZH0016&log$=nucltop&blast_rank=2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=197360267&dopt=GenBank&RID=MZF8V93M01N&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=28435653
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=45386027&dopt=GenBank&RID=8GKCTPUW015&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=64330471&dopt=GenBank&RID=5FV5462901R&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=114159769&dopt=GenBank&RID=A0YYS3J7015&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=157500123&dopt=GenBank&RID=FT7JKJ95011&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=193221475&dopt=GenBank&RID=GYDJ8885011&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=193221508&dopt=GenBank&RID=GYDMM635011&log$=nucltop&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=194598089&dopt=GenBank&RID=FTB019F5014&log$=nucltop&blast_rank=1

Chapitre 4 :

Stimulation de difféerents groupes fonctionnels
microbiens par 'apport de résidus de blé et de
luzerne dans le sol, conséquences sur le

priming effect



Chapitre 4 : Processus de minéralisation du sol et implication de la composante microbienne

Comme indiqué dans I’introduction, I’apport de Matiére Organique Fraiche (MOF)
dans le sol, comme les résidus de culture dans les systemes cultivés, pourrait représenter une
pratique efficace pour maintenir le stock de C du sol et donc préserver les services
écosystémiques associés. Toutefois, 1’apport de MOF peut également induire une sur-
minéralisation des MOS par un phénomene appelé Priming-Effect (Fontaine et al., 2003 ;
Kuzyakov, 2010), dont I’importance peut dans certain cas se traduire par un bilan de C
négatif. Il apparait par conséquent important de progresser dans notre connaissance des
processus impliqués dans la dégradation des MOF d’une part, et dans le PE d’autre part afin
de parvenir a une gestion optimisée des apports de matiére organique dans les agrosystémes.
Des études ont montré que le PE dépend de la composition et de la concentration du substrat
frais apporté (Nottingham et al., 2009) ainsi que des propriétés du sol (Rasmussen et al,
2007). En revanche, bien que la diversité microbienne pourrait étre un parametre important
dans le contrdle du PE, de part I’implication de différents groupes fonctionnels microbiens
dans la décomposition respectivement des MOF et des MOS (Fontaine et Barot, 2005 ;
Waldrop et al., 2004), trés peu de données sont disponibles sur I’identité des microorganismes

impliqués et leur dynamique au cours du PE.

Les travaux présentés dans ce chapitre avaient pour objectifs de contribuer a
I’identification des acteurs microbiens impliqués dans la décomposition des MOF et dans le
PE en fonction de I’apport de résidus de culture présentant des caractéristiques biochimiques
contrastées. Dans ce contexte, nous avons réalisé une expérimentation en microcosmes de sol
dans lesquels nous avons incorporé des résidus de blé ou de luzerne marqués a plus de 90%
avec un isotope stable (**C). Ce marquage fort des résidus de culture nous a permis de mettre
en ccuvre la méthode d’ADN-SIP (Stable Isotope Probing) qui permet de caractériser
spécifiqguement, par des outils moléculaires, les communautés microbiennes impliquées dans
la dégradation des résidus (ADN 3C), et les communautés impliquées dans la dégradation de
la MOS native (ADN *2C) (Bernard et al., 2007). Au cours de I’expérimentation (120 jours
d’incubation a 20 °C), la respiration totale (C-CO;) ainsi que la minéralisation des résidus
(**C-CO,) ont été suivis. En paralléle, la biomasse microbienne a été mesurée par la
quantification des PLFA. Les structures génétiques des communautés bactériennes impliquées
dans la dégradation des résidus (fraction lourde) ou de la MOS native (fraction légére) ont été
caractérisées par la méthode de génotypage ARISA et la diversité taxonomique a été

déterminée par pyroséquencage du gene ARNr 16S.
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Chapitre 4 : Processus de minéralisation du sol et implication de la composante microbienne

Les différents objectifs de ce chapitre étaient :

- de déterminer la dynamique de la structure et de la composition taxonomique des
communautés bactériennes activement impliquées dans la décomposition des
résidus de blé et de luzerne d’une part, et dans la dégradation de la MOS native

d’autre part ;

- de relier les flux de carbone engendrés par ’apport des différents résidus de culture

(minéralisation du résidu et PE) aux dynamiques des communautés microbiennes.

Cette étude sera présentée sous la forme d’un article en préparation en vue d’une

publication dans un journal scientifique de rang A dont le titre est :

“Stimulation of different functional bacterial groups consecutively to inputs of wheat and

alfalfa residues in soil: consequences on the priming effect process”
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Chapitre 4 : Processus de minéralisation du sol et implication de la composante microbienne

Abstract

The turn-over of organic matter in soil is dependent on the activity of soil microbial
decomposers. However, little is known about how the structure and diversity of microbial
communities are impacted by Fresh Organic Matter (FOM) inputs and how the response of
soil microbial communities may determine carbon cycling in soil. In a microcosms
experiment, we investigated the decomposition of two **C labeled crop residues (wheat and
alfalfa) and the dynamics of the genetic structure and taxonomic composition of the bacterial
communities decomposing respectively **C labeled FOM and native unlabeled soil organic
matter (SOM). For this, we combined the Stable Isotope Probing method (SIP) with molecular
tools, i.e. Bacterial-Automated Ribosomal Intergenic Spacer Analysis (B-ARISA) to assess
the structure, and pyrosequencing of 16SrDNA genes to characterize the taxonomic
composition of these two bacterial functional groups. Alfalfa residues decomposed faster than
wheat residues and the mineralization of SOM was enhanced by residues addition. However,
the intensity of this Priming Effect (PE) depended on the biochemical quality of the residue
since the increase in soil carbon decomposition after 120 days of incubation corresponded to
220% and 343 % following the addition of wheat and alfalfa residues, respectively. In
parallel, different dynamics of the genetic structure and taxonomic composition of the FOM-
and the SOM-degrading communities have been evidenced during the decomposition process.
They suggest that different microbial mechanisms of PE induction may be implemented
depending on the degradability of the crop residues added into the soil, with important

consequences in terms of C-storage in soil.

Key words: bacterial community, SIP, crop residue, pyrosequencing, priming effect
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| - Introduction

Soil Organic Matter (SOM) is a major component controlling the ability of soil to deliver
agroecosystemic services. At a local scale, SOM plays a key role in soil fertility, aggregate
stability and erosion control. At a global scale, the increase of C storage in the form of SOM
may play an important role in fighting against the increase of greenhouse gas emission in the
atmosphere. The total emission of CO, from soils is recognized as one of the largest fluxes in
the global carbon cycle. As a consequence, small changes in the magnitude of soil respiration
could have a large effect on the concentration of CO, in the atmosphere (Schlesinger and
Andrews, 2000). The return of crop residue to soil is a usual agricultural practice and could
contribute to the sequestration of C in soil. However, when Fresh Organic Matter (FOM), as
crop residue, is supplied to the soil, only one part is humified and stored in soil. The other part
is mineralized leading to the release of CO; in atmosphere. Even if the increase of C storage
in SOM can contribute to reduce the global warming, the soil shouldn’t be considered as an
unlimited sink to C storage (Johnston et al., 2009). Moreover, adverse effect of carbon storage
may sometimes be benefic for other soil parameters. For example, a small decrease in SOM
due to rotational cropping has been shown benefic to the control of soil pathogens (Johnston
et al., 2009). Altogether, these considerations highlight that it is necessary to better understand

the processes involved in the decomposition of FOM as crop residue.

Microorganisms are major actors controlling the decomposition of organic matter in soil.
However, microbial diversity involved is still poorly understood. Indeed, most of the works
that aimed at studying the response of soil microbial communities to crop residue inputs have
mainly considered the bacterial and/or fungal biomass, or the microbial enzymatic and
metabolic activities (Bending et al., 2002; Gaillard et al., 1999; Gaillard et al., 2003; Griffiths
et al., 2001; Lundquist et al., 1999; Zelenev et al., 2005). It appears from those studies that the
inputs of crop residues in soil generally enhance the microbial biomass, mainly at the
beginning of decomposition of this FOM. Furthermore, stimulated enzymatic and metabolic
activities may be linked with the biochemical composition of crop residues. Recently, a few
studies focused on the dynamics of the structure and diversity of soil microbial communities
consecutively to crop residues addition and showed that successions of bacterial and fungal
communities occur during the degradation process (Bastian et al., 2009; Poll et al., 2010).
However, the taxonomic diversity of these microbial communities remains poorly known.
Recently, Baumann et al. (2009) and Notthingham et al. (2009) evidenced that different

dynamics of the structure of microbial communities occur during the decomposition of
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different C-compounds and related those differences of communities’ dynamics to the rate of
C-compounds mineralization. However, these studies take into account either inoculums of

microorganisms or the whole soil microbial diversity.

Considering that only a small part of the whole soil microbial diversity is active at a given
point in time and takes part in the decomposition of the crop residues added into the soil, it
may be suitable to target specifically the diversity of the microbial communities specifically
involved in the decomposition of crop residues. To target specifically this active subset of the
soil microbial communities, a recent technology has been developed, the DNA-SIP (Stable
Isotope Probing), that allows characterizing specifically the communities actively involved in
the decomposition of C-substrates labeled with stable isotopes (e.g., *C) (Radajewski et al.,
2000; Neufeld et al., 2006). This method has been used to identify soil microorganisms
actively involved in the degradation of labeled lignin, acetate, glucose or cellulose
(Padmanabhan et al., 2003), or labeled plants (Bernard et al., 2007). Another advantage to use
labeled molecules is the possibility to follow the mineralization of the labeled C substrate, but
also the mineralization of the native SOM and consequently to evaluate the importance of
processes such as the Priming Effect (PE, i.e. the increase of mineralization of the native
SOM following the addition of FOM into the soil) that may play an important role in the
carbon balance of soil (Bernard et al., 2007; Nottingham et al., 2009, Kuzyakov, 2010). PE is
a complex and bad known process. A few theories have been proposed to explain it
(Kuzyakov et al., 2000; Fontaine et al., 2003), but processes and particularly microbial
processes involved still need to be investigated. In this context, a better knowledge of the
dynamics of the FOM and SOM-degrading microbial communities during the PE may be a
decisive step since it is likely that PE is controlled by the activity and the dynamics of these

two microbial functional groups (Fontaine and Barot, 2005).

The aim of the present study was to characterize the dynamics of FOM- and SOM-
degrading communities as well as the kinetics of FOM and SOM mineralization following the
addition of two *C labeled crop residues harboring contrasted biochemical compositions
(wheat and alfalfa residues). Wheat and alfalfa residues have been incorporated into soil
microcosms and incubated for 120 days. The mineralization of crop residues and native SOM
during the incubation has been evaluated through the measurement of **C-CO, and *?C-CO,
respectively. The dynamics of the structure of the FOM- and the SOM-degrading
communities during the degradation process have been characterized by applying the B-
ARISA fingerprinting method respectively on the heavy (enriched **C-DNA) and light (**C-
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DNA) fractions of DNA directly extracted from amended microcosms. The taxonomic
composition of each functional group has been characterized by pyrosequencing of 16SrDNA
genes of the heavy and light DNA isolated from the amended microcosms to identify the
succession of bacterial populations/groups occurring during the degradation process and more

precisely the bacterial populations/groups possibly involved in the PE.
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Il - Experimental Procedures
1. Plant culture and **C-labelling

Residues of two different plant cultures were used: wheat (Triticum aestivum cv Caphorn) and
alfalfa (Medicago truncatula ec. J5). Seeds of wheat were germinated at 4°C in darkness and
seeds of alfalfa were germinated in 0.7% (w/v) water agar plates at 25°C in darkness. After
germination, each plant was sown and grown on mix of sand (1/4) and perlite (3/4) in an air-
tight chamber which allows accurate regulation of atmospheric gas composition and
environmental parameters (chambers developed and managed by the Groupe de Recherches
Appliquées en Phytotechnologie, CEA Cadarache, France). The day-night period was set at
8/16 and 14/10 for wheat and alfalfa plants respectively, photon flux rate were to 350 pmol.m"
25! for wheat and 300 pmol.m™.s™ for alfalfa, relative humidity were to 65% day/80% night
and 70% day/80% night for wheat and alfalfa respectively. The both plants were watering
with half diluted Hoagland’s nutrient solution and CO; concentration was maintained at
380p.1™%. The isotope excess of CO, as well as the partial pressure in the chamber were both
continuously monitored by Near Infrared Spectroscopy. Regulation was achieved by
automatic injection of pure (>99% atom 3C) *CO, (Purchased from CortecNet, Paris,
France). The isotope excess in the chamber was fixed: >80% atom **C during the first 10 days
and > 90% atom '3C thereafter. After sowing, wheat and alfalfa were harvested for 196 days
and 80 days respectively to obtain mature plants. Roots were separated from leaves (air part)
and then dried to use this last. Wheat was labeled with *C at 96% and characterized by a C/N
ratio of 78.2, and alfalfa was labeled with **C at 89% and characterized by a C/N ratio of 7.5.

2. Soil, microcosms set up and sampling strategy

The soil used was a calcareous silty-clay soil from the experimental farm of INRA Epoisse
(47.14°N, 5.06°E, Burgundy, France). Soil pHy2o was 6.7 and it contained 37.9 % clay
(<2um), 32.5% silt (2-20 pm); 23.7% silt (20-50 pm); 3.8% sand (50-200 um); 2.1% sand
(200-2000 pm); CaCOs< 1 g.kg™; 1.47% organic C and 0.15% total N, and C/N ratio was
11.1. It was collected from the surface layer (0-5cm) and sieved at 4 mm.

Microcosms were set up by placing 30 g of dry soil into 150-ml plasmas flasks
hermetically sealed. Soil microcosms were supplemented with sterile water to reach 80% of

the maximum water holding capacity. After a pre-incubation of one week at 20°C,
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microcosms were either amended with *C-residues of wheat or alfalfa crop (5mg.g™ of dry
weight soil) which were grind finely, or not amended (control). Soil microcosms were
incubated at 20°C in the dark for 120 days, with weekly aeration and verification of soil water
content to ensure optimal biological conditions. At TO (just after application of the
treatments), T3, T7, T14, T28, T60 and T120 days of incubation, triplicate microcosms from
each treatment (wheat, alfalfa and control microcosms) were sacrificed and soil was stored at
-80°C in 50 ml Falcon tubes for biological analyses.

3. Total and *C-CO, measurements

The gaseous phases of microcosms were sampled at T3, T7, T10, T14, T21, T28, T44, T60,
T75, T90, T105 and T120 days of incubation in 3ml Terumo evacuated blood collection tubes
for measurement of the CO, concentration and in 37 ml airtight flasks for determination of
carbon isotopic abundances. Samples were stored at room temperature before analysis. CO,
concentration was determined on a MT1 Analytical Instrument micro GC equipped with a
pora-PLOT Q capillary column and a Solid State Detector. Carbon isotopic enrichment was
determined by gas chromatography isotope ratio mass spectrometry (GC-IRMS) using a Trace
Gas interface coupled in continuous flow with a mass spectrometer VG Isochrom
(Micromass, Manchester, England). For CO, isotopic, a pure bottle (CO, > 99.999%, N48,
Air Liquide, France) was selected as an internal standard USGS-24 (8*3C = -16.0 + 0.1%o vs.
PDB). Gas samples were manually injected into the Trace Gas with an air gas syringe.

Amounts of excess *C percentage in the samples of gas were calculated using the equation:

Excess 2*C% = atoms *C % sample — atoms *C % reference

4. Extraction and purification of PLFA from soil

PLFA were obtained from fresh soil samples and prepared as described in Malosso et al.
(2004), then dissolved in 50 ul of hexane added with nonadecanoate (19:0) as internal

standard and analyzed by gas chromatography (SPB™

capillary column and a flame
ionization detector (FID)). Chromatograms were analyzed by reference to the Supelco™ 26
Components FAMEs mixture (concentration) to obtain assignments of the straight-chain

saturated fatty acids (FAs) 11:0, 12:0, 13:0, 14:0, 15:0, 16:0, 17:0, 18:0, 19:0, 20:0; the
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straight-chain mono-unsaturated FAs, 16:1o7c, 18:1®9c, 18:1w9t; the straight-chain double-
unsaturated FA, 18:2w6c, the cyclopropyl FAs, cy17:0 and cy19:0; the branched FAs, i15:0,
al5:0, i16:0, i17:0; and the hydroxyl FAs 10:0 20H, 12:0 20H, 12:0 30H ; 14:0 20H, 14:0
30H, 16:0 20H. The FID response was related to the molecular mass to obtain a quantitative
estimation of FA expressed in nmol PLFA g of soil (Steer and Harris, 2000). FAs were
considered as structural groups, with the strain-chain mono-unsaturated FAs indicative of
Gram-negative bacteria, the branched-chained FAs indicative of Gram-negative bacteria and
the straight-chained polyunsaturated FAs indicative of eukaryotes, including fungi (Zelles,
1999).

5. DNA extraction from soil

DNA was extracted from 3 x 1g of dry soil per microcosm following the DNA extraction
procedure of Bernard et al. (2007). Briefly, each gram of soil was mixed with 4ml of
extraction buffer (114 mM Tris pH 8, 114 mM EDTA pH 8, 400 mM NaCl and 2.28% SDS)
in a 10-ml bead-beating tube. Samples were then shaken for 1 min at 1600 r.p.m in the
presence of 2 g of 106 um diameter glass beads and eight beads of 2 mm diameter, further
incubated for 15 min at 70°C and vortex every 5 min, then centrifuged at 7000g for 5 min at
4°C. Supernatants collected were incubated 10 min on ice with 1/10 volume of 3 M potassium
acetate (pH 5.5) and centrifuged at 14000g for 5 min. After precipitation with one volume of
ice-cold isopropanol, the nucleic acids were washed with 70% ethanol, dissolved in 100ul of
RNase-free water and separated from humic substances by centrifugation through polyvinyl
polypyrrolidone minicolumns (BIORAD, Marne la Coquette, France). The three filtrates
resulting from the 3 x 1g nucleic acids extraction for each microcosm were pooled together.
Total DNA concentrations in each sample were fluorometrically quantified with Quant-iT
PicoGreen® dsDNA Assay Kit (Invitrogen, Cergy-Pontoise, France) following the

manufacturer’s instructions.

6. Isopycnic centrifugation and fractionation

An isotopic separation of extract DNA was carried out to obtain a heavy DNA fraction
contained *C-DNA and a light DNA fraction contained ?C-DNA (Bernard et al., 2007).

Density gradient centrifugation was performed in 6ml polyallomer UltraCrimp tubes
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(ThermoSCIENTIFIC, Courtaboeuf, France) in a TFT 70.38 fixed-angle rotor (Kontron,
Zurich, Switzerland). DNA was spun in CsCl gradients with an average density of 1.7 g ml™
(5.7g CsCl dissolved in 10mM Tris, 1 mM EDTA, pH 8) and centrifuged at 40000 r.p.m for
72h at 20°C. Centrifuged gradients were fractionated from the top of the tubes and carefully
pipetting. DNA concentrations of each fraction of gradient were fluorometrically quantified
with Quant-iT PicoGreen® dsDNA Assay Kit (Invitrogen, Cergy-Pontoise, France) following
the manufacturer’s instructions. Heavy and light DNA fractions were purified using the

GeneClean kit (QBiogene, Montreal, Quebec) following the manufacturer’s protocol.

7. Bacterial-Automated Ribosomal Intergenic Spacer Analysis fingerprinting

communities

The bacterial ribosomal IGS of heavy and light DNA fractions were amplified by PCR using
the primers S-D-Bact-1522-b-S-20  (small eubacterial ribosomic  subunit; 5’-
TGCGGCTGGATCCCCCTCCTT-3’), which was labelled at its 5’ end with the IRD800
fluorochrome, and L-D-Bact-132-a-A-18 (large eubacterial ribosomic subunit; 5°-
CCGGGTTTCCCCATTCGG-3’), as described by Ranjard et al. (2003). Fifty nanograms of
DNA were used as template in PCR. B-ARISA involved the use of a fluorescent-labeled
primer for PCR which is the IRD 800 dye fluorochrome (MWG SA Biotech, Ebersberg,
Deutschland) for the LiCor® DNA sequencer (ScienceTec, Les Ulis, France). For ARISA
fingerprinting, PCR products were loaded on a 3.7% polyacrylamide gel (acrylamide-N, N-
methylenebisacrylamide, 29: 1, BIORAD, Ivry sur Seine, France) and run under denaturing
conditions for 14 h at 1500V / 80W on a LiCor® DNA sequencer (ScienceTec, Les Ulis,
France). The software converted fluorescence data into electrophoregrams where peaks
represented PCR fragments. The height of the peaks was calculated in conjunction with the
median filter option and the Gaussian integration in 1D-scan, and represented the relative
proportion of the fragments in the total products. Lengths (in base pairs) were calculated by
using a size standard with bands ranging from 200 to 1659 bp. The standard was made by
PCR amplifications of different fragment sizes of phage M13 mp18 (Promega, Charbonnieres,

France).
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8. Pyrosequencing

To amplify a 16S rRNA gene fragment of the appropriate size and sequence variability for
454 pyrosequencing, the primers 495F (xxxxGTGCCAGCMGCNGCGG) and 773R
(xxxxCTACCNGGGTATCTAAT) were used and xxxx was designed for the sample
identification barcoding key recommended by the manufacturer (Beckman Coulter
Genomics). 2 ng of DNA aliquots of each sample were used for a 50 pl PCR reaction under
these conditions: 95°C for 3min, 30 cycles of 1 min at 95°C (denaturation), 55°C for 30 s
(annealing) and 72°C for 30 s (extension), followed by 5 min at 72°C. For each sample,
amplicons of five replicated PCRs were purified using a MinElute gel extraction kit (Qiagen,
Courtaboeuf, France) following the manufacturer’s protocol. On 300 ng per sample, adapter
sequences were added by the manufacturer and pyrosequencing was realized on a Genome
Sequencer FIx 454 (Beckman Coulter Genomics). The 16S rRNA fragments provided were
mainly between 250 and 300bp.

9. Phylogenetic assignment, alignment and clustering of 16S rRNA gene

fragments

On the about 70.000 sequences provided for each sample, only theses 5’ were conserved for
the phylogenetic assignment. Two automated analysis pipelines to investigate quality-checked
454 reads were used and were described in Stoeck et al. (2009). Briefly, the first pipeline was
for taxonomic assignment of 16S rRNA gene fragment. The 16S rRNA gene fragments were
phylogenetically assigned according to their best matches to sequences available in
GeneBank. Various threshold of percentage of similarity were tested and after an examination
of the relationships between threshold and qualities of taxonomic assignment, the 97%
similarity threshold was chosen for assigning a given tag to a taxon. The second pipeline was
dedicated to the clustering of tags at a given level of similarity and dereplication. According
to Stoeck et al. (2009) and Christen (personal communication), the sequences were cluster
when they have less three differences (k3) and the sequences remain only once (single
singleton) after this clustering were remove of the results, because they were considered as a

PCR or sequencing error.
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10. Statistical analysis

For gaseous and PLFA data, statistical treatments were conducted using two-ways ANOVA
and differences between with the Fischer test (P < 0.05). Theses statistical calculations were

carried out using XLSTAT software (Addinsoft, Paris, France).

For B-ARISA results, data obtained from the 1D-Scan software were converted into a
table summarizing the band presence (i.e peak) and intensity (i.e. height or area of peak) using
the PrepRISA program (Ranjard et al., 2001) under R software. This program allowed us to
choose the number of peaks (i.e. all detected populations versus the most dominant
populations), the profile resolution (between 1 and 10bp) and the method of evaluating peak
intensity (height or area). As described in a previous study, we used 100 peaks, 2bp resolution

and Gaussian peak area for a robust analysis of bacterial communities (Ranjard et al., 2003).

Covariance matrix (bacterial communities as rows and bands as columns) were
subjected to Principal Component Analysis (PCA), which provided an ordination of bacterial
communities in a factorial map based on the scores of the first two principal components. The
Monte Carlo test was performed with 1000 permutations to confirm the significance of the
discrimination of the genetic structures of the bacterial communities revealed by the PCA.
PCA and Monte Carlo test were performed using the ADE-4 package (Thioulouse et al.,
1997; Chessel et al., 2004) under R software.
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Figure 1V.1: C-CO, accumulated during the 120 days of incubation (a) corresponding to total
C-CO; accumulated in microcosms amended with alfalfa residues, wheat residues and in
control microcosms; (b) corresponding to the cumulative mineralization of alfalfa and wheat
residues (**C-CO,); (c) corresponding to the cumulative Priming effect calculated in
microcosms amended with alfalfa and wheat. Errors bars symbolize standard deviation

calculated on triplicates.
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1l - Results
1. Soil- and residues-C mineralization

Soil respiration rate was rapidly increased by the addition of alfalfa and wheat residues
compared to non amended control [Figure 1V.1.a]. Patterns of respiration were similar in both
amended treatments, characterized by an initial exponential increase during the first two
weeks of incubation, followed by a slowdown of the mineralization rate [Figure 1V.1.a].
Alfalfa induced the largest stimulation of total C-CO; release compared to wheat (p<0.01). At
the end of the incubation, 1.050 and 760 pg.g™ soil C-CO, were emitted for alfalfa and wheat
respectively. Analysis of the carbon isotopic enrichment of total CO, fluxes allowed
discriminating between CO, originating from the mineralization of the residues (labelled
3C0,) and of native SOM (non labelled *?CO,). Mineralization of alfalfa and wheat residues
followed the same dynamics, consisting in an initial exponential phase during the first two
weeks of incubation, followed by a slowdown of *C-CO, release between T14 days and T28
days, and finally a weak mineralization until the end of the incubation [Figure IV.1.b]. Alfalfa
residues decomposed significantly faster than wheat residues (p<0.01) since we estimated
from the amounts of **C-CO, accumulated that about 21% and 9% of alfalfa and wheat
residues respectively were mineralized at T28 days, and about 28% and 17% at T120 days. As
observed for labelled *3*C-CO,, a significant stimulation of the release of non labelled *?C-CO,
(data not shown) also occurred in both alfalfa and wheat treatments during the incubation
compared to control. This pointed to a Priming Effect (PE) of native SOM, the degree of
which appeared to be significantly related to the quality of the fresh organic matter supplied
(p<0.01) [Figure IV.1.c]. More precisely, comparison of the *?C-CO, (C-COstot - *C-CO,)
released from the amended treatments to the C-CO, evolved from control evidenced that a
priming effect [Figure 1V.1.c] occurred mainly during the first month of incubation. The
increase in soil mineralization represented 139 pgC.g™ soil and 338 pgC.g™ soil 28 days after
wheat and alfalfa addition, and 160 pgC.g™ soil and 325 pgC.g™ soil after 120 days of

incubation, corresponding 220% and 343 %.

2. Microbial biomass

The influence of crop residue incorporation on soil microbial biomass was determined by

analysing the changes in soil fatty acid (PLFA) content [Table 1V.1]. Compared to the non
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Table 1V.1: Microbial C-biomass and contribution of fungal PLFA determined by analysis of

the soil fatty acid (PLFA) content in control microcosms and microcosms amended with
wheat and alfalfa residues at T3, T14, T28 and T120 days. n.d. for non determined.

Control Wheat Alfalfa
- ‘ Microbial Contribution Microbial Contribution Microbial Contribution
ime 0
cubati biomass (nmol of fungal biomass (hmol of fungal biomass (hmol of fungal
incubation
PLFA g*soil) PLFA (%) PLFA g*soil) PLFA (%) PLFA g*soil) PLFA (%)
T3 54+19 n.d. 5,03+ 1,06 0,32 2524+79 6,7
T14 45+37 n.d. 9,44 + 4,07 n.d. 2159+15 2,3
T28 122+19 n.d. 30,18 + 4,89 0,43 31,38 £ 10,7 3,1
T120 6,6 +0,5 n.d. 4,77+ 2,25 n.d. 43+£2]1 n.d.
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amended control microcosms, the addition of crop residues led to a significant increase in
microbial biomass regardless of the type of residue. However, the stimulation of microbial
biomass occurred earlier and was higher for alfalfa compared to wheat. In the case of alfalfa,
microbial biomass reached high values that remained stable from T3 to T120 whereas the
addition of wheat residues induced a slow and progressive stimulation of microbial biomass
that reached a maximum of 31 nmol PLFA.g™ soil only at T28 days. For alfalfa and wheat
treatments, the stimulation of microbial biomass was transient since it was followed by a

decrease to the level of the control at T120 days.

Analysis of the contribution of fungal PLFA to total PLFA measurements indicated that
the microbial biomass was highly dominated by bacteria during the incubation in all the 3
treatments, with the 18:206,9 FA indicative of fungi, representing less than 6.7 % of the
identified PLFA all the incubation long [Table IV.1]. However, results showed that the
contribution of the fungal biomass was significantly increased during the first steps of
decomposition in the alfalfa amended microcosms compared to the control and wheat

amended treatments, with a maximum of 6.7 % observed at T3.

3. Genetic Structure of bacterial communities

Bacterial-ARISA fingerprinting was performed on heavy and light DNA fractions to
characterize the dynamics of the populations respectively involved and not involved in the
decomposition of **C-labelled residues. Principal Component Analysis (PCA) of B-ARISA
profiles showed that both wheat and alfalfa residues input induced the stimulation of
particular active bacterial communities since for each sampling date, the corresponding heavy
and light factions were significantly discriminated on the factorial maps (confirmed by Monte
Carlo test, 1000 permutations) [Figure IV.2.a and b]. Regarding more precisely the genetic
structure of the bacterial communities considered not involved in the degradation of residues
(light fraction), no dynamics was observed in the wheat treatment with all the sampling dates
grouping on the factorial map [Figure 1V.2.a]. Contrastingly, a significant dynamics was
observed in the alfalfa treatment, mainly represented by the discrimination between an early
(T3, T7, T14) and a late (T28, T60, T120) phase which occurred both on axis 1 and 2 which
explained 25% and 19% of variability respectively (confirmed by Monte Carlo test) [Figure
IV.2.b].
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fraction, the grey labels represent light fraction. Numbers represent days of incubation.
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Considering the genetic structure of the bacterial communities actively involved in the
degradation of the crop residues (FOM degrading communities) (heavy fraction), a similar
pattern of community dynamics was observed for both residues [Figure 1V.3], characterized
by a highly dynamic phase between T3, T7 and T14 followed by a slowdown of communities
modifications from T28 to T120. Comparison of active bacterial communities between wheat
and alfalfa treatments evidenced that different communities were stimulated depending on the
biochemical quality of the residue added since wheat and alfalfa were always discriminated
on the factorial map whatever the date considered. In addition the quality of the residue also
influenced greatly the amplitude of the modifications of the genetic structure of the FOM

degrading bacterial communities during decomposition, with wheat > alfalfa.

4. Taxonomic composition of bacterial communities

The influence of the biochemical composition of the crop residues on the dynamics of the
bacterial populations during decomposition was assessed by elaborating thirteen 16S rRNA
gene soil tag libraries using pyrosequencing technology from light DNA light DNA fraction
of control at T3, and from both light and heavy fractions extracted from wheat and alfalfa
amended microcosms at T3, T14 and T60 days, respectively. A total of 587.348 sequences
have been obtained (average length 250bp), representing an average size of 50 000 sequences

for each tag library.

Shannon diversity (H) indices were calculated for each tag library [Table 1V.2].
Results suggested that the bacterial communities were more diversified in the wheat treatment
compared to the alfalfa treatment since H values observed at each date were always higher for
wheat than for alfalfa whatever the fraction considered. Furthermore, whatever the date,
bacterial diversity recorded from the heavy fraction was always lower compared to the
corresponding light fraction, indicating that the FOM degrading bacterial communities were
less diversified than the corresponding SOM degrading communities. This discrepancy
between the heavy and light fractions was particularly important at T3 for both Wheat (H=5
vs H=6.01) and Alfalfa (H=4.55 vs H=5.64), indicating a strong decrease of the diversity of
bacterial communities degrading the crop residues during the first steps of decomposition.
This decrease was mainly due to a strong decrease of the richness in the heavy fraction (2012
vs. 1179 OTU detected in the light and heavy fractions of the wheat treatment; and 1840 vs.
909 OTU detected in the light and heavy fractions of the alfalfa treatment at T3 days of
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Figure 1V.3: Principal Component Analysis (PC1xPC2) plots generated from B-ARISA
profiles obtained from the heavy fraction of wheat and alfalfa amended microcosms. The
black labels represent the wheat treatment and the grey labels represent the alfalfa treatment.

Numbers represent days of incubation.
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incubation), suggesting that the FOM-degrading communities were dominated by a few OTU
during the first steps of the decomposition of the crop residues. For both residues, an increase
in diversity occurred during the degradation in the two fractions, with a major increase
observed for the heavy fraction. The increase of diversity during the decomposition of the
residues was also supported by rarefaction analysis [Figure 1V.S1, supplemental data].
Interestingly, the rarefaction curves were close to raise the plateau, indicating that the size of
the 16SrRNA libraries was sufficient to ensure a good coverage rate of the diversity for all the

samples analyzed.

Examination of the taxonomic affiliation of the bacterial sequences in the 13 clone
libraries revealed a broad diversity, with 266 different genera detected. Most of those genera
(87% of all the identified sequences) were distributed in nine major bacterial phyla:
Acidobacteria (22.9% of all sequences), Actinobacteria (2.8% of all sequences),
Bacteroidetes (8.2% of all sequences), Chloroflexi (1.4% of all sequences), Firmicutes (8.7%
of all sequences), Gemmatimonadetes (6% of all sequences), Planctomycetes (3.5% of all
sequences), Proteobacteria (27.5% of all sequences), Verrucomicrobia (5.9% of all
sequences) [Table I1V.3].

At each date and for each residue, the phylogenetic fingerprints of the communities in
the light fractions were close to the control and were distinct from the communities in the
corresponding heavy fractions [Figure 1V.4.a]. This confirmed B-ARISA data and evidenced
particular genetic characteristics of the bacterial communities actively decomposing crop
residues. Difference between the heavy and the light fractions was the main parameter
discriminating all the libraries on the first axis of the factorial map. Such discrimination on
the first axis was mainly attributed to an increase of the relative proportion of Proteobacteria
in the heavy fractions and a more important proportion of Acidobacteria, and to a lesser
extends of Verrumicrobia, in the light fractions as well as in the control [Figure IV.4.b].
Interestingly, the discrimination between dates, residues and fractions observed at the phylum
level was the same at finer phylogenetic levels (class, order, family, genus, data not shown),
indicating that the phylogenetic fingerprint of the communities was impressed at this coarse

taxonomic level (Youssef and Elshahed, 2009).

Considering the heavy fractions, the T3 libraries were highly discriminated between the
two residues, mainly explained by a high abundance of Firmicutes for wheat (46% of all

sequences retrieved in the heavy fraction of the wheat treatment at T3 days of incubation) and
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Table IV.2: Shannon diversity (H) indices calculated for bacterial communities of control,
and for bacterial communities in the heavy and the light fractions of wheat and alfalfa

treatments at T3, T14 and T60 days. n.m. for no measure.

Control Wheat Alfalfa
Light fraction  Heavy fraction  Light fraction = Heavy fraction
T3 5,62 6,01 5 5,64 4,55
T14 n.m 6,53 6,17 6,19 5,93

T60 n.m 6,6 6,29 6,54 6,38
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of Proteobacteria for alfalfa (65% of all the sequences retrieved in the heavy fraction of the
wheat treatment at T3 days of incubation). This highlighted that the addition of fresh crop
residues strongly stimulated particular bacterial groups actively involved in their degradation
and that the identity of these groups was highly dependent on the biochemical quality of the
residues during the first steps of the degradation process. At T14 and T60, the composition of
the active communities was closer between wheat and alfalfa, dominated by bacteria

belonging to the Proteobacteria phylum (mainly the a-, B-, and y-subgroups).

Phylogenetic fingerprints obtained from the light fractions of the wheat treatment were
close to the control and did not show a strong dynamics between the three sampling dates
[Figure 1V.4.a], suggesting that no major population dynamics occurred in this fraction during
the incubation, in agreement with B-ARISA data. Contrastingly, we observed an important
dynamics of the light fraction of the alfalfa treatment suggesting important modifications of
the native SOM-degrading communities during the incubation. At T3 days of incubation,
most of the discrimination was explained by a more important proportion of sequences
affiliated to the Firmicutes and Bacteroidetes groups compared to the other sampling dates
[Figure IV.4.b; Table I1V.3].

The Bacteroidetes phylum was stimulated by the addition of crop residues, as
evidenced by comparing the amended microcosms with the non amended control microcosms.
However, they were always more represented in the light factions compared to the heavy
fractions [Table 1V.3]. A stimulation of the Firmicutes phylum following the addition of crop
residues was also observed in the light and in the heavy factions for both amended treatments.
Excepted for the heavy fraction of the wheat treatment at T3, this stimulation was globally
more important for the alfalfa treatment at T3 and T14, with an average of 15% of all the
sequences detected. At T60, the proportion of the Firmicutes group decreased strongly in the
alfalfa treatment (2% of all sequences in the light and heavy fractions, respectively) whereas it
remained stable in the wheat treatment (6% of all sequences in the light and heavy fractions,

respectively).
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Table IV.3: Taxonomic affiliation at the phylum level of the bacterial sequences determined for the control at T3, and for both light and heavy fractions

extracted from wheat and alfalfa amended microcosms at T3, T14 and T60 days, respectively. Only the nine major bacterial phyla are represented.

Acidobacteria Actinobacteria Bacteroidetes Chloroflexi Firmicutes Gemmatimonadetes Planctomycetes Proteobacteria Verrucomicrobia

Control T3 light fraction 37,8% 1,2% 4,2% 0,6% 0,0% 4,9% 4,4% 14,8% 14,7%
Wheat T3 heavy fraction 15,2% 2,8% 1,1% 0,2% 44,3% 3,1% 1,7% 23,3% 3,0%
light fraction 38,5% 2,9% 1,6% 0,4% 10,2% 5,7% 5,9% 15,6% 7,0%

T14 heavy fraction 13,4% 3,1% 3,3% 2,2% 9,8% 6,9% 1,6% 48,2% 2,8%

light fraction 28,6% 2,9% 6,2% 0,9% 4,4% 7,7% 4,0% 21,5% 8,1%

T60 heavy fraction 15,6% 2,6% 6,2% 2,1% 5,0% 10,1% 1,5% 41,7% 4,5%

light fraction 21,6% 3,4% 12,2% 1,1% 4,9% 9,4% 3,4% 23,7% 6,4%

Alfalfa T3 heavy fraction 1,3% 8,2% 5,4% 0,0% 17,3% 1,2% 0,5% 63,6% 0,7%
light fraction 13,8% 2,3% 19,0% 0,3% 18,1% 7,4% 3,2% 24,6% 3,5%

T14 heavy fraction 18,5% 1,4% 3,2% 4,8% 10,4% 3,3% 5,3% 34,0% 5,3%

light fraction 37,5% 1,3% 7,2% 0,7% 12,1% 2,5% 5,0% 7,8% 6,7%

T60 heavy fraction 15,1% 2,6% 7,7% 2,9% 1,7% 6,2% 3,1% 44,7% 3,0%

light fraction 21,2% 3,0% 17,4% 1,4% 2,1% 5,5% 3,4% 23,8% 6,5%
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IV - Discussion

Addition of FOM in soil may represent a suitable practice to maintain the stocks of soil
organic carbon and consequently to preserve the associated ecosystem services. However,
improved knowledge about the processes involved in the degradation of FOM and in the
impact of FOM addition on SOM degradation (PE) is required to better manage organic
inputs. Here, we performed a microcosm experiment involving the use of *C labelled wheat
and alfalfa residues to identify the microbial populations/groups involved respectively in the
decomposition of FOM and SOM. We hypothesized that the dynamics of the structure and
composition of these two functional groups may be dependent on the quality of the FOM
added (wheat and alfalfa residues) and that the differences of communities stimulated
between wheat and alfalfa may explain for the differences of crop residues and SOM

mineralization observed between the two amended treatments.

1. Decomposition of plant residues

The decomposition of crop residues occurred during the 120 days of incubation. However,
most of the degradation was observed during the first two weeks of the incubation. The
patterns of mineralization observed in our study were in agreement with other authors
(Cayuela et al., 2009, Xu et al., 2006) who showed similar dynamics after the incorporation of
different plant residues into the soil. High and transient mineralization rates observed during
the first weeks after the incorporation of the crop residues into the soil may be explained by
the release and decomposition of easily degradable compounds during the first steps of the
decomposition process, followed by the establishment of limiting conditions due to nutrient
depletion (Cayuela et al., 2009, Nicolardot et al., 2007).

As estimated from the amounts of '*C-CO, released, the quantity of residue
decomposed was different between wheat and alfalfa, with alfalfa decomposing faster than
wheat (28% of incorporated alfalfa vs. 17% of incorporated wheat decomposed at T120). This
may be explained by difference in the C/N ratio between alfalfa (C/N: 7.5) and wheat (C/N:
78.2), as well as in the content of easily degradable carbon compounds between the two
residues, hence conferring wheat residues a lower degradability compared to alfalfa residues
(Xu et al., 2006; Nicolardot et al., 2001; Henriksen and Breland, 1999). This is supported by

PLFA data indicating a significant increase of microbial biomass in the alfalfa treatment
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Figure 1V.4: Principal Component Analysis (PC1xPC2) plots generated from (a) sequences
obtained from light DNA fraction of control at T3, and for both light (grey labels) and heavy
(black labels) fractions extracted from wheat and alfalfa amended microcosms at T3, T14 and
T60 days, respectively; (b) from phylum illustrative of the repartition of taxonomic diversity
observed in (a). In (a) the black labels represent the **C fraction and the grey labels represent

the 2C fraction.
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compared to wheat and control treatments. Alternatively to chemical composition, wheat
residues decomposition may also have been limited by a sub-optimal N availability since no
N has been added to the soil in our study (Henriksen and Breland, 1999b).

An increase of the decomposition of the native SOM was observed in the wheat and
alfalfa amended microcosms compared to the control, indicating that a PE occurred
consecutively to crop residues addition into the soil (Fontaine et al., 2003). This finding was
in agreement with a growing number of studies that evidenced an increase of the rate of soil C
mineralization and the total amount of C mineralized following the addition of plant residues
into the soil (Bernard et al., 2007; Kuzyakov, 2010; Waldrop and Firestone, 2004; Bell et al.,
2003; Nottingham et al., 2009). PE was particularly important during the first two weeks of
the incubation. It persisted over 28 days in the alfalfa treatment and 120 days in the wheat
treatment. This discrepancy may be explained by the higher decomposition kinetics of alfalfa
residues compared to wheat residues. We measured a 220% and 343 % increase in soil C lost
from SOM compared to the control following respectively wheat and alfalfa incorporation
into the soil. These results indicated that SOM mineralization can be greatly stimulated by
plant residues addition and that intensity and duration of PE depend from the composition of
the substrate (Kuzyakov, 2010, Nottingham et al., 2009). As evidenced by PLFA
measurements, microbial biomass was highly dominated by bacteria in all the 3 treatments,
maybe because the soil originated from a cropped field that was regularly submitted to tillage.
However, a significant increase of the relative contribution of fungal PLFA to total PLFA
occurred during the first week following alfalfa addition. Such increase may explain in part
the higher PE observed in the alfalfa microcosm during the first weeks of incubation
compared to the wheat treatment, in agreement with Bell et al. (Bell et al., 2003) that
observed a positive correlation between the intensity of the PE and the increase of the
fungal/bacterial ratio following the addition of crop residues into the soil.

2. Dynamics of the genetic structure of bacterial communities assimilating C

derived from indigenous SOM or labeled crop residues

The input of crop residues induced different dynamics between the communities involved in
the decomposition of the SOM and the FOM, as shown by the different patterns of
communities’ dynamics observed between the light and the heavy DNA fractions for the

wheat and the alfalfa treatment, respectively. This confirmed the specificity and sensitivity of
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the DNA-SIP approached used to target the microbial populations actively involved in the
degradation of labeled C-compounds in soil (Chen and Murrell, 2010; Bernard et al., 2007,
Neufeld et al., 2006).

Addition of wheat and alfalfa residues into the soil induced a strong dynamics of the
FOM-degrading communities (heavy fraction). Such dynamics suggested that successions of
bacterial populations occurred during the degradation of both residues in soil, in agreement
with other authors that evidenced similar successions during the decomposition of various
plant residues in soil (Bastian et al., 2009, Bernard et al., 2007). These successions may be
explained by the increase of the recalcitrance of the crop residues during decomposition (due
to the fast degradation of soluble easy degradable C compounds during the initial stages of
residues decomposition) together with the lower species richness of microorganisms with the
enzymatic capacities for macromolecular C (e.g. lignin) degradation compared to
microorganisms with the enzymatic capacities for simple C (e.g. sugars and amino acids)
degradation (Schimel and Gulledge, 1998). This is supported by greater amplitude of the
modifications of the genetic structure of the bacterial communities observed during wheat
decomposition compared to alfalfa which may result from the higher recalcitrance of wheat
compared to alfalfa, hence requiring succession of more specialized populations for their
degradation. However, most of the communities dynamics occurred during the first month of
the incubation (TO to T28 days) whatever the residue, suggesting that the dynamics of the
FOM-degrading communities may be mainly attributed to copiotrophic fast growing
populations (i.e. r-strategists) that take advantage of the easy degradable C-compounds that
are decomposed at the beginning of the degradation process (Nottingham et al., 2009;
Rasmussen et al., 2007; Bernard et al., 2007; Fierer et al., 2006). This is supported by the

peaks of decomposition observed for the two residues during the first weeks of the incubation.

Wheat residues did not induce any significant dynamics of the structure of the
communities not involved in residues decomposition (light fraction). This suggested no
significant influence of wheat addition on native SOM-assimilating communities, which was
not in agreement with Bernard et al. (Bernard et al., 2007) who observed a dynamics of the
light DNA fraction extracted from microcosms amended with wheat residues 7 days after
incorporation. However, this discrepancy may be explained by a difference of maturity
between the wheat residues used by Bernard et al. (Bernard et al., 2007), which were green
residues originating from young wheat plants with low C/N ratio and high easy degradable C-

compounds content, and the wheat residues used in our study that were mature residues
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harboring a high C/N ratio and a low easy degradable C-compounds content. This is
consistent with the stimulation of SOM-degrading communities observed in the alfalfa
amended microcosms, characterized by a two steps pattern represented by an early (TO to
T28) and a late (T60 to T120) phase following residues decomposition. As a consequence, we
propose that the discrepancy observed between wheat and alfalfa treatments may be explained
by the difference of degradability between the two residues. From the one hand, the weak
degradability of wheat residues may have limited the growth of the FOM-degrading
communities, due particularly to N-limiting conditions and small content of soluble C (Knapp
et al., 1983), and may have consequently lowered the production of extracellular enzymes by
those communities (Schimel and Weintraub, 2003). As a consequence, extracellular
enzymatic pool produced by FOM-decomposers may have not been enough to induce also a
decomposition of SOM sufficient to stimulate a significant dynamics of SOM-decomposers.
On the other hand, the good degradability of alfalfa residues may have offered the FOM-
degrading communities optimal conditions to grow. This is supported by the high degradation
rate as well as the increase of microbial biomass measured after alfalfa residues addition into
the soil compared to the wheat treatment. Highly stimulated FOM-decomposers may have
synthesized an abundant pool of extracellular enzymes to decompose FOM, which may have
significantly attacked also the SOM pool with consequences in terms of dynamics of the
structure of SOM-degrading communities (Fontaine et al., 2003).

3. Diversity and taxonomic composition of the bacterial communities assimilating

C derived from native SOM or labeled crop residues

Evaluation of the soil bacterial diversity through the calculation of diversity index is often
problematic because of the small size of the 16S rRNA libraries generally performed in most
of the current studies in microbial ecology. This is due in part to technical limitations since
the PCR-cloning-sequencing strategy currently used is expensive and time-consuming. To
overcome this limitation, we used the newly developed massif pyrosequencing technology
that allows obtaining large size 16S rRNA libraries suitable for microbial diversity analyses
(Youssef and Elshahed, 2009). By this way, we explored the taxonomic composition of FOM-
and native SOM-decomposing bacterial communities during the degradation of wheat and
alfalfa residues in soil. Results obtained evidenced significant changes in OTU abundance

during the decomposition of crop residues (particularly in the heavy fractions of wheat and
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alfalfa amended microcosms), which was consistent with a progressive and orderly pattern of
community development referring to the concept of species succession that is commonly
employed to explain community dynamics in aboveground terrestrial plan communities
(Mclntosh and Odum, 1969).

The phylogenetic fingerprint of the communities in the control was close to the light
fractions of the amended microcosms compared to the heavy factions that were strongly
different, in agreement with B-ARISA data exposed above. Discrimination of the heavy
fractions from the control and the light fractions were mainly attributed to an increase of the
relative proportion of Proteobacteria (a-, B-, y- subgroups) in the heavy fractions and a more
important proportion of Acidobacteria and Verrumicrobia, in the control and the light
fractions. Bacteria belonging to the Acidobacteria and Verrumicrobia groups are common soil
bacterial communities (Youssef and Elshahed, 2009; Barns et al., 1999). However, they are
difficult to isolate using traditional culturing techniques (Jones et al., 2009). This suggests
that these organisms may be oligotrophs (k-strategists) that utilize complex carbon substrates
that are more likely to be present in the native SOM, which may explain the important relative
contribution of these groups in the control and the light fractions. This is in agreement with
Nemergut et al. (2007) who detected more Acidobacteria and Verrumicrobia in older soils by
analyzing microbial community succession in an unvegetated, recently deglaciated soil. In
other respect, this is in agreement with Fierer et al. (2007a) who observed a negative
correlation between Acidobacteria abundance and C mineralization rate in soil; and also with
Cleveland et al. (2007) who observed a decrease of the relative abundance of Acidobacteria
following the addition of dissolved organic matter into the soil. On the other hand, the
important contribution of sequences affiliated to the Proteobacteria retrieved in the heavy
fractions suggested that these organisms may be copiotrophs (r-strategists) that utilize simple
carbon substrates that are more likely to be present in the added FOM. This is in agreement
with other authors reporting an increase of this group in rhizospheric soils (Fierer et al.,
2007a) as well as following addition of plant residues into the soil (Pascault et al., in press;
Bernard et al., 2007; Aneja et al., 2006).

The Shannon index values calculated for each clone library indicated that the FOM-
degrading communities (heavy fractions) were less diversified than the native SOM-
degrading communities (light fractions) and that the difference between the two fractions was
particularly important during the first week of the incubation. This result was in agreement

with Bernard et al. (2007) who observed a similar lower diversity in the heavy fraction of
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microcosms amended with labeled *3C wheat residues compared to the light fraction. In our
study, such decrease of diversity was explained by a significant decrease of the richness
together with an increase of the dominance of a few bacterial phyla in the heavy fractions
compared to the light fractions of the amended microcosms. This was in agreement with the
higher proportion of Proteobacteria retrieved in the heavy fractions, suggesting that the
FOM-degrading communities are dominated by an opportunistic subset of the soil microbial
community developing quickly on the easy degradable C-compounds of the FOM. In other
respect, this was in agreement with B-ARISA data that suggested fast successions of FOM-
degrading bacterial populations during the first steps of the decomposition of wheat and

alfalfa residues.

The dominant groups of FOM-degrading bacteria stimulated at the beginning of the
degradation process depended on the crop residue added, suggesting a strong influence of the
quality of the residues on the FOM-degrading communities during the first steps of the
degradation process, in agreement with B-ARISA results. More precisely, at T3 days of
incubation, sequences affiliated to the Firmicutes phylum represented almost 50% of all the
sequences detected in the wheat treatment whereas the Proteobacteria phylum was highly
dominant in the alfalfa treatment with 65% of all the sequences detected. The stimulation of
Firmicutes in the heavy fraction of the wheat treatment was transient since the proportion of
this group decreased greatly at T14 and T60, replaced by the Proteobacteria that became
highly dominant. Firmicutes and Proteobacteria are both described as fast growing
copiotrophs that are stimulated in C-rich environments (Cleveland et al., 2007; Fierer et al.,
2006), which is consistent with their stimulation in the active fraction of the microbial
community following C-substrate addition. However, the difference observed between wheat
and alfalfa treatments at T3 days of incubation suggested a difference of ecological optimum
between these two groups depending on the nature of the C-substrate available. Based on the
difference of biochemical composition between wheat and alfalfa, it can be hypothesized that
the high stimulation of Firmicutes may reflect a stronger competitiveness of this bacterial
group for the decomposition of more recalcitrant FOM like wheat residues compared to
Proteobacteria. Activity of Firmicutes during the first steps of the decomposition process
may have modified wheat residues both physically (increase of the surface contact between
the soil and the residues) and biochemistrically (simplification of complex C-compounds),
creating conditions favorable to the growth of Proteobacteria which may be more competitive

for the decomposition of more easy degradable C-compounds. This hypothesis is consistent
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with the stimulation of the Firmicutes also observed in the SOM-degrading communities, as
well as the highest stimulation of Proteobacteria measured in the heavy fractions for the
alfalfa treatment compared to the wheat treatment. In other respect, it is consistent with the
lack of response of the Firmicute phylum to the addition of sucrose into the soil (Fierer et al.,
2007a), and also with the stimulation of the - and y- subgroups of Proteobacteria observed

following inputs of low molecular weight carbon to soil (Eilers et al., 2010).

4. Relationship between the dynamics of the microbial communities and the
priming effect

The priming effect has been described 60 years ago by Bingemann et al. (1953). However,
even if hypothesized (Fontaine et al., 2003), the involvement of the microbial diversity in this
process is still poorly understood. Here, we observed a strong difference of the intensity of the
PE between the wheat and the alfalfa treatments, in agreement with other authors that
highlighted the influence of the composition of the FOM on the induced PE (Nottingham et
al., 2009, Waldrop and Firestone, 2004). In the same way, we observed important differences
of the dynamics of the FOM- and SOM-degrading bacterial communities between the wheat
and alfalfa treatments, which may explain the higher PE observed in the alfalfa treatment
compared to the wheat treatment.

B-ARISA results highlighted that the influence of crop residues inputs on the structure
of the FOM- and the SOM-degrading bacterial communities depended on the biochemical
characteristics of the residues. From the one hand, both wheat and alfalfa residues induced a
rapid dynamics of the structure of the FOM-degrading communities, suggesting the
stimulation and rapid successional of copiotrophic populations at the beginning of the
degradation process. This was in agreement with the pyrosequencing data that evidenced a
strong dominance of copiotrophic bacterial groups in the heavy fractions of the two amended
treatments at T3days of incubation, with the Firmicutes phylum dominating the wheat
degrading communities and the Proteobacteria phylum dominating the alfalfa degrading
communities. From the other hand, a stimulation of the structure of the native SOM-degrading
communities was observed only in the alfalfa treatment. This discrepancy in the response of
the light fraction between the alfalfa and the wheat treatments may be explained by a higher
stimulation of copiotrophic populations by the easy degradable alfalfa residues compared to

the more recalcitrant wheat residues (cf. PLFA results), together with the difference of
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diversity of the FOM-degrading communities stimulated between the two residues (cf.
pyrosequencing data at T3 days of incubation). Consequently, the pool of extracellular
enzymes synthesized by the FOM-degrading communities to decompose crop residues may
have been major in the alfalfa treatment compared to the wheat treatment (Schimel and
Weintraub, 2003). As a consequence, it may have also significantly helped the decomposition
of the native-SOM, which may explain the dynamics of the light fraction and the higher PE
observed in the alfalfa treatment (Bernard et al., 2007; Fontaine et al., 2003, Fontaine and
Barot, 2005). In our study, the implementation of this mechanism of PE induction in the
alfalfa treatment, previously described by Fontaine et al. (2003) as “mechanism 17, is
consistent with the stimulation of the Firmicutes and Bacteroidetes phyla observed in the light
faction of the alfalfa treatment during the first steps of the degradation process. These
copiotrophic phyla may have been stimulated by the simplification of native-SOM by the
extracellular enzymatic pool of the FOM-degrading communities and may consequently be
directly involved in the PE. Bernard et al. (2007) also observed this mechanism following
green wheat residues input in soil, suggesting that it may be particularly important following
the inputs of easy degradable plant residues. Interestingly, our results suggest that not only
oligotrophic populations/groups may be responsible for the PE (Fontaine et al., 2003; Bernard
et al., 2007), but that “specialized” copiotrophic populations may also be significantly
involved (i.e. fast-growing bacterial populations able to decompose complex C-compounds).

Pyrosequencing data showed that copiotrophic groups dominated the FOM-degrading
communities in the two amended treatments. However, they also evidenced that a significant
number of sequences affiliated to oligotrophic bacterial groups such as the Acidobacteria, the
Verrumicrobia, and the Gemmatimonadetes phyla (Nemergut et al., 2007) were retrieved in
the heavy fractions [Table 1VV.3]. This labeling of oligotrophic populations suggested that they
may be competitive and consequently stimulated by the polymerized FOM compounds. A
direct consequence may be the increase of the decomposition of the native-SOM by a co-
metabolism process (Fontaine et al., 2003; Fontaine and Barrot, 2005). This mechanism of PE
induction, described by Fontaine et al. (2003) as “mechanism 2”, may have been activated
during all the incubation in the wheat treatment since the three oligotrophic groups mentioned
above represented together 22%, 24%, and 33% of all the sequences detected in the heavy
fraction at T3, T14, and T60 days of incubation [Table 1VV.3]. This may be explained by the
recalcitrance of the wheat residues. Contrastingly, this mechanism may have occurred later in

the alfalfa treatment since the three groups represented together only 3% of all the sequences
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at T3 before increasing to 31% and 27% of all the sequences at T14 and T60 days. This may
be explained by the fact that alfalfa residues were still easy degradable at T3, and
subsequently more recalcitrant at T14 and T60 because of the decomposition of the most easy

degradable compounds during the first two weeks of the incubation.
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V - Conclusion

Our results demonstrate that the dynamics of the structure and the composition of the FOM-
and the SOM-degrading communities depends on the quality of the FOM added (wheat vs.
alfalfa residues). They also suggest that the difference of reactivity of the diversity of these
communities between the wheat and the alfalfa treatment may explain the differences of crop
residues degradation and of PE observed between the two amended treatments. More
precisely, they suggest that the amount of extracellular enzymes produced by the FOM-
degrading communities, which depends on the degradability of the residues that determine the
diversity, density and activity of copiotrophic populations, may have been the major
determinant of the intensity of the PE following the addition of the easy degradable alfalfa
residues. Contrastingly, co-metabolism of polymerized FOM compounds and native-SOM by
oligotrophic bacterial groups (mechanism 2) may occur mainly following the addition of

recalcitrant plant residues such as wheat.
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Chapitre 4 : Processus de minéralisation du sol et implication de la composante microbienne
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Figure 1V.S1, supplemental data: rarefaction curves of taxonomic diversity determined for
sequences obtained for light DNA fraction of control at T3, and for both light and heavy
fractions extracted from wheat and alfalfa amended microcosms at T3, T14 and T60 days,

respectively.
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Le retour des résidus de culture au sol est une pratique courante en agriculture car elle
permet d’augmenter les stocks de C (carbone) dans le sol, de réduire le lessivage des nitrates
et par conséquent d’améliorer la fertilité des sols. Toutefois, I’apport de résidus de culture au
sol et sa minéralisation peuvent également induire une sur-minéralisation des matieres
organiques natives du sol (MOS) par un phénoméne appelé Priming-Effect (PE) dont
I’importance peut dans certains cas se traduire par un bilan de C négatif. Bien que les
microorganismes indigenes du sol fassent parti des acteurs principaux de la décomposition de
ces résidus, leur prise en compte en termes de diversité, de successions populationnelles et de
fonctionnalité¢ dans les modeles d’évolution des matieres organiques du sol reste faible et
incomplete, et les facteurs environnementaux qui peuvent influencer la composante
microbienne du sol restent peu connus. Dans ce contexte, afin de pouvoir prédire 1I’impact des
résidus de culture sur les microorganismes du sol et de pouvoir gérer durablement les stocks
de C dans le sol, il apparait nécessaire d’identifier les acteurs microbiens et les processus
écologiques impliqués dans la dégradation de cette matiére organique fraiche, mais aussi ceux
impliqués dans le turn-over de la MOS. Dans ce contexte, les objectifs de ma thése étaient
d’une part de relier le devenir des résidus de culture apportés au sol a la diversité des
populations microbiennes impliquées, tout en intégrant des facteurs agronomiques (travail du
sol) ou biochimiques (type de résidu) ; et d’autre part d’améliorer notre connaissance des
processus microbiens qui interviennent dans la mobilisation de la MOS native du sol en

réponse a I’apport de différents résidus de culture (PE).

La premiére étape de mon travail de thése a été de tester in situ I’influence d’une
pratique agricole (le travail du sol) via le labour (= incorporation des résidus de culture au sol)
ou le mulch (= résidus laissés a la surface) sur la minéralisation de résidus de blé et la
dynamique de la diversité des microorganismes impliqués au cours de la décomposition. Ce
travail a mis en évidence une décomposition accélérée des résidus lorsqu’ils sont incorporés
au sol qui peut s’expliquer par des différences de conditions environnementales au niveau des
résidus (humidité, température, surface de contact avec le sol) qui vont conditionner la
colonisation des residus par les communautés bactériennes indigénes. L’étude de Ia
dynamique des communautés bactériennes tout au long de la dégradation des résidus a permis
de mettre en évidence un stade précoce et un stade tardif de dégradation qui semblent étre
structurés par 1’évolution biochimique du résidu au cours de sa décomposition, elle-méme
dépendante de la localisation des résidus et donc de la pratique agricole. Nous avons donc mis

en évidence une dynamique des communautés bactériennes moins marquée pour le résidu
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laissé en mulch. L’identification des populations/groupes microbiens majoritaires a trois
stades de la décomposition des résidus (précoce, intermédiaire, tardif) dans chaque traitement
a confirmé la différence de composition des communautés bactériennes en fonction de la
localisation des résidus. Nos résultats ont montré une stimulation des y-protéobactéries
lorsque les résidus étaient incorporés et une stimulation des a-protéobactéries et des
Actinobactéries lorsque les résidus étaient laissés en surface. Ces résultats suggerent qu’en
surface la composition des communautés bactériennes colonisant les résidus est dominée par
des populations présentant des capacités métaboliques poussées ou des capacités de survie
dans des conditions environnementales fluctuantes. En revanche, 1’environnement favorable
qu’offrent les résidus incorporés entraine une stimulation de microorganismes connus pour
étre réactifs a 1’apport de composés rapidement assimilables et pour leurs attributs

écologiques de copiotrophes.

La deuxieme partie de mon travail de thése avait pour objectif d’étudier la réponse des
communautés microbiennes du sol a I’apport de résidus de culture de différente qualité
biochimique (bl€, colza, luzerne) par la mise en place d’un site expérimental spécifique. Nos
résultats ont mis en évidence des successions populationnelles au cours de la dégradation de
chaque type de résidu qui classiquement sont calées sur I’évolution biochimique des résidus
en décomposition. Par ailleurs, 1’intérét de notre étude a été de démontrer que les structures
génétiques des communautés bactériennes colonisant le résidu étaient spécifiques de chaque
type de résidu. De plus, I’amplitude des successions populationnelles observées au cours de la
cinétique de dégradation était différente en fonction du type de résidu et en adéquation avec
les différences observées en termes de mineéralisation des résidus : colza = luzerne > blé. Plus
précisément, 1’analyse de la diversité des populations impliquées a permis de mettre en
évidence des abondances relatives différentes de phylums bactériens (notamment les
protéobactéries) impliqués dans la dégradation de ces différents types de résidus. Par
conséquent, la qualité biochimique initiale du résidu et son évolution au cours de sa
dégradation détermine sa cinétique et son efficacité de décomposition par la sélection de
populations bactériennes différentes et dont les capacités trophiques correspondent a la

typologie (en termes de dégradabilité) du substrat apporté.

Dans une troisieme et derniere partie de mon travail de thése, nous avons mené une
étude en conditions contrdlées afin de pouvoir coupler des outils isotopiques a nos outils
d’écologie moléculaire pour aborder plus finement 1’identification des populations activement

impliquées dans la degradation des résidus mais aussi pouvoir quantifier les processus de

- 149 -



Conclusion

dégradation des résidus et de la sur-minéralisation de la MOS via le processus de priming
effect. Cette étude a été menée sur deux types de résidus marqués isotopiquement au *°C : la
luzerne et le blé. Apres apport des résidus au sol, nous avons observé une décomposition plus
rapide des résidus de luzerne par rapport aux résidus de blé. De plus, chaque dynamique de
minéralisation était reliée a des successions de populations bactériennes spécifiques du résidu.
L’amplitude de ces successions était plus importante pour la minéralisation des résidus de blé,
indiquant qu’un consortium bactérien plus important était nécessaire a sa décomposition que
pour la luzerne. L’apport de chaque résidu a entrainé un PE dont I’intensité était dépendante
du résidu apporté avec : PE luzerne > PE blé. En parallele, une dynamique des communautés
bactériennes responsables de cette sur-mineéralisation était observable pour la luzerne,
contrairement au blé ou les communautés bactériennes responsable de ce PE étaient
similaires. Ces résultats ont suggéré des mécanismes microbiens induisant le PE différents et
dépendants du résidu apporté. Les bactéries activement impliquées dans la dégradation des
résidus étaient principalement caractérisées par des protéobactéries ayant des attributs
écologiques de type stratéges-r (copiotrophes), alors que celles impliquées dans le PE étaient
identifiées majoritairement comme des Acidobacteria et en moindre quantité comme des
Verrumicrobia caractérisés par des attributs écologiques de type strateges-K (oligotrophes).
L’importante minéralisation des résidus de luzerne associée a une forte sur-minéralisation de
la MOS native du sol entrainerait donc un déstockage de carbone plus important que dans le

cas du blé ou les minéralisations détectées étaient plus faibles.

Ces travaux de thése montrent donc que la diversité des communautés bactériennes
colonisant les résidus de culture est modulée spécifiquement par la localisation de résidus et
par leur composition biochimique. De plus, ils mettent en évidence que la diversité
microbienne peut étre impliquée dans des processus intervenant dans le stockage/déstockage
des MOS (PE). Ils illustrent donc I’importance de ne plus considérer la diversité microbienne
comme une boite noire mais comme un réservoir de diversité assez plastique et dont il faut

maintenir 1’intégrité pour assurer le fonctionnement biologique du sol.
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| - Perspectives générales : comment progresser dans la connaissance de la réponse

des communautés microbiennes du sol & un apport de résidus de culture.

Ces travaux de these ont permis de progresser dans la connaissance de la réponse des
communautés microbiennes indigenes du sol a un apport de résidus de culture. Toutefois,
I’ensemble des résultats obtenus dans cette thése n’améliore encore qu’une faible part de notre
compréhension des processus microbiens impliques dans la dégradation des résidus de culture

dans les systemes cultivés et plus largement dans la dynamique des MOS.

Une premiére perspective de ces travaux de thése consiste donc a augmenter la
généricité de ce type d’études, afin d’identifier et de comprendre comment 1’ensemble des
facteurs environnementaux ou anthropiques (variations pédoclimatiques, variations du type de
résidu, variations des pratiques agricoles...) peuvent réguler I’écologie et donc 1’implication
de la composante microbienne tellurique dans la dégradation des résidus de culture. En effet,
au cours des expérimentations, nous nous sommes seulement intéressés aux parametres
« travail du sol » et « qualité du résidu », alors que de nombreux autres facteurs semblent
influencer la dégradation des résidus de culture par les microorganismes [cf synthese
bibliographique]. Par ailleurs, nos études et résultats obtenus sont limités au type de sol
étudié. Il est maintenant fortement reconnu que les caractéristiques physico-chimiques des
sols ainsi que I’accumulation des perturbations subies sont significativement structurantes sur
la biodiversité indigéne mais aussi sur sa fonctionnalité (Ranjard et al., 2010). Il convient
donc, toujours dans un objectif d’augmenter la généricité de nos études, de tester d’autres
types de sols. Une des solutions serait d’utiliser des réseaux de surveillance des sols (type
RMQS) afin de dégager les types de sols et pratiques agricoles les plus représentatifs pour
effectuer de telles études.

Dans les 3 chapitres expérimentaux de cette thése, nous nous sommes focalisés
principalement sur la dynamique et la diversité des communautés bactériennes. Or les
champignons microscopiques du sol sont connus pour étre des acteurs aussi importants que
les bactéries dans la dynamique des MOS (de Boer et al., 2005). Par conséquent, une des
perspectives fondamentales serait aussi d’étendre nos études aux communautés de
champignons et de déduire leurs implications relative et fonctionnelle dans les processus

étudiés.

D’autre part, bien que des stratégies aient ét¢ mises au point pour déterminer le role

fonctionnel des microorganismes dans le turnover des matiéres organiques, ’effort de

-152 -



Perspectives

développer et d’appliquer des outils et concepts en écologie fonctionnelle doit étre maintenu
et méme augmenté. En déterminant les communautés bactériennes activement impliquées
dans la dégradation de résidu de blé et de luzerne grace au DNA-SIP [Chapitre 4] et en
couplant nos outils d’écologic moléculaire aux outils de mesures de flux, nous avons
commencé a eétablir le lien diversité — fonction de ces communautés bactériennes. Dans la
continuité de cette stratégie, 1’extraction et la caractérisation du métaprotéome microbien du
sol tout au long de la cinétique de décomposition des résidus de blé permettrait de déterminer
les protéines et donc les fonctions impliquées dans la dégradation de ces résidus. L’intérét
croissant pour ce type d’étude permettra d’aborder réellement 1’écologie fonctionnelle des
communautés microbiennes impliquées dans la dégradation des résidus de culture, tout en
pouvant définir la part relative des activités microbiennes dans les processus de dégradation

des MOS (minéralisation, priming effect, humification, incorporation dans la biomasse).

D’un point de vue plus finalisé, les différentes perspectives listées ci-dessus peuvent

avoir pour résultantes :

- d’intégrer, en termes de dynamique, de diversité et de fonctionnalité, la
composante microbienne dans les modeles de prédiction de la minéralisation de la
MOS et permettre a terme de mieux prédire et gérer les flux de carbone entre les
différents compartiments de 1’écosystéme ;

- d’¢établir des indicateurs microbiens de la décomposition de résidus de culture en
fonction des différents paramétres environnementaux, des taux de minéralisation...
et plus largement dans le cycle du carbone ;

- d’améliorer la connaissance de I’impact de I’apport de résidus de culture sur la
mobilisation de la MOS native du sol et ainsi définir des outils d’aide a la décision
sur les pratiques agricoles les plus @ mémes de participer au stockage du carbone

dans le sol.
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Il - Perspective prioritaire : Impact des changements globaux sur I'implication des

communautés microbiennes dans la dégradation des résidus de culture de blé.

De notre avis, une des perspectives principales de ces travaux de these est de
positionner les études sur le role fonctionnel de la diversité microbienne tellurique dans la
décomposition de la matiere organique du sol dans un contexte de changement global. Aprés
avoir caractérisé les dynamiques et la diversité des communautés microbiennes activement
impliquées dans la dégradation de différentes qualités biochimiques de résidus [Chapitre 4],
nous avons voulu étudier I’influence d’un facteur environnemental important en termes de
changement climatique : la température. En effet, une des conséquences de 1’augmentation
des gaz a effets de serre dans 1’atmosphére est 1’augmentation de la température globale
terrestre ce dernier siécle. D’aprées le rapport de 'IPCC (Intergovernmental Panel on Climate
Change) en 2007, ce réchauffement climatique est sans équivoque. L’augmentation établie
entre 1906 et 2005 est de 0,74°C (0,56-0,92) et doit se maintenir dans les décennies a venir.
Certains scénarios prédisent jusqu’a 6°C d’augmentation de température pour le siécle
prochain. Dans ce contexte, il parait important d’évaluer son effet sur les processus
écologiques et notamment ceux impliqués dans le cycle du carbone et donc les flux de CO,
associés, afin de vérifier si les activités biologiques peuvent étre accentuées ou amorties par
les changements globaux. Nous avons alors initi¢ des travaux concernant l’effet de la
température sur la dégradation de résidus de culture de blé ainsi que sur la dynamique et la
diversité des populations bactériennes activement impliquées dans la dégradation de ces
résidus végétaux en utilisant la technique de DNA-SIP. Ces travaux n’ont pas été présentés
sous forme de chapitre car ils sont encore préliminaires, mais, de notre point de vue, ils

ouvrent de nouvelles pistes d’investigations techniques et conceptuelles.

En parall¢le de 1’étude menée dans le chapitre 4, ou nous avons suivi la décomposition
a 20°C de résidus de blé et de luzerne marqués au *C, nous avons aussi mis en place des
microcosmes de blé incubés a 10 et 30°C. Briévement, les résidus de plantes utilisés dans
cette étude sont uniquement des résidus de blé (Triticum aestivum cv Caphorn) marqués au
13C & 96%, qui ont poussé dans les conditions de croissance décrites dans le chapitre 4. De
méme, le sol utilisé et la mise en place des microcosmes sont identiques a ceux détaillés dans
le chapitre 4. Grace a I’utilisation de résidus marqués par un isotope stable (**C), les flux de
CO, total et de 13C02 ont été suivis au cours de I’incubation. Grace a une centrifugation et un
fractionnement isopycnique de I’ADN extrait des microcosmes a différents temps de

I’incubation (T3j, T7j, T14j, T28;j, T60j, T120j), nous avons étudié la structure génétique des
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communautés bactériennes marquées au *C (considérées comme ayant activement
incorporées le résidu) et celles non marquées au **C (considérées comme non impliquées dans
la dégradation du résidu) par la technique de fingerprint B-ARISA (Bacterial-Automated
Ribosomal Intergenic Spacer Analysis). La diversité taxonomique des communautés
bactériennes, activement impliquées ou non dans la dégradation des résidus de blé, a été
identifiée a des temps choisis de I’incubation (T3] et T60j) par amplification PCR de I’ARNTr
16S et pyroséquengage sur pyroséquenceur Flx 454 (Beckman Coulter Genomics). Plus de
600 000 séquences valides de taille entre 250 et 300bp ont été obtenues, soit environ 46 000
séquences en moyenne par échantillon. L’analyse bioinformatique des séquences obtenues a
été menée en collaboration avec Richard Christen (Faculté des Sciences de Nice) qui a mis en
place différents pipelines d’outils bioinformatiques pour analyser des jeux de données d’une

telle envergure, dont les caractéristiques sont détaillées dans le chapitre 4.

1. Influence de I’élévation de température sur la minéralisation des résidus.

Au cours de I’incubation, I’émission totale de C-CO, dans les microcosmes contrélés a
été mesurée afin de suivre la respiration basale du sol pour chaque température d’incubation
(10, 20 et 30°C). Les respirations basales observées sont significativement et positivement
corrélées avec la température d’incubation au cours de la cinétique de dégradation du résidu
(p<0.05) [Figure P.1.a]. Plusieurs auteurs ont déja décrit une forte corrélation entre la
respiration du sol et la température (Katterer et al., 1998 ; Knorr et al., 2005). Toutefois,
d’autres travaux montrent des résultats divergents (Giardina et Ryan, 2000). Ces
contradictions peuvent s’expliquer par le fait que I’influence de la température sur la
minéralisation de la MOS peut étre dépendante de la stabilité et du degré de protection
physique de la MOS, de la disponibilité des substrats (N, P...), de la diversité et des capacités
fonctionnelles des communautés microbiennes indigeénes, et d’autres paramétres physico-
chimiques tel le pH, I’eau... (Fierer et al., 2005 ; Von Litzow & Kdgel-Knabner, 2009). Dans
notre étude, les conditions édaphiques et biologiques semblent optimums pour montrer une

influence significative de la température sur le processus de minéralisation de la MOS.

Au niveau des microcosmes amendés avec des résidus de blé, I’émission totale de C-
CO, est aussi positivement corrélée avec la température (30°C > 20°C > 10°C). Les
dynamiques de C-CO; total emis pour les 3 températures suivent la méme cinétique avec une

augmentation exponentielle au début de I’incubation, correspondant a la phase précoce de la
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décomposition, suivi par un ralentissement de la minéralisation, correspondant a la phase
tardive de la décomposition. A T120 jours, le C-CO; total cumulé émis est de 370, 760 et
1020 pg C-CO,/g de sol pour 10, 20 et 30°C, respectivement [Figure P.1.b].

Les mesures de **C-CO, ont permis de suivre la minéralisation des résidus de blé au
cours de I’incubation [Figure P.1.c]. Deés T3 jours, les résultats mettent en évidence une
difference significative (p<0.05) des taux de minéralisation des résidus entre les températures
(30°C>20°C>10°C). Plus précisément, les dynamiques de minéralisation sont caractérisées
par une forte minéralisation exponentielle jusqu’a T14 jours (80 et 170 pg C-CO,/g de sol)
pour 10°C et 20°C respectivement et T28jours (260 pg C-CO,/g de sol) pour 30°C. Puis, un
ralentissement de la minéralisation est observée pour atteindre, a la fin de 1’incubation, 180,
330 et 400 pg C-CO, cumulé/g de sol correspondant a 10%, 17% et 21% de résidu minéralisé
a 10, 20 et 30°C, respectivement. Ces dynamiques de minéralisation s’expliquent par
I’évolution de la composition biochimique du résidu au cours de sa dégradation. En effet les
composés facilement dégradables sont minéralisés rapidement et expliquent 1’important
dégagement de C-CO, au stade précoce de la décomposition, contrairement aux composés
plus récalcitrants qui se dégradent beaucoup plus lentement. Toutefois, la température
d’incubation semble influencer significativement le taux de minéralisation des résidus de blé
durant cette phase précoce de décomposition. Des résultats similaires avaient déja été obtenus
pour la décomposition de résidus de blé (Bauer et al., 2008 ; Colteaux et al., 2002 ; Luxhoi et
al., 2002). L’élévation de température semble donc stimuler la phase précoce de dégradation
des résidus qui peut s’expliquer soit par une stimulation fonctionnelle des populations
copiotrophes impliquées, soit par I’établissement de nouvelles populations, plus aptes a se

développer a ces températures et plus efficaces dans leur capacité de minéralisation.

Les minéralisations des résidus de blé observées associées a la respiration basale du
sol n’expliquent pas entierement les teneurs en C-CO- totales émises a la fin de I’incubation.
Ceci suggere donc une sur-minéralisation de la matiére organique native du sol consécutive a
I’apport des résidus de blé. Ce phénomeéne est appelé priming effect et a aussi été mis en
évidence dans le chapitre 4 avec des résidus de luzerne et de blé apportés au sol, incubés a
20°C. Les cinetiques de priming effect mesurées dans cette étude [Figure P.1.c] sont aussi
caractérisees par un important dégagement de C-CO, au début de I’incubation jusqu’a T14
jours (100 et 150 pg C-COy/g de sol) pour 10°C et 20°C et jusqu’a T28 jours (350 ug C-
CO./g de sol) pour 30°C. Dans cette phase exponentielle de sur-minéralisation, les teneurs de

C-CO;, observées sont significativement dépendantes de la température (p<0.05). Au stade
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tardif de la décomposition des résidus, le priming effect induit se stabilise et les
concentrations de C-CO, émises sont du méme ordre de grandeur entre les 3 températures a
partir de T90 jours (p<0.05).

La respiration du sol, la minéralisation du résidu de blé ainsi que le priming effect
engendré par cet apport de résidu sont significativement influencés par la température
d’incubation. Notre étude semble montrer qu’une ¢lévation de température ne « sature pas »
les potentialités de minéralisation du résidu par la microflore du sol, ni les potentialités de
priming effect. Plus précisément, une élévation de température permet surtout une
augmentation du stade précoce de minéralisation du résidu et donc une dégradation accentuée
des composés facilement assimilables par les microorganismes. D’un point de vue bilan, les
résidus sont plus rapidement décomposeés, ce qui entraine une plus forte minéralisation, donc
une plus faible assimilation/humification et donc stabilisation de la matiere organique avec
I’élévation de la température. Couplée aux résultats obtenus pour le priming effect, notre
¢tude suggere que 1’¢lévation de température prévue pour les décennies a venir peut
provoquer un « emballement » du systéme qui se mettra d’autant plus a déstocker le carbone

et donc a participer a I’effet de serre.

Toutefois, ces résultats sont limités a notre expérimentation en conditions contrélées et
leur extrapolation in situ mérite d’étre vérifiée expérimentalement a plus long terme pour faire

des bilans avant de tirer des conclusions ou méme des modéles sur ce sujet.

2. Dynamique de la structure génétique des communautés bactériennes au cours

de la décomposition des résidus de blé.

Pour mieux comprendre les processus écologiques qui sont modifiés par
I’augmentation de la température et qui provoquent une augmentation de la minéralisation du
résidu et de la MOS, nous avons étudié la dynamique et la diversité bactérienne au cours de

I’incubation.

L’ADN a été extrait de chaque microcosme et la séparation isopycnique de cet ADN a
permis de récupérer une fraction d’ADN lourd (13C) et une fraction d’ADN léger (12C)
correspondant respectivement aux communautés bactériennes activement impliquées et celles
non impliquées dans la dégradation des résidus de blé (marqués au **C). Les modifications de

structure génétique des communautés bactériennes de ces deux fractions ont été identifiées
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par une technique de fingerprint d’ADN : la B-ARISA (Bacterial-Automated Ribosomal
Intergenic Spacer Analysis). Cette méthode permet ’analyse du polymorphisme de taille de
I’intergene (IGS) séparant les génes 16S et 23S de 1’opéron ribosomique bactérien. Les profils
complexes obtenus par B-ARISA montrent des bandes allant de 250bp a plus de 1000bp.
Visuellement, des bandes spécifiques des fractions lourdes et des fractions légéres sont
observables ainsi que des modifications de profils entre dates et entre températures

d’incubation [données non montrées].

Des analyses en composante principale (PCA) des profils de B-ARISA confirment les
différences observées visuellement entre les fractions lourdes et légéres pour chaque
température d’incubation et mettent en évidence des dynamiques de structure génétique des
communautés bactériennes spécifiques de la fraction étudiée (*3C et *C) (Monte Carlo, 1000
permutations) [Figure P.2]. Dans la phase tardive de la décomposition, les communautés
bactériennes activement impliquées dans la dégradation des résidus de blé présentent des
structures génétiques qui coincident avec celles observées dans la fraction *2C pour les trois
températures d’incubation [Figure P.2]. Ce phénomene peut s’expliquer par une dilution du
carbone *3C au sein des populations, mais aussi par le fait que les bactéries semblent moins
impliquées dans la dégradation de la MOF au stade tardif de la décomposition et laissent place
aux champignons (MacMahon et al., 2005 ; Poll et al., 2008).

Au niveau de la fraction *2C, les structures génétiques des communautés bactériennes &
chaque temps d’incubation sont similaires entre elles pour les microcosmes incubés a 20 et a
30°C [Figure P.2.b et c]. Il n’y aurait pas, a ces deux températures, de dynamique particulicre
des communautés du sol non impliquées dans la dégradation, par rapport aux communautés
bactériennes marquées au *3C. A 10°C, une faible mais significative dynamique des structures
génétiques des communautés bactériennes **C a pu étre observée sur ’axe 2 de ’ACP
(représentant 15% de la variance expliquée) de T3 a T28 jours [Figure P.2.a]. Toutefois, cette
exacerbation de la dynamique *2C pour 10°C peut s’expliquer par une diminution de la
dynamique *C pour cette méme température, qui par défaut peut mettre en évidence une

dynamique mineure.

Les fractions *C sont beaucoup plus réactives que la fraction **C pour les 3
températures testées. En effet, que ce soit pour 10, 20 ou 30°C, une discrimination
significative des structures génétiques des communautés bactériennes actives est observée sur

I’axe 1 et 2 de I’analyse ACP au cours de I’incubation. A 10°C, les communautés activement
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impliquées dans la dégradation des résidus de blé sont similaires jusqu’a T14 jours puis
significativement discriminées jusqu’a la fin de I’incubation sur I’axe 1 (représentant 34% de
la variance expliquée) [Figure P.2.a]. A 20°C, les structures génétiques des communautés
bactériennes sont fortement réactives pendant les 28 premiers jours, (déterminées sur les axes
1 et 2 représentant 49% et 18% respectivement, de la variance expliquée) [Figure P.2.b]. A
30°C, les structures genétiques des communautés bactériennes de T3, T7 et T28 jours sont
discriminées de celles observées a T14, T60 et T120 jours qui présentaient des signatures de
structure génétique de communautés bactériennes similaires [Figure P.2.c]. L’observation de
ces dynamiques de structure génétique des communautés bactériennes suggerent donc des
successions de populations qui sont fortement influencées par la température avec des
cinétiques plus marquées pour les fortes températures. Bien que ce type de successions de
populations microbiennes ait déja été décrites suite a I’incorporation de résidu de blé, de
seigle ou de riz dans le sol (Bastian et al., 2009 ; Baumann et al., 2009 ; Nicolardot et al.,
2007 ; Poll et al., 2010 ; Rui et al., 2009), nos travaux démontrent en plus que la dynamique

des communautés impliquées est fortement influencée par la température d’incubation.

Quelle que soit la température, la forte réactivité des communautés bactériennes
observées au stade précoce de la décomposition est systématiquement associée a la phase
exponentielle de minéralisation décrite précédemment, de méme la phase tardive de la
minéralisation correspond aux communautés bactériennes moins réactives et similaires a
celles retrouvées dans la fraction **C. Comme Bernard et al. (2007) le suggéraient, ainsi que
les résultats obtenus dans le chapitre 4, les communautés bactériennes réactives au stade
précoce de la décomposition correspondent a des organismes stratéges-r (copiotrophes)
connus pour leur capacité a dégrader les composés facilement dégradables (cellulose,
composés solubles...), alors qu’au stade tardif de la décomposition, les communautés sont
moins réactives et similaires & celles observées dans la fraction '2C suggérant des
communautés plutdt stratéges-K (oligotrophes), c'est-a-dire utilisant le carbone de composés

plus récalcitrant (lignine).

Afin de comparer les successions de populations observées dans la fraction **C des 3
températures d’incubation, nous avons représentés les structures génétiques des communautés
bactériennes activement impliquées dans la dégradation des résidus de blé sur un méme plan
factoriel [Figure P.3]. Les dynamiques de structures génétiques des communautés
bactériennes des 3 températures semblent suivre la méme cinétique. En effet, de T3 a T28

jours, les structures génétiques des communautés bactériennes de chaque température se
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Figure P.4 : Analyse en composante principale des compositions taxonomiques des
communautés bactériennes issues de la fraction *3C en vert et de la fraction **C en orange. Le
témoin est représenté en noir. Les 3 températures d’incubation sont notés 10, 20 et 30 pour
10°C, 20°C et 30°C et sont associées a la date d’incubation correspondante représentées par

T3 et T60 pour 3 jours et 60 jours.
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succédent sur I’axe 1, représentant 29% de la variance expliquée, alors que les structures
génétiques de T28 a T120 jours se répartissent sur I’axe 2, représentant 16% de la variance
expliquée. A T7 et T14 jours les communautés bactériennes observées & 10°C sont fortement
discriminées sur 1’axe 1 de celles présentes a 20 et 30°C. Elles sont plus similaires a celles
correspondant a T7 jours pour 20°C et T3 jours pour 30°C. Ces résultats suggerent donc que
les successions de populations, en termes d’évolution de la composition dans le temps, sont
similaires entre les températures. Toutefois, la cinétique de ces successions est fortement
influencée par la température avec un effet retard a 10°C (par rapport a 20°C) et un effet
accélérateur a 30°C. La température, dans la gamme de variation étudiée, ne stimule donc pas
de nouvelles populations actives mais influence la cinétique d’apparition de ces populations.
Les processus écologiques impliqués résultent donc plus d’un retard métabolique quand la
température est faible que d’un changement de la biodiversité microbienne indigene.
Toutefois, quel que soit la température appliquée, la cinétique des communautés microbiennes
impliquées dans la dégradation des résidus reste fortement sous la dépendance de 1’évolution
biochimique du résidu en décomposition (stade tardif et précoce) [cf axe 1, Figure P.3] qui
gere la disponibilité et la qualité des substrats disponibles et donc la succession de populations

aptes a dégrader ces substrats (selon leurs attributs écologiques).

Dans une étude sur un sol amendé avec de la chaux ou non, Pettersson et Baath (2003)
ont mis en évidence des changements de structures de communautés a travers le suivi des
PLFA dont I’amplitude était corrélée avec la température (30°C > 20°C > 5°C). Quant a Rui
et al. (2009), qui ont étudié la décomposition de résidu de riz en anaérobie a 15, 30 et 45°C,
ils ont observé des communautés bactériennes similaires a 15 et 30°C mais différentes a 45°C.
Cette réactivité plus importante des communautés microbiennes a haute température pourrait
s’expliquer par un optimum de croissance et de fonctionnalit¢ de ces populations
copiotrophes. En effet, il est commun que la tempeérature optimum de croissance des
microorganismes telluriques soit supérieure a celle retrouvée généralement dans les sols
(Barcenas-Moreno et al., 2009). Les microorganismes étant dans des conditions plus
favorables a leur croissance, ils se développent plus rapidement avec une stimulation des

processus de minéralisation de la matiére organique.
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3. Caractérisation de la diversité des communautés bactériennes

Afin d’affiner ces résultats, la diversité taxonomique des communautés bactériennes
(par pyroséquencage du géne ARNr 16S) des deux fractions (**C et *2C) a été déterminée sur
deux dates (T3 et T60 jours) de I’incubation correspondant respectivement au stade précoce et
au stade tardif de la décomposition. Tout d’abord, les dynamiques des communautés
bactériennes observées par 1’é¢tude de la diversité sont similaires a celles observées par
fingerprint (B-ARISA) [Figure P.4]. En effet, les communautés bactériennes activement
impliquées dans la dégradation des résidus de blé (marqué au **C) au stade précoce de la
décomposition (T3 jours) sont discriminées sur I’axe 1 de I’ACP de celles inféodées au stade
tardif de la décomposition (T60 jours) et celles non marquées au *3C. De plus, les
modifications de communautés entre les températures sont, quant a elles, différenciées
seulement sur I’axe 2. Comme supposé précédemment, les communautés bactériennes sont
plus sous I’influence du stade de décomposition, i.e. des substrats présents, que sous

I’influence de la température.

Plus précisément, nous avons déterminé les phylums et les genres bactériens
spécifiques de ces différences de diversité de communautés bactériennes au niveau de la
fraction *3C. En premier lieu, les modifications de diversité bactérienne marquée au *C entre
T3 et T60 jours sont principalement expliquées par leurs compositions en Firmicutes, plus
importantes a T3 jours, et en Acidobacteria, plus importantes a T60 jours, sur I’axe 1 du plan
factoriel quelle que soit la température [Figure P.5]. Ce sont les genres Bacillus (14 a 18% des
séquences totales) et Clostridium (9 a 20% des séquences totales) qui sont les plus représentés
parmi les Firmicutes mis en évidence a T3 jours de I’incubation. Les Firmicutes et plus
précisement les bactéries du genre Bacillus et Clostridium sont déja connues pour étre des
stratéges-r / copiotrophes, ce qui peut expliquer leur présence a ce stade précoce de la
dégradation du résidu (Rui et al., 2009). Par ailleurs, ces deux genres bactériens sont aussi
connus pour étre impliqués dans la dégradation de la cellulose (de Boer et al., 2005), ce qui
renforce leur implication dans la degradation de résidu de blé, qui ne posséde pas beaucoup de
composés solubles mais une forte teneur en ce polymere. Quant aux Acidobacteria, ils sont
connus pour étre des bactéries ubiquistes des sols, a croissance lente et généralement adaptés
a des environnements oligotrophiques (Fierer et al., 2007a ; Quaiser et al., 2003). A la vue de
leurs attributs écologiques (stratéges-K / oligotrophes), il apparait donc normal de les
retrouver plus fortement au stade tardif de la décomposition dans la fraction **C. Dans notre
étude, ils sont principalement représentés par les genres GP4 et GP6 qui sont trés peu décrits
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dans la littérature, GP6 serait un néotype de bactérie méthanogene qui fabrique du méthane.
Rui et al. (2009) observaient aussi une prédominance des Acidobacteria dans la phase tardive
de la décomposition de résidu de culture de riz, les associant a la dégradation de composés
plus récalcitrants (lignine...). Par contre, ils mettaient en évidence une sélection de ces

bactéries aux plus fortes températures étudiées (45°C), ce que nous n’observons pas.

Les modifications de diversité entre les 3 températures étudiées sont beaucoup moins
importantes que celles entre les deux temps d’incubation étudiés (T3 et T60 jours), elles ne se
différencient que sur 1’axe 2 du plan factoriel et s’expliquent principalement par une

abondance supérieure des Protéobactéries (a, B3, y, d) pour les fortes températures [Figure P.5].

Plus précisément, les d-protéobactéries semblent expliquer une part importante des
différences de compositions taxonomiques entre les 3 températures avec une augmentation de
la part relative de ce phylum positivement corrélée avec la température. Pour T3 jours, 0, 5 et
10% des séquences sont affiliées aux 6-protéobactéries a 10°C, 20°C et 30°C respectivement,
et pour T60 jours, 12, 12 et 26% des seéquences y sont rattachées a 10°C, 20°C et 30°C
respectivement. Des attributs de stratéges-K ont déja été octroyés aux o-protéobactéries
(Bastian et al., 2009), ils interviendraient donc dans la dégradation de matiere organique plus
récalcitrante. D’autre part, les taux de minéralisation observés, plus importants avec
I’élévation de température, et 1’accélération des successions de populations mise en évidence
de 10°C a 30°C indiqueraient que la phase de décomposition des composés plus récalcitrants
serait initiée plus tot a 30°C qu’a 20°C et qu’a 10°C. Ces considérations expliqueraient
I’intervention et le développement des d-protéobactéries plus précocement a 30°C qu’a 20°C
et 10°C et confirmeraient 1’hypothése d’ « emballement» du systtme a plus hautes
températures avec une décomposition des composés récalcitrants plus rapide suivant

I’augmentation de température.

Les compositions en -protéobactéries sont aussi conditionnées par la température que
ce soit a T3 jours ou a T60 jours. Les B-protéobactéries ont déja été corrélées avec le taux de
minéralisation du carbone (Fierer et al., 2007a), et étant donné que nous avons montré des
taux de minéralisation plus importants suivant 1’élévation de température, il semble cohérent
que leur représentation soit positivement corrélée avec la température. Toutefois, pour T3
jours, la composition des communautés bactériennes a 20°C semble beaucoup plus
déterminée par les Firmicutes, contrairement a celles a 10°C et 30°C gouvernées par la part

relative des B-protéobactéries. Au stade précoce de la décomposition, les Firmicutes et les -
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protéobacteries ont deja été assimilés a des strateges-r (Bernard et al., 2007, de Boer et al.,
2005). Ayant les mémes aptitudes métaboliques, une compétition entre les bactéries affiliées a
ces deux phylums pourrait mener a une exclusion compétitive au stade précoce de la

décomposition et semblerait alors, dans notre étude, étre conditionnée par la température.

Ces résultats préliminaires indiquent que I’élévation de la température augmente la
minéralisation des résidus de culture de blé et la sur-minéralisation du sol engendrée par cet
apport de matiére organique fraiche dans notre étude. Toutefois, cette élévation de
température ne modifierait pas la diversité bactérienne impliquée dans le processus de
dégradation des résidus de blé, mais accélérerait la réactivité de ces communautés, avec

principalement une réponse des différents sous-groupes de Protéobactéries (a, B, v, d).

L’ensemble de ces premiers résultats n’étant que des perspectives, il mérite d’étre
approfondi et détaill¢, afin d’établir plus finement le réle de la variation de température dans
la dégradation des résidus de culture de blé et des processus de stockage/déstockage de

carbone.
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Abstract

A molecular fingerprinting assay was developed to assess the diversity of copA
genes, one of the genetic determinants involved in bacterial resistance to copper.
Consensus primers of the copA genes were deduced from an alignment of
sequences from proteobacterial strains. A PCR detection procedure was optimized
for bacterial strains and allowed the description of a novel copA genetic
determinant in Pseudomonas fluorescens. The copA DNA fingerprinting procedure
was optimized for DNA directly extracted from soils differing in their physico-
chemical characteristics and in their organic status (SOS). Particular copA genetic
structures were obtained for each studied soil and a coinertia analysis with soil
physico-chemical characteristics revealed the strong influence of pH, soil texture
and the quality of soil organic matter. The molecular phylogeny of copA gene
confirmed that specific copA genes clusters are specific for each SOS. Furthermore,
this study demonstrates that this approach was sensitive to short-term responses of
copA gene diversity to copper additions to soil samples, suggesting that community
adaptation is preferentially controlled by the diversity of the innate copA genes
rather than by the bioavailability of the metal.

Introduction

Copper has been described for many years as an essential
micronutrient for eukaryotes and prokaryotes but also as a
toxic element in high concentrations, leading to detrimental
effects on the metabolism of the cell (Brown et al., 1992).
Copper appears to be widespread in the environment,
especially in agricultural soils, as a result of the application
of pesticides to control plant diseases, or because of its
presence as a contaminant in organic and mineral amend-
ments (Tom-Petersen et al., 2003). The combination of the
significant accumulation of copper in surface soils (Flores-
Vélez, 1996) and its toxicity to living organisms can there-
fore lead to harmful and irreversible effects on soil biological
functioning and quality (Giller et al., 1998).

Numerous studies have already depicted the negative
effect of copper contamination on soil microbial biomass
and soil key functions like mineralization of organic carbon
compounds (Giller et al., 1998; Dumestre et al., 1999),
nitrification (Sauve et al, 1999) and nitrogen fixation
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(McGrath, 1994). Along these lines, modifications in the
population structure and diversity of the soil microbial
communities as a consequence of copper contamination
have been recorded by several authors following the analysis
of the total phospholipid fatty acids (PLFA; Turpeinen et al.,
2004) or the means of new molecular methods based on the
characterization of nucleic acids directly extracted from soil
(Smit et al., 1997; Tom-Petersen et al., 2003; Ranjard et al.,
2006). In all cases, the impact of copper on the microbial
communities found in different experiments remains diffi-
cult to compare because most studies have been limited
to one soil type, without taking into account that copper
bioavailability is greatly influenced by soil characteristics
(Tom-Petersen et al., 2003). In other respects, several
authors have put forward the hypothesis that the innate
composition and diversity of the indigenous community
might influence its sensitivity/resistance to copper contam-
ination and therefore partly control copper impact (Girvan
et al., 2004; Ranjard et al., 2006). From an ecological point of
view, the resistance of a community is generally described as

FEMS Microbiol Ecol 61 (2007) 424-437
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the static component of its stability and can result from a greater
or lesser capacity to adapt to a given perturbation (Holling,
1973). At the community level, microbial adaptation is generally
expressed as an increase in adapted (i.e. metal-resistant) popu-
lations and a decrease in sensitive ones (Duxbury & Bicknell,
1983; Doelman et al., 1994; Ranjard et al., 1997). Such an
adaptation leads to a new population and functional structure
(Tom-Petersen et al., 2003; Ranjard et al., 2006) specific to the
adapted community (Baath et al., 1998) which is better suited
to survive in the new surrounding conditions.

Pseudomonas syringae, Escherichia coli and Xanthomonas
campestris bacteria were the first populations reported to
survive in the presence of high copper concentrations
(Cooksey, 1994). Such an efficient resistance to copper
resulted from the presence of additional genetic determi-
nants organized in operons, the cop or pco operons (Cook-
sey, 1994). These operons are genetically homologous and
encode a copper resistance mechanism that may involve
copper sequestration and/or enzymatic transformation.
(Cooksey, 1994; Rensing & Grass, 2003). More recently,
several bacterial strains such as Cupriavidus metallidurans
CH34 (Borremans et al., 2001), Ralstonia solanacearum
(Salanoubat et al., 2002), Xylella fastidiosa (Simpson et al.,
2000), X. campestris (da Silva et al., 2002), Xanthomonas
axonopodis pv. citri str. 306 (da Silva et al., 2002), P. syringae
(Mellano & Cooksey, 1988), Pseudomonas aeruginosa PAO1
(Stover et al., 2000), Aeromonas veronii bv. sobria (Francki
et al., 2000) and Caulobacter crescentus (Nierman et al.,
2001) have been shown to be resistant to copper and to
possess all or part of these operons. A compilation of data
available in the literature and in the international genetic
databases highlights that the copper resistance of these
strains has always implied the presence of copA homologous
genes encoding a periplasmic inducible multi-copper oxi-
dase (Nies, 1999; Rensing & Grass, 2003). Consequently, this
genetic determinant may represent a relevant marker to
resolve the genetic structure and diversity of the copper-
resistant functional community.

Table 1. copA gene sequences used for the design of PCR primers
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The main objective of this study was to evaluate the
heterogeneity of bacterial copA genes harboured by bacterial
communities in different soils, in soils receiving different
organic amendments, or in soils artificially contaminated by
copper. We designed consensus PCR primers targeting copA
genes in Proteobacteria and tested these primers for specifi-
city and coverage before they were used for DNA finger-
printing of community DNA.

Materials and methods

Reference strains and copA sequences

copA gene sequences belonging to Proteobacteria and de-
monstrated as functionally involved in copper resistance
were selected from the GenBank database (Table 1). copA
nucleotide sequences were aligned using crustarx (Thomp-
son et al., 1997) to identify conserved regions and design
consensus primers (Table 2). copA PCR primers were tested
on bacterial reference strains (Table 3). Bacteria were
cultured in Luria—Bertani liquid medium at 28 °C for 24 h.

Soil sampling

Five vineyard soils were used in this study. Auvillars, Chinon
and Macon NA represented soil types differing in their
pedologic characteristics (texture, Cyy, pH; Table 4). Macon
NA, S and CC represented the same mineral matrix differing
in their soil organic status (SOS) in terms of quantity and
quality of SOM (Table 4). These latter soils were obtained
from a long-term soil organic management (15 years old)
resulting from repeated amendments with straw (S), conifer
compost (CC) or not amended (NA) (Lejon et al., 2007).

Soil incubation experiment

Soil samples (150g dry weight, sieved at 4 mm) were
incubated in 2L glass jars hermetically sealed. Soils were
contaminated with CuCl, to reach a final concentration of

Organisms

Accession No. References

Cupriavidus metallidurans CH34

Xylella fastidiosa 9a5¢

Xanthomonas campestris pv. campestris str. ATCC 33913
Xanthomonas axonopodis pv. citri str. 306
Xanthomonas campestris juglandis
Pseudomonas syringae plasmid pPaCu
Escherichia coli pRJ1004

Pseudomonas syringae pv. tomato
Pseudomonas aeruginosa PAO1

Ralstonia solanacearum GMI1000
Aeromonas veronii bv. Sobria
Caulobacter crescentus

10047060 Borremans et al. (2001)
12057211 Simpson et al. (2000)
21111566 da Silva et al. (2002)
21110006 da Silva et al. (2002)
349160 Lee et al. (1994)

8272380 GenBank submission by Nakajima, 1999
619126 Brown et al. (1992)
151187 Mellano & Cooksey (1988)
110227054 Stover et al. (2000)
30407128 Salanoubat et al. (2002)
6941899 Francki et al. (2000)
13422236 Nierman et al. (2001)
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Table 2. Alignment of copA sequences from the GenBank database and the forward and reverse deduced degenerated primers

Primer
Organisms Sequences locations (pb)
Cupriavidus metallidurans CH34 (gi_10047060) TCGAACAAACCGGCAGCTACTGGTATCACTCGCA 456

Xylella fastidiosa 9a5¢ (gi_12057211)

Xanthomonas campestris pv. campestris str. ATCC 33913 (gi_21111566)
Xanthomonas axonopodis pv. citri str. 306 (gi_21110006)
Xanthomonas campestris juglandis (gi_349160)
Pseudomonas syringae plasmid pPaCu1 (gi_8272380)
Escherichia coli pRJ1004 (gi_619126)

Pseudomonas syringae pv. tomato (gi_151187)
Pseudomonas aeruginosa PAO1(gi_110227054)

Ralstonia solanacearum GMI1000 (gi_30407128)
Aeromonas veronii bv. sobria (gi_6941899)

Caulobacter crescentus (gi_13422236)

Deduced degenerated primer: Coprun F2

Cupriavidus metalliduransCH34 (gi_10047060)

Xylella fastidiosa 9a5c (gi_12057211)

Xanthomonas campestris pv. campestris str. ATCC 33913 (gi_21111566)
Xanthomonas axonopodis pv. citri str. 306 (gi_21110006)
Xanthomonas campestris juglandis (gi_349160)

Pseudomonas syringae plasmid pPaCu (gi_8272380)
Escherichia coli pRJ1004 (gi_619126)

Pseudomonas syringae pv. tomato (gi_151187)

Pseudomonas aeruginosa PAO1(gi_110227054)

Ralstonia solanacearum GMI1000 megaplasmid (gi_30407128)
Aeromonas veronii bv. sobria (gi_6941899)

Caulobacter crescentus (gi_13422236)

Deduced degenerated primer: Coprun R1

TACACCAATCT GGGACCTACTGGTACCACAGCCAC 444
TGCGCCAATCC GGCACCTACTGGTATCACAGCCAT 429
TGCGCCAGTCC GGCACCTACTGGTACCACAGCCAT 438

TCCAGCAGGGT GGCACCTACTGGTATCACAGTCAT 459
TCAAGCAGAATGGCAC TTACTGGTACCACAGCCAT 408
TTAAGCAGAACGGGACTTACTGGTACCACAGCCAT 527

TCCAACAGAACGGGACGTACTGGTACCACAGCCAC 408
TCCGGCAGAACGGCACCTACTGGTACCACAGCCAC 405
TCCGGCAGAGCGGCAGCTACTGGTATCACTCGCAC 448
TGGAGCAGTCT GGCACTTACTGGTATCACTCTCAT 432
TCCGTCAGTCG GGCACCTACTGGTGGCACAGCCAT 426
5'-GG(GO)A(GCHGCT)TACTGGT(AG)GCT)CAC-3’

5’-GG SA SBTACTGGTRBCAC-3’

TCTGCAC AACGACACGATGATGACTCACCC 1643
CTTGGTG AATGACACCATGATGGCGCACCC 1631
GCTGGTC AACGACACCATGATGCAGCACCC 1604
GCTGGTC AACGACACCATGATGCAGCACCC 1577
CCTGGTC AACGACACCATGATGTCGCACCC 1703
ACTGGTA AACGACACCATGATGACCCACCC 1673
GCTGATC AACGATACCATGATGACTCACCC 1732
GCTGGTG AATGACACGATGATGACTCACCC 1625
CCTGGTC AACGACACCATGATGACCCACCC 1682
CCTGCAC AACGACACGATGATGACGCACCC 1617
CCTTCAT AATGATACCATGATGACACATCC 1724
GCTGATC AACGACACCATGATGGCCCATCC 1493

5'-TG(AGCT)G(ACT)CATCAT(GC)GT(AG)TC(AG)TT-3/
5’-TGNGHCATCATSGTRTCRTT-3’

Bold type indicates nucleotides that are conserved in all 12 sequences. Regarding degenerated primer, the following one-letter code was used for
variable sitess W=AorT; M=AorC;R=AorG;Y=CorT:K=GorT;S=GorC;H=A; TorC;D=G,AorT:B=G, TorC; V=G, Aor C.

250mg Cukg ™" of soil. Uncontaminated control micro-
cosms were supplemented with pure water (H,O). The
solution volume added was calculated to reach 80% of the
water-holding capacity of the soil. Soil microcosms were
incubated in the dark at 20°C for 15 days, with weekly
aeration and verification of soil water content.

DNA extraction and PCR amplification of copA
genes

Genomic DNA from bacterial strains was obtained using the
Qiaquick extraction kit (Qiagen, Courtaboeuf, France).
Purified DNA samples were resolved and quantified by
comparison with a standard curve of calf thymus DNA
(Biorad, Marnes-La-Coquette, France) by electrophoresis
on a 1% agarose gel stained with ethidium bromide (Sam-
brook & Russel, 2001). Fragments of the copA gene from
bacterial DNA strains were amplified by the means of
degenerated oligonucleotides CoprunF2 and CoprunR1 de-
signed in this study (Table 2). PCR reactions were conducted
in a total volume of 50 uL with 5puL of 10 x PCR bulffer,
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200 uM (each) deoxyribonucleoside triphosphate, 1 U of
Taq polymerase (Qbiogene, Illkirch, France), 50 ng of DNA,
6 UM (each) primer. DNA amplification was carried out on a
DNA Thermal Cycler (Eppendorf, Le Pecq, France) using the
following programme: initial denaturation for 3min at
94 °C, 35 cycles of denaturation (1 min at 94 °C), annealing
(1min at 55°C), extension (1min at 72°C), and a final
extension (5min at 72 °C). PCR products were visualized
through a 1.5% agarose gel electrophoresis by ethidium
bromide staining.

Soil DNA was extracted from Auvillars, Chinon and
Micon NA soils as well as from Macon NA, S and CC soils
in contaminated and control microcosms using the method
described by Ranjard et al. (2003). Fragments of the copA
gene were amplified with primers CoprunF2 and CoprunR1.
Hot-start PCR amplification was performed in a total
volume of 25 pL with 2.5 pL of 10 x PCR bulffer, 200 uM
(each) deoxyribonucleoside triphosphate, 2 U of Taq poly-
merase (Qbiogene), 25 ng of soil DNA, 6 UM (each) primer,
and AmpliWax bead (Applied Biosystems, CA). DNA am-
plification was carried out as recommended by the

FEMS Microbiol Ecol 61 (2007) 424-437
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Table 3. Bacterial strains used in this study and tested for PCR amplification with copA gene primers set

Strains Phylum Copper resistance CopA detection  Sources
Nocardia transvalensis Actinobacteria Nkcr — Philippot L., personal data, INRA Dijon, France
Rhodococcus rhodocrous Actinobacteria Nkcr — Hartman A., personal data, INRA Dijon, France

Bradyrhizobium japonicum USDA 123  Alphaproteobacteria ~ Nkcr
Ensifer meliloti RCR 2011 Alphaproteobacteria Nkcr
Bradyrhizobium japonicum G49 Alphaproteobacteria Nkcr
Agrobacterium tumefaciens C58 Alphaproteobacteria Nkcr

Cupriavidus metallidurans CH34 Betaproteobacteria +

Alcaligenes faecalis 8750 Betaproteobacteria Nkcr
Variovorax sp. Betaproteobacteria Nkcr
Collimonas fungivorans Betaproteobacteria Nkcr
Listeria monocytogenes EGD-e Firmicutes Nker
Bacillus thuringiensis Firmicutes Nkcr
Streptomyces echinatus Firmicutes Nkcr
Enteroccocus hirae Firmicutes +

Staphyloccocus sp. Firmicutes +

Paenibacillus polymyxa Firmicutes Nkcr
Listeria innocua Firmicutes Nkcr

- Keyser et al. (1982)

— ATCC 51124

— IARI, Division of Microbiology, New Delhi

— ATCC 33970

+ Borremans et al. (2001)

— ATCC 8750

— Offre et al. (2007)

— Offre et al. (2007)

— ATCC BAA-679

- Cheneby et al. (2004)

— Philippot L., personal data, INRA Dijon, France
— ATCC9790

- Lejon et al., personal data, INRA Dijon, France
Hartman A., personal data

- Hartman A., personal data

Pseudomonas syringae pv. tomato Gammaproteobacteria  + + Mellano & Cooksey (1988)
Xanthomonas campestris Gammaproteobacteria  + + Mellano & Cooksey (1988)
Escherichia coli PRJ1004 Gammaproteobacteria  + + Ranjard L., personal data, INRA Dijon, France
Pseudomonas fluorescens C7R12 Gammaproteobacteria  Nkcr + Eparvier et al. (1991)
Pseudomonas putida KT2440 Gammaproteobacteria  + + ATCC 47054
Nkcr, no known copper resistance.
Table 4. Physico-chemical characteristics of the soils used in this study

Texture ) )

WHC CaCO3  OrganicC  OrganicN Cu tot Cu EDTA

Clay (%) Silt(%) Sand(%) pH (mLH,O0 1009 soil ™) (g kg’1) (g kg’w) (g kg’1) CN  (mg kg’1) (mg kg’1)
Auvillars 10 29 61 7.2 25 0 10.5 0.98 11 52 28
Chinon 9 4 87 80 25 112 7.3 0.60 12 52 52
MaconNA 32 57 11 6.8 30 0 12.9 1.10 12 62 25
Macon S 32 58 10 6.7 35 0 19.7 1.50 13 60 27
Macon CC 31 56 13 6.6 40 0 459 2.60 18 60 22

manufacturer for Ampliwax and by temperature cycling as
described above.

copA DNA fingerprinting

The purified PCR products from soil DNA were quantified
on a 1.5% agarose gel using Smart Ladder (Eurogentec,
Belgium), and equal amounts of the PCR products for each
sample (c. 500 ng) were digested at 37 °C with HinfI over-
night. The digested PCR products were separated on a 6%
acrylamide-bisacrylamide (29:1) gel for 20h at 5mA. The
gel was then stained with SYBR Green II (Molecular Probes,
Canada), scanned with a Storm 960 phosphorimager (Mo-
lecular Dynamics, Sunnyvale, CA) and analyzed using
1p-scaN software (ScienceTec, Courtaboeuf, France). The
software converted fluorescence data into electrophoreto-
grams where peaks represented DNA fragments. The peak
height was calculated in conjunction with the median filter
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option and the Gaussian integration in 1D-Scan, and
represented the relative proportion of the fragments in the
total PCR products. Lengths (in base pairs) were calculated
using a size reference mixture consisting of DNA-fragments
ranging from 100 to 2000 bp. The standard was made by
PCR amplifications of different fragment sizes of phage M13
mp18 (Promega, Charbonnieéres, France).

copA clone libraries

Clone libraries were constructed with copA PCR products
generated from NA, S and CC soil microcosms treated with
H,O. PCR products were ligated into pGEM-T Easy accord-
ing to the manufacturer’s instructions (Promega). Ligated
products were transformed into competent E. coli DH5a
cells following the heat shock protocol described in the
manufacturer’s technical manual. Transformed cells were
incubated 1 h at 37 °C on a rotary shaker at 200 r.p.m. before
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Table 5. Amounts and characteristics of humic substances from Macon NA, S and CC soils (from Lejon et al., 2007)

Humic substances mgC g~ soil* Humic acid mgC g~" soil” Fulvic acid mgC g~ soil " B-humus mgC g~ soil” HA/FA ratio
NA 1.70°+0.20 (12.7%) 0.60%4+0.06 (35.3%) 0.60?4+0.03 (35.3%) 0.50?4+0.08 (29.4%) 1.00°
S 3.50°+0.49 (17.5%) 1.00°+0.10 (29.0%) 1.852+0.09 (52.9%) 0.60740.09 (17.1%) 0.55°
CcC 9.10°4+1.20 (25.1%) 5.0°+0.50 (54.9%) 2.90°4+0.15(31.9%) 1.20°+0.18 (13.2%) 1.72¢

Values are means =+ SD for three independent replicates.

Different superscript letters indicate significant differences (P < 0.05) between the organic inputs for a given experimental site.
*Percentages in parentheses are calculated as follow: humic substances (mgC g~ soil)/soil organic C (mgC g~ soil).
Percentages in parentheses are calculated as follow: humic acids or fulvic acid or p-humus (mgC g~ soil)/humic substances (mgC g~ soil).

plating onto LB plates containing 100 pgmL ™" ampicillin,
0.5mM IPTG and 80 pgmL ™" X-Gal. White E. coli colonies
were resuspended in 10 pL dH,0, lysed for 10 min at 95 °C
and subsequently briefly centrifuged. One microlitre of
supernatant was used as template in a 10 pL PCR reaction
using 1uM of T7 (5'-TAATACGACTCACTATAGGG-3')
and SP6 (5'-ATTTAGGTGACACTATAG-3’) promoter pri-
mers. The PCR products were analyzed by agarose gel
electrophoresis and clones containing DNA fragments of
expected length were selected. Fifty clones in each library
were randomly chosen and sequenced by GENOME express
(http://www.genome-express.com) with a Sangers sequen-
cing protocol using the T7-primers.

Sequences analysis, phylogeny inference and
definition of clusters

Several copA gene sequences (Table 1) from the GenBank
database were aligned using the crustarx algorithm (Thomp-
son et al., 1997) to identify conserved regions for designing
consensus primers. The partial sequences amplified and
cloned from soil DNA were submitted to the ORF Finder , a
graphical analysis tool (http://www.ncbi.nlm.nih.gov/gorf/
gorf.html), to identify the adequate reading frames and to
deduce amino acid sequences, which were compared with
sequences found in the GenBank Database (Benson et al.,
2005) using the Brastp algorithm (Altschul et al., 1990).
Multiple-alignments were performed using the CLUSTALX
algorithm (Thompson et al., 1997) on DNA and protein
sequences. Distance matrices were calculated using the two-
parameter model of Kimura (1980) for DNA sequences and a
Poisson correction for protein sequences (Galtier et al., 1996).
A molecular phylogenetic tree was constructed using
PHYLO_WIN (Galtier et al., 1996) with the neighbour-joining
method (Saitou & Nei, 1987). Bootstrap percentages (1000
bootstrap replications) were used to test the robustness of
phylogenetic relationships within the tree (Felsenstein, 1985).

Statistical analysis

Data obtained from the I1p-scan software were converted
into a table summarizing the band presence (i.e. peak) and
intensity (i.e. height or area of peak) using the PREPRISA
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program (Ranjard ef al., 2001). For copA DNA profiles, 50
peaks, a 2-bp resolution and the Gaussian peak area were
used for a robust analysis of profiles. A covariance matrix
(microbial communities as rows and bands as columns) was
subjected to principal component analysis (PCA), which
provided an ordination of bacterial communities in a
factorial map based on the scores of the first two principal
components. Statistical ellipses representing 90% confidence
were drawn over the replicates of soil samples. The Monte
Carlo test with 1000 permutations was used to evaluate the
significance of the discrimination revealed by PCA.

A coinertia analysis (Doledec et al., 1999; Fromin et al.,
2002; Lejon et al., 2007) was used to study the relationships
between the copA genetic structure and the set of either soil
characteristics (Table 4) or SOM characteristics (Table 5).
The coupling of the soil characteristics correlation matrix
and the copA covariance data matrix produced new PCl1 and
PC2 coinertia axes by projecting variables and sampling
plots in a new factorial map. A randomization test of 1000
permutations was carried out to assess the statistical sig-
nificance of the costructure (Monte Carlo test). When the
costructure between copA and soil characteristics was sig-
nificant, the corresponding correlation circle of soil char-
acteristics was drawn and superposed on the copA factorial
map to highlight the contribution of the soil parameters to
the distinction of the copA genetic structure among the
different soils.

A factorial correspondence analysis (FCA) was applied to
study the distribution of copA diversity among the different soils
(NA, S and CC) by building a covariance data matrix with the
frequency distribution of each cluster in each soil. The corre-
sponding correlation circle was drawn, and arrows highlighted
the relative contribution of each cluster to soil discrimination.

PCA, coinertia analysis, FCA and the Monte Carlo test were
performed using ADE-4 software (Thioulouse et al., 1997).

Results and discussion

Optimization of copA PCR detection and
specificity

Consensus primers for the copA genes were deduced from an
alignment of 12 copA sequences from proteobacterial strains
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Xanthomonas campestris
Xylella fastidiosa 9a5c (gi_12057211)
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{Xanrhomonas campestris pv. campestris str. ATCC 33913 (gi_21111566)
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TEscherichia coli pRJ1004
Pseudomonas fluorescens CTR12

Pseudomonas aeruginosa PAO1 (gi_110227054)
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Alphaproteobacteria

] Aeromonas veronii bv. sobria (gi_6941899)
Ralstonia solanacearum GMI1000 megaplasmid (gi_30407128)

Betaproteobacteria

[Cupriavidus metallidurans CH34
-Xanthomonas campestris juglandis (gi_349160)

> Gammaproteobacteria

Fig. 1. Neighbour-joining phylogenetic tree representing copA nucleotidic sequences from reference strains. Bootstrap values were estimated from
1000 replicates. Nineteen sequences were aligned. Horizontal distances are proportional to observed divergences expressed in substitutions per 100
sites. Bootstrap values above 80% are indicated with a black spot. Shading indicates sequences obtained after PCR amplification of copA gene from

pure culture. Non-shaded text indicates sequences obtained from databases.

demonstrated as being copper resistant and available in the
GenBank database (Table 1). The alignment of copA nucleo-
tidic sequences revealed only two conserved regions useful
for designing degenerated forward and reverse primers:
CoprunR1 and CoprunF2 (Table 2). Furthermore, a size
polymorphism of this zone was recorded among determi-
nants that ranged from 1067bp for Caul. crescentus to
1277 bp for P. aeruginosa PAO1 (Table 2). This polymorph-
ism emphasized the high diversity of this genetic determi-
nant, probably due to its ancestral origin and long-term
divergence between organisms (Cooksey, 1994; Nies, 1999).
To obtain a maximal sensitivity for copA amplification from
bacterial strains and soil DNA, PCR amplification was
optimized by testing various hybridization temperatures,
number of PCR cycles, types of Tag DNA polymerase, Taq
enhancer and MgCl, and primers concentrations (data not
shown). In a first step, copA detection specificity was tested
through the PCR amplification of genomic DNA from
known resistant and sensitive bacterial strains (Table 3).
PCR products of the expected size (c. 1200bp) were
generated from genomic DNA of Cupriavidus metallidurans
CH34, Pseudomonas syringae pv. tomato, X. campestris,
E. coli PRJ1004 and Pseudomonas putida KT2440. Further-
more, a positive amplification was also obtained for
P. fluorescens C7R12 leading to the description of a novel
copA genetic determinant (deposited in the GenBank under
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the number EF394595). In parallel, this strain was copper
resistant as it was able to grow in YG-culture media
supplemented with CuCl, (2mM) as described by Kunito
et al. (2001) (data not shown).

The PCR-products from these strains were sequenced and a
phylogenetic tree was built up incorporating the 12 reference
copA sequences (Table 1; Fig. 1). The phylogenetic tree
confirmed the similarity between expected and amplified
sequences for Cup. metallidurans CH34, P. syringae pv. tomato,
X. campestris and E. coli PRJ1004, thus demonstrating the
specificity of the designed primers. This tree also evidenced
the clustering of copA sequences from P. fluorescens C7R12
with the other copA from the Pseudomonas group.

Analysis of copA genetic structure in soils of
variable physico-chemical characteristics

A copA DNA fingerprinting procedure was tested directly on
soil. Total DNA from three different soils (Auvillars, Chinon
and Mécon NA; Table 4) was submitted to copA gene PCR
amplification and to DNA fingerprinting using the restric-
tion enzyme Hinfl. This enzyme was chosen by testing
various restriction enzymes in silico (data not shown) to
obtain the best discrimination between the different copA
sequences (Table 1).
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Fingerprinting of the copA determinants by electrophore-
tic separation provided complex profiles with bands ranging
from 100 bp to about 1300 bp for Chinon, Macon NA and
Auvillars soils (Fig. 2a). Such an observation is in agreement
with the high diversity found among copA genetic determi-
nants, as discussed above (Brown et al., 1992; Cooksey,
1994). In another respect, our results also indicated a high
diversity of genes encoding for copper adaptation in pristine
or weakly contaminated soils such as Auvillars and Macon.
However, the distribution of metals in the environmental
matrix is known to be heterogeneous, with some micro-
niches having high concentrations that may maintain a
selection of resistant organisms (Ranjard et al., 2000). On
the other hand, as hypothesized by Bruce et al. (1995), a high
diversity of genes encoding for metal adaptation in pristine
soil can also result from (i) the close association of these
genes with other genes involved in the metabolism and/or
the fitness of bacteria in such an environment, and/or (ii)
their role in cellular functions other than copper resistance
(metal homoeostasis etc.). PCA confirmed the significant
discrimination between soils, essentially on the second axis,
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indigenous to the different soils.

explaining 22% of the variability (Fig. 2b). Our results
suggest that different soil physico-chemical characteristics
might induce a diversity of copA determinant. A coinertia
analysis was performed to better evaluate the influence of
soil characteristics on the copA genetic structure (Fig. 2c).
The Monte Carlo tests revealed a weak but significant
costructure between the copA genetic structure and the soil
characteristics (P < 0.25). The new factorial map deduced
from the coinertia analysis of the costructure, confirmed
that the copA genetic structure of Chinon soil was signifi-
cantly discriminated from Auvillars and Macon NA soils on
the PC1 coinertia axes, which explained 76% of the varia-
bility (Fig. 2¢). Superposition of the corresponding correla-
tion circle of physico-chemical characteristics to the PCA
factorial map revealed that the particular genetic structure
of Chinon was mainly explained by its texture (sandy soil) as
well as its higher pH. Our observation is in agreement with
recent studies depicting pH as one of the soil characteristics
that have the greatest influence on bacterial diversity in soil
(Fierer & Jackson, 2006). Coinertia analysis also revealed
that the particular genetic structure of Chinon soil could
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also be partly explained by a higher copper extractability,
leading generally to a higher copper toxicity (Huysman
et al., 1994), as 52 mgCukg{1 soil of EDTA- extractable
copper were measured compared to about 25mgCukg "
soil for Macon NA and Auvillars soils (Fig. 2c; Table 4).

Analysis of copA genetic structure and diversity
in soils of different organic status

The soil organic status, i.e. the type and content of soil
organic matter, is well known to strongly influence the
density, the activity and also the diversity of indigenous
bacterial communities (Marschner et al., 2003; Lejon et al.,
2005, 2007). In view of this, we characterized the copA
genetic structure and diversity in the three Macon soils
(NA, S and CC) exhibiting the same mineral matrix but
different SOS, as previously described [Table 5, taken from
Lejon et al.,(2007)]. In fact, electrophoretic profiles obtained
from these three soils revealed that each SOS provided a
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particular copA pattern (Fig. 3a), as confirmed by the
PCA factorial map (Fig. 3b). NA, S and CC soils were
discriminated both on the first and the second axis, which
explained, respectively, 38% and 22% of the total variability.

A coinertia analysis was performed using the copA PCA
data and the SOM characteristics (Table 5). The Monte
Carlo test revealed a highly significant costructure
(P < 0.007), suggesting that the SOS had a strong influence
on the copA genetic structure. The new factorial map
deduced from the coinertia analysis of the costructure
confirmed that the copA genetic structure of the CC soil
was discriminated from the NA and S soils on the PC1
coinertia axes, which explained 68% of the variability (Fig.
3¢). The superposition of the corresponding correlation
circle of SOM characteristics onto the copA factorial map
revealed that the discrimination of the CC soil was mainly
explained by a higher amount of SOM (higher C,,, and N,
contents) as well as by SOM quality in terms of C/N ratio
and higher content of humic acids [higher C/N and HA
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Fig. 4. NJ phylogenetic tree of CopA amino acids sequences obtained from Macon (NA), Macon (S) and Macon (CC) plus reference sequences listed in
Table 1; 147 sequences were aligned. Clones from Macon NA, S and CC were emphasized in grey, red and blue, respectively. Horizontal distances are
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(humic acid)/FA (fulvic acid) ratios] (Fig. 3¢). This observa-
tion was consistent with Marschner et al. (2003), who
reported that the quality of the SOM, as reflected by the
concentration and the aromaticity of the dissolved organic
carbon (DOC), affected microbial community composition.
Furthermore, in a previous study, we demonstrated an
influence of the SOM on the genetic structure of the
dominant indigenous bacterial community [using B-ARISA
fingerprinting approach (Lejon et al., 2007)]. By analogy, it
could be hypothesized that the modifications observed for
copA possessing bacterial communities may be due to a
lower availability and quality of the carbon source supplied
by a more humified SOM (due to conifer compost decom-
position) and especially to the content of recalcitrant
compounds compared to a less humified SOM [e.g. with
straw amendment (Domeizel et al., 2004)]. In other respects,
the discrimination observed between the NA and S soils was
mainly due to differences in relative amounts of fulvic acids
and B-humus (Fig. 3c), emphasizing that the quality of less
humified SOM also influenced copA diversity. In addition,
the copA genetic diversity was characterized by cloning and
sequencing the copA amplified fragments from each soil.
All the sequenced clones showed high similarity to copA
sequences of Proteobacteria found in the databases, confirm-
ing the specificity of the primer set designed in this study.
Multiple alignments and a molecular phylogenetic tree were
made with these clones and the reference sequences used
above (Table 1; Fig. 1). The topology of the inferred
neighbour-joining (NJ) phylogenetic tree made it possible
to distinguish between seven groups (clusters A—G). This
was supported by bootstrap values > 50% (Fig. 4). Our
results highlighted that few indigenous copA sequences were
related with known sequences. For example, only three
clones (NA81, S70 and CC7) were affiliated to the cluster E
harbouring copA sequences from Ralstonia. No copA se-
quence was isolated from the cluster F, including sequences
from the different Pseudomonas and E. coli determinants,
whereas 69 clones grouped in the cluster G, including all
the copA related to Xanthomonas and 12 in the cluster B
corresponding to Caulobacter. It was difficult to establish a
close relationship with bacterial host for clusters A, C and D.

The influence of SOS on copA diversity was confirmed by
the factorial correspondence analysis, which was performed
to resolve the diversity of the clones in the different soils
(NA, S and CC). The factorial map and the correlation
circle, presented in Fig. 5, revealed that the distribution
of the clones differed between clusters according to the
SOS. These results highlighted the separation of the CC soil
from the NA and S soils on the first axis, which explained
83% of the variability, and the significant discrimination
between the NA and S soils on the second axis, which
explained 20% of the variability. The correlation circle
evidenced that copA diversity in the CC soil was mainly
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Fig. 5. Factorial correspondence analysis (FCA) generated from the
distribution of the various identified clusters in NA, S and CC soils.
Arrows were obtained by the superposition of the corresponding
correlation circle and represent the contribution of each cluster to the
discrimination of NA, S and CC soils.

represented by clusters B, D, E and G, and by clusters C and
A in the NA and S soils (Fig. 5). Consequently, the specific
copA genetic structure associated with the more humified
SOM is confirmed by the occurrence of specific copA genes
clusters in the CC soil.

Analysis of community adaptation to copper
contamination in soils of different SOS

The copA DNA fingerprinting strategy was evaluated to
detect modifications consequent to artificial copper con-
tamination. Soil incubations were carried out over 15 days
with Macon NA, S and CC soils contaminated with copper
(+CuCl, at 250 mg kg1 soil) or not (+H,O) to study short-
term responses. As illustrated in Fig. 6, modifications in
copA genetic structure were observed only in the CC soils
with a significant discrimination between the control and
the contaminated microcosms demonstrated by a PCA
factorial map. Profiles revealed that copper spiking induced
emergence of new bands and a higher intensity of pre-
existing bands (shown by arrows in Fig. 6¢). These results
are not consistent with the hypothesis of a lower diversity of
resistance genes in metal-polluted soils than in unpolluted
ones (Olson et al., 1989; Bruce et al., 1995), possibly because
of the short-term exposure described in this work. As
described above, the three soils studied differed only in their
SOS (quantity and type of SOM). However, our results were
not consistent with the higher content of SOM in CC soil.
Indeed, soil organic matter may have a major influence on
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the copper impact on soil microorganisms as complexation;
chelation and adsorption processes may reduce copper
bioavailability and therefore toxicity (Fotovat & Naidu,
1998; Zhou & Wong, 2001; Ranjard et al., 2006). In parallel,
a more significant impact was recorded in the genetic
structure of the dominant bacterial community of the NA
compared to the S and CC soils, using B-ARISA DNA
fingerprinting (unpublished data). In contrast, copA DNA
fingerprinting results emphasized the weak relationship with
total community DNA fingerprinting impact. Such a dis-
crepancy could be explained partly by the fact that copA
DNA fingerprinting targeted only determinants related to
Proteobacteria. Consequently, this statement underlines the
necessity to characterize novel copA determinants in Actino-
mycetes and Firmicutes, and to develop copA DNA finger-
printing specific to these taxonomic groups. On the other
hand, our results might be explained partly by the fact that

D.PH. Lejon et al.

bacterial copper resistance can result from other mechan-
isms than Cu sequestration, e.g. Cu efflux mechanisms
through P-type ATPase, which are described in E. coli and
Enterococcus hirae and encoded by specific genetic determi-
nants (Magnani & Solioz, 2007).

An explanation of the higher impact observed in the CC
soils might be their specific copA diversity as described above
(see Analysis of copA genetic structure and diversity in soils of
different organic status) (Figs 3-5). For NA and § soils, the
absence of copA profile modifications could result from the
predominance of bacterial populations harbouring highly
efficient copper resistance genes that are characteristic of a
highly stable genetic structure. Inversely, the significant
modifications observed in the CC contaminated soil suggest
the innate predominance of less efficient copper resistance
genes leading to the establishment of a novel genetic
structure of the community more suited to survive under
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Fig. 6. copA DNA fingerprinting gels and principal component (PC1 x PC2) factorial maps generated from the profiles of soils differing in their soil
organic status [Macon NA (a), S (b) and CC (c)] and incubated with CuCl, or with water (+H,0O, control). Arrows indicate significant modifications

between control and contaminated CC soils.
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metal stress. This hypothesis is consistent with the results
illustrated by the factorial map generated from the copA
profiles of contaminated soils (Fig. 7). These results revealed
that the new copA genetic structure of the CC contaminated
soil is similar to that of the S soil and is discriminated from
the NA soil on the first axis, which explained 34% of the
variability. In this context, further investigations by cloning
and sequencing copA genes from CC and S contaminated
soils could allow confirmation of such a similarity in copA
diversity. In addition, as it is well known that copper spiking
induced an enrichment of adapted populations (Duxbury &
Bicknell, 1983; Huysman et al., 1994; Kunito et al., 1997),
complementary analysis could be performed to compare the
abundance of copA genes before and after copper contam-
ination and to reach a more precise conclusion about the
impact of copper in the different soils. Although quantita-
tive PCR is a relevant approach to quantify functional genes
in soil (Kandeler et al., 2006), our primers are not adequate
for this approach as they were degenerated and provided
PCR fragments of different sizes that were too large to be
quantified robustly.

Acknowledgements

This work was supported by the French National Program
PN/ACI ‘ECCO’ through a ECODYN project. DPHL was
funded by a grant from the Région Bourgogne and The
Bureau Interprofessionnel des Vins de Bourgogne. We
would like to thank Pierre-Alain Maron and Mary Bouley
for critical reading of the manuscript and helpful comments,
and L. Philippot (INRA Dijon, France) and A. Hartmann
(INRA Dijon, France) for providing bacterial strains as
indicated in Table 3. We are also grateful to Marc Solioz

FEMS Microbiol Ecol 61 (2007) 424-437

(University of Berne, Switzerland) for providing the E. hirae
strain.

References

Altschul SF, Gish W, Miller W, Meyers EW & Lipman DJ (1990)
Basic local alignment search tool. ] Mol Biol 215: 403—410.

Baath E, Diaz-Ravina M, Frostegard A & Campbell CD (1998)
Effect of metal-rich sludge amendments on the soil microbial
community. Appl Environ Microbiol 64: 238-245.

Benson DA, Karsch-Mizrachi I, Lipman DJ, Ostell ] & Wheeler
DL (2005) GenBank. Nucleic Acids Res 33: D34-D38.

Borremans B, Hobman JL, Provoost A, Brown NL & van der Lelie
D (2001) Cloning and functional analysis of the pbr lead
resistance determinant of Ralstonia metallidurans CH34.

J Bacteriol 183: 5651-5658.

Brown NL, Rouch DA & Lee BTO (1992) Copper resistance
determinants in bacteria. Plasmid 27: 41-51.

Bruce KD, Osborn AM, Pearson A]J, Strike P & Ritchie DA (1995)
Genetic diversity within mer genes directly amplified from
communities of non-cultivated soil and sediment bacteria.
Mol Ecol 4: 605-612.

Cheneby D, Perrez S, Devroe C, Hallet S, Couton Y, Bizouard F,
Luretig G, Germon ] & Philippot L (2004) Denitrifying
bacteria in bulk and maize-rhizospheric soil: diversity and
N,O-reducing abilities. Can ] Microbiol 50: 469—474.

Cooksey DA (1994) Molecular mechanisms of copper resistance
and accumulation in bacteria. FEMS Microbiol Rev 14:
381-386.

da Silva ACR, Ferro JA, Reinach FC et al. (2002) Comparison of
the genomes of two Xanthomonas pathogens with differing
host specificities. Nature 417: 459-463.

Doelman P, Jansen E, Michels M & Vantil M (1994) Effects of
heavy metals in soil on microbial diversity and activity as
shown by the sensitivity—resistance index, an ecologically
relevant parameter. Biol Fertil Soils 17: 177-184.

Journal compilation © 2007 Federation of European Microbiological Societies

Published by Blackwell Publishing Ltd. No claim to original French government works



436

Doledec S, Statzner B & Bournard M (1999) Species traits for
future biomonitoring across ecoregions: patterns along a
human-impacted river. Freshwater Biol 42: 737-758.

Domeizel M, Khalil A & Prudent P (2004) UV spectroscopy: a
tool for monitoring humification and for proposing an index
of the maturity of compost. Biores Technol 94: 177-184.

Dumestre A, Sauve S, McBride M, Baveye P & Berthelin J (1999)
Copper speciation and microbial activity in long-term
contaminated soils. Arch Environ Contam Toxicol 36: 124—131.

Duxbury T & Bicknell B (1983) Metal-tolerant bacterial
populations from natural and metal-polluted soils.

Soil Biol Biochem 15: 243-250.

Eparvier A, Lemanceau P & Alabouvette C (1991) Population
dynamics of non-pathogenic Fusarium and fluorescent
Pseudomonas strains in rockwool, a substratum for soilless
culture. FEMS Microbiol Ecol 86: 177—184.

Felsenstein J (1985) Confidence limits on phylogenies: an
approach using the bootstrap. Evolution 39: 783-791.

Fierer N & Jackson RB (2006) The diversity and biogeography of
soil bacterial communities. Proc Natl Acad Sci USA 103:
626-631.

Flores-Vélez L (1996). Essai de spéciation des métaux dans les
sols: cas du cuivre dans les vignobles. PhD thesis. University of
Paris XII, Paris.

Fotovat A & Naidu R (1998) Changes in composition of soil
aqueous phase influence chemistry of indigenous heavy metals
in alkaline sodic and acidic soils. Geoderma 84: 213-234.

Francki KT, Chang BJ, Mee BJ, Collignon PJ, Susai V & Keese PK
(2000) Identification of genes associated with copper tolerance
in an adhesion-defective mutant of Aeromonas veronii biovar
sobria. FEMS Immunol Med Microbiol 29: 115-121.

Fromin N, Hamelin J, Tarnawski S, Roesti D, Jourdain-Miserez K,
Forestier N, Teyssier-Cuvelle S, Gillet F, Aragno M & Rossi P
(2002) Statistical analysis of denaturing gel electrophoresis
(DGE) fingerprinting patterns. Environ Microbiol 4: 634—643.

Galtier N, Gouy M & Gautier C (1996) Seaview and Phylo_win:
two graphic tools for sequence alignment and molecular
phylogeny. Comput Appl Biosci 12: 543-548.

Giller KE, Witter E & McGrath SP (1998) Toxicity of heavy metals
to microorganisms and microbial processes in agricultural
soils: a review. Soil Biol Biochem 30: 1389-1414.

Girvan MS, Bullimore J, Ball AS, Pretty JN & Osborn AM (2004)
Responses of active bacterial and fungal communities in soils
under winter wheat to different fertilizer and pesticide
regimens. Appl Environ Microbiol 70: 2692-2701.

Holling CS (1973) Resilience and stability of ecological systems.
Ann Rev Ecol Syst 4: 1-23.

Huysman F, Verstraete W & Brookes PC (1994) Effect of
manuring practices and increased copper concentrations on
soil microbial-populations. Soil Biol Biochem 26: 103—110.

Kandeler E, Deiglmayr K, Tscherko D, Bru D & Philippot L
(2006) Abundance of narG, nirS, nirK, and nosZ genes of
denitrifying bacteria during primary successions of a glacier
foreland. Appl Environ Microbiol 72: 5957-5962.

Journal compilation © 2007 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. No claim to original French government works

D.P.H. Lejon et al.

Keyser HH, van Berkum P & Weber DF (1982) A comparative
study of the physiology of symbioses formed by Rhizobium
japonicum with Glycine max, Vigna unguiculata, and
Macroptilium atropurpurem. Plant Physiol 70: 1626-1630.

Kimura M (1980) A simple method for estimating evolutionary
rate of base substitution through comparative studies of
nucleotide sequences. ] Mol Evol 16: 111-120.

Kunito T, Nagaoka K, Tada N, Saeki K, Senoo K, Oyaizu H &
Matsumoto S (1997) Characterization of Cu-resistant bacterial
communities in Cu-contaminated soils. Soil Sci Plant Nutr 43:
709-717.

Kunito T, Saeki K, Nagaoka K, Oyaizu H & Matsumoto S (2001)
Characterization of copper-resistant bacterial community in
rhizosphere of highly copper-contaminated soil. Eur J Soil Biol
37:95-102.

Lee YA, Hendson M, Panopoulos NJ & Schroth MN (1994)
Molecular-cloning, chromosomal mapping, and sequence-
analysis of copper resistance genes from Xanthomonas
campestris pv. Juglandis — homology with small blue copper
proteins and multicopper oxidase. J Bacteriol 176: 173—188.

Lejon DPH, Chaussod R, Ranger J & Ranjard L (2005) Microbial
community structure and density under different tree species
in an acid forest soil (Morvan, France). Microb Ecol 50:
614-625.

Lejon DPH, Sebastia J, Lamy I, Chaussod R & Ranjard L (2007)
Relationships between soil organic status and microbial
community density and genetic structure in two agricultural
soils submitted to various types of organic management.
Microb Ecol 53: 660—-663.

Magnani D & Solioz S (2007) How bacteria handle copper.
Bacterial Transition Metal Homeostasis (Nies DH, ed),
pp- 101-127. Springer-Verlag, Heidelberg.

Marschner P, Kandeler E & Marschner B (2003) Structure and
function of the soil microbial community in a long-term
fertilizer experiment. Soil Biol Biochem 35: 453—461.

McGrath S (1994) Effects of heavy metals from sewage sludge on
soil microbes in agricultural ecosystems. Toxic Metals in Soil-
Plant Systems (Ross S, ed), pp. 247-274. John Wiley & Sons,
Chichester.

Mellano MA & Cooksey DA (1988) Nucleotide sequence and
organization of copper resistance genes from Pseudomonas
syringae pv. tomato. ] Bacteriol 170: 2879-2883.

Nierman WC, Feldblyum TV, Laub MT et al. (2001) Complete
genome sequence of Caulobacter crescentus. Proc Natl Acad Sci
USA 98: 4136-4141.

Nies DH (1999) Microbial heavy-metal resistance. Appl Microbiol
Biotechnol 51: 730-750.

Offre P, Pivato B, Siblot S, Gamalero E, Corberand T, Lemanceau
P & Mougel C (2007) Identification of bacterial groups
preferentially associated with mycorrhizal roots of Medicago
truncatula. Appl Environ Microbiol 73: 913-921.

Olson BH, Lester N, Cayless SM & Ford S (1989) Distribution of
mercury resistance determinants in bacterial communities of
river sediments. Water Res 23: 1209-1217.

FEMS Microbiol Ecol 61 (2007) 424-437



Fingerprinting and diversity of bacterial copA genes in soil

Ranjard L, Richaume A, Jocteur-Monrozier L & Nazaret S (1997)
Response of soil bacteria to Hg(II) in relation to soil
characteristics and cell location. FEMS Microbiol Ecol 24:
321-331.

Ranjard L, Poly F, Combrisson ], Richaume A, Gourbiere F,
Thioulouise J & Nazarek S (2000) Heterogenous cell density and
genetic structure of bacterial pools associated with various soil
microenvironments as determined by enumeration and DNA
fingerprinting approach (RISA). Microb Ecol 39: 263-272.

Ranjard L, Poly F, Lata J-C, Mougel C, Thioulouse ] & Nazaret S
(2001) Characterization of bacterial and fungal soil
communities by automated ribosomal intergenic spacer
analysis fingerprints: biological and methodological
variability. Appl Environ Microbiol 67: 4479-4487.

Ranjard L, Lejon DPH, Mougel C, Schehrer L, Merdinoglu D &
Chaussod R (2003) Sampling strategy in molecular microbial
ecology: influence of soil sample size on DNA fingerprinting
analysis of fungal and bacterial communities. Environ
Microbiol 5: 1111-1120.

Ranjard L, Echairi A, Nowak V, Lejon DPH, Nouaim R &
Chaussod R (2006) Field and microcosm experiments to
evaluate the effects of agricultural Cu treatment on the density
and genetic structure of microbial communities in two
different soils. FEMS Microbiol Ecol 58: 303-315.

Rensing C & Grass G (2003) Escherichia coli mechanisms of
copper homeostasis in a changing environment. FEMS
Microbiol Rev 27: 197-213.

Saitou N & Nei M (1987) The neighbor-joining method: a new
method for reconstructing phylogenetic trees. Mol Biol Evol 4:
406-425.

Salanoubat M, Genin S, Artiguenave F et al. (2002) Genome
sequence of the plant pathogen Ralstonia solanacearum.
Nature 415: 497-502.

FEMS Microbiol Ecol 61 (2007) 424-437

437

Sambrook J & Russel DW (2001) Molecular Cloning — A
laboratory manual, 3rd edn. Cold Spring Harbor, New York.

Sauve S, Dumestre A, McBride M, Gillett JW, Berthelin ] &
Hendershot W (1999) Nitrification potential in field-
collected soils contaminated with Pb or Cu. Appl Soil Ecol 12:
29-39.

Simpson AJG, Reinach FC, Arruda P et al. (2000) The genome
sequence of the plant pathogen Xylella fastidiosa. Nature 406:
151-157.

Smit E, Leeflang P & Wernars K (1997) Detection of shifts in
microbial community structure and diversity in soil caused
by copper contamination using amplified ribosomal DNA
restriction analysis. FEMS Microbiol Ecol 23: 249-261.

Stover CK, Pham XQ, Erwin AL et al. (2000) Complete genome
sequence of Pseudomonas aeruginosa PAO1, an opportunistic
pathogen. Nature 406: 959-964.

Thioulouse J, Chessel D, Dolédec S & Olivier JM (1997) ADE-4: a
multivariate analysis and graphical display software. Stat
Comput 7: 75-83.

Thompson JD, Gibson TJ, Plewniak F, Jeanmougin F & Higgins
DG (1997) The ClustalX windows interface: flexible strategies
for multiple sequence alignment aided by quality analysis
tools. Nucleic Acids Res 25: 4876—4882.

Tom-Petersen A, Leser TD, Marsh TL & Nybroe O (2003) Effects
of copper amendment on the bacterial community in
agricultural soil analyzed by the T-RFLP technique. FEMS
Microbiol Ecol 46: 53—62.

Turpeinen R, Kairesalo T & Haggblom MM (2004) Microbial
community structure and activity in arsenic-, chromium-
and copper-contaminated soils. FEMS Microbiol Ecol 47:
39-50.

Zhou LX & Wong JWC (2001) Effect of dissolved organic matter
from sludge and sludge compost on soil copper sorption.

J Environ Qual 30: 878—883.

Journal compilation © 2007 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. No claim to original French government works



Environ. Sci. Technol. 2008, 42, 2819-2825

Copper Dynamics and Impact on
Microbial Communities in Soils of
Variahle Organic Status

DAVID P. H. LEJON,T

JEAN M. F. MARTINS," JEAN LEVEQUE,"
LORENZO SPADINI,®

NOEMIE PASCAULT," DAVID LANDRY,"
MARIE-JEANNE MILLOUX,T

VIRGINIE NOWAK," REMI CHAUSSOD,*
AND LIONEL RANJARD=*'t

INRA-Université Bourgogne, UMR MSE, CMSE,

21065 Dijon, France, CNRS-Université Grenoble 1, LTHE,
UMR5564, Grenoble, France, and CNRS-Université Grenoble I,
LGIT, UMR5559, Grenoble, France

Received July 05, 2007. Revised manuscript received
December 28, 2007. Accepted February 19, 2008.

The effect of soil organic status on copper impact was
investigated by means of a microcosm study carried out on a
vineyard soil that had been amended with varying types of
organic matter during a previous long-term field experiment.
Soil microcosms were contaminated at 250 mg Cu kg™ and
incubated for 35 days. Copper distribution and dynamics

were assessed in the solid matrix by a sequential extraction
procedure and in the soil solution by measuring total and free
exchangeable copper concentrations. Copper bioavailability
was also measured with a whole-cell biosensor. Modifications
of microbial communities were assessed by means of
biomass-C measurements and characterization of genetic
structure using ARISA (automated-ribosomal-intergenic-spacer-
analysis). The results showed that copper distribution,
speciation, and bioavailability are strongly different between
organically amended and nonamended soils. Surprisingly,

in solution, bioavailable copper correlated with total copper
but not with free copper. Similarly the observed differential copper
impact on micro-organisms suggested that organic matter
controlled copper toxicity. Bacterial-ARISA modifications also
correlated with the estimated metal bioavailability and
corresponded to the enrichment of the Actinobacteria.
Contrarily, biomass-C and fungal-ARISA measurements did not
relate trivially to copper speciation and bioavailability,
suggesting that the specific composition of the indigenous-soil
communities controls its sensitivity to this metal.

1. Introduction

Copper has been widely encountered in land use practices
(biosolids application, mining, pesticides use, etc.) for many
years (1), leading to large increases of total Cu content at soil
surfaces, i.e., up to 1000 mg kg of soil (2). At such high
concentrations, copper has detrimental and irreversible
effects on soil biocenosis and modifies the population
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structure of soil microbial communities. This was shown by
analysis of soil microbial biomass (3-5), analysis of phos-
pholipid fatty acids (PLFA) profiles (6, 7), or characterization
of microbial community structure (8, 9). Other studies
highlighted the link between pollutant perturbations and
community composition, diversity, and response (in terms
of resistance and resiliency (9-11). However, most of these
studies were limited to one soil and did not investigate the
relation between soil properties and pollutant impact.

Recently, a differential copper impact on the microbial
biomass and genetic structure has been demonstrated for
two different soils (9). This study evidenced a different copper
speciation existing in the two soils, which affected the
bioavailability of the studied trace element and consequently
its impact on microbial communities. Factors such as pH,
redox potential, mineralogical, and soil organic matter
contents and types are all known to affect copper speciation
(I12-14). Among the soil constituents, soil organic matter
(SOM) is one of the more reactive toward copper, as
demonstrated by several studies with soil organic matter or
with organic ligands (14). Organicligands interact with trace
elements essentially through complexation reactions (15-19).
Consequently, the correlation between total and bioavailable
copper contents was shown to be poor in complex soil
systems (12, 20, 21). A priori, this poor correlation is due to
the studied system complexity, i.e., the numerous possible
copper interactions with highly variable composition of soils.
In addition, SOM acts to stimulate soil microbial processes
and manage soil microbial diversity (22) and therefore its
sensitivity to metal contamination (9). This complexity limits
the ability to predict copper impact and fate from data
involving only one field site, or laboratory and thermody-
namical assets. Copper impact studies with soils of differing
properties are needed to identify the parameters that
effectively control metal fate and impact.

The aim of our study was to evaluate the impact of copper
on a set of soils varying only in the organic matter status. To
evaluate the effect of the soil organic status (defined as the
amount and type of soil organic matter) on pollutant
availability, toxicity and fate, a vineyard soil that has been
subjected to three different organic matter amendments (not
amended: NA, amended with wheat straw: S, or with conifer
compost: CC) in the frame of a 15 years long field experiment,
was used. These organic amendments conferred to the soil
specificamount and quality of soil organic matter, microbial
density, and microbial community structure (23). Using a
microcosm approach, the aging of spiked copper was
measured on the solid phase (sequential extraction experi-
ments), and of the Ca-exchangeable total, free (copper
selective electrode) and bioavailable (microbial biosensor)
copper were measured. The results were compared to
quantitative (soil microbial biomass) and qualitative (bacte-
rial- and fungal-ARISA techniques applied directly to soil
DNA) modifications of the indigenous microbial communities.

2. Materials and Methods

2.1. Soil Sampling and Microcosm Setup. The studied soil
located in the vineyard site of Macon (France) (23) experi-
enced a long-term field experiment, in which this weakly
copper contaminated silt clay loam soil (about 60 mg Cu
kg!) was divided in several plots, each amended with various
types and amounts of organic matter since 1991. The three
studied situations were as follows: not amended (NA),
amended with wheat straw (S) (10 t ha™! every 2 years), and
amended with conifer compost (CC) (100 m® ha™! every 3-4
years) at the soil surface. The last amendments were

VOL. 42, NO. 8, 2008 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 2819



performed in 2003, and the soils were sampled in 2004. In
these soils, organic carbon contents were determined: 12.9,
19.7,and 45.9gkg 'at C/Nof11.7,13.1,and 17.5, respectively
(23). The detailed soil properties are provided in the
Supporting Information section. The upper layer (0-5 cm)
of the soils was sampled, homogenized, sieved at 4 mm, and
stored at 4 °C before microcosm setup.

Portions of 150 g soil (dry-weight) inserted in 2 L glass
jars, were spiked with CuCl, to reach a final concentration
of 250 mg Cu kg! of soil. Copper contamination induced a
decrease of soil pH of about 0.2 to 0.4 pH unit, similar for
each soil studied (Figure S1). Control microcosms were
supplemented with pure water (H,O) or with 0.05 M HCl in
order to reach 80% of the water holding capacity of the soil.
HCI controls were performed to mimic the chloride content
increase, and the acidifications caused by CuCl, spiking.
These controls were only used for evaluating microbial
modifications. Soil microcosms were incubated in triplicate
for 35 days (t35d) in the dark at 20 °C, with weekly aeration
and water content control.

2.2. Copper Sequential Extraction. The sequential ex-
traction procedure was adapted from Parat et al. (24) (see
Supporting Information section for more details). Extraction
experiments were performed before and immediately after
copper spiking (t0d) and at the end of the incubation time
(t35d). Total copper concentrations in individual fractions
and whole soil were determined by flame atomic absorption
on triplicate samples (F-AAS, Perkin-Elmer 3300). The copper
mass balance was evaluated comparing the sum of copper
concentration in individual fractions (steps 1—6) with total
metal concentration (TMC) in the soils

2.3. Total, Free, and Bioavailable Exchangeable Copper
Measurements. Exchangeable copper concentration was
obtained from copper-spiked soil microcosms by stirring at
200 rpm for 15 min 10 g of soil suspended in 20 mL of 0.1
M Ca(NOs),. The measurement was done at t0d, t2d, t7d,
t15d, and t35d. After centrifugation (10000g for 30 min) of
the soil suspension, the supernatant was filtered at 0.45 um
and analyzed for total exchangeable copper [Cuwdex by
inductively coupled plasma atomic emission spectrometry
(ICP-AES Optima 3300 DV, Perkin-Elmer, LGIT, Grenoble).

Copper speciation was determined by assessing free
copper (Cu?") with a Cu?* selective electrode (CuSE) (Metro-
hm 60502140). Calibration was achieved using Cu(NO3),
standards in 0.1 M Ca(NOs),-4H,0 (Sigma-Aldrich, France)
ranging between -7.4 < logjo [Cu?*] < —4. The lower limit of
measurement is constrained by Cuimpurities present in the
CuNOs reactants, as was attested from separate calibration
experiments. The electrode potential correlated linearly with
Cu?* concentration, [Cu?*]g, with a measured Nernst pa-
rameter k situated at +2 mV of the theoretical value.

At t0d, t7d, t15d, and t35d of the incubation period,
bioavailable copper ([Cugalgx) Was determined on the same
soil solutions with a whole-cell copper biosensor previously
optimized by Tom-Petersen et al. (1), using the same bioassay
procedure. This Pseudomonas fluorescens biosensor (DF57-
Culb) was selected as a copper sensor on the basis of its
tolerance and its specific and concentration-dependent
response to Cu in pure culture. Luminescence was measured
using a TD20/20 luminometer (Promega, France). Bioavail-
able copper concentrations were calculated using a calibra-
tion curve established with Cu(NOs), standards (in 0.1 M
Ca(NOs),+4H,0) of known concentrations.

2.4. Microbial Biomass-C Quantification. Microbial
biomass measurements were performed using the
fumigation—extraction method (25) on three independent
microcosms of NA, S, and CC soils of each condition (H-0,
HCI, and Cu) at t0d, t15d, and t35d. Briefly, 40 g of soil were
fumigated for 16 h at 20 °C. The C from fumigated and
unfumigated soil samples was extracted in 200 mL of 0.025
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M K;SO, for 45 min by shaking. Soil suspensions were
centrifuged at 6000g for 5 min. The measurement of soluble
organic C in the supernatant was performed using the
persulphate-UV oxidation procedure on a Phoenix Analyzer
(Dohrmann Co., Santa Clara, CA). Microbial biomass was
evaluated using a k.. factor of 0.38 (25)

2.5. Genetic Structure of Microbial Communities. The
genetic structure of bacterial and fungal communities was
performed on the soil DNA directly extracted from the
different microcosms at t0d, t15d, and t35d using the method
described by Lejon et al. (26). A detailed procedure description
is presented in the Supporting Information section. Bacterial-
and fungal-ARISA profiles were analyzed using 1D-Scan
software (ScienceTec), which converted fluorescence data
into electrophoregrams where peaks represented PCR
fragments.

2.6. Taxonomic Identification of Responsive Popula-
tions. A statistical analysis (PCA ordination) of B-ARISA bands
was performed which allowed the differences in the band
profiles specifically related to the variances between bacterial
communities of NA Cu-contaminated and not contaminated
(control) soils (data not shown) to be highlighted at t15d.
Several discriminating bands were highlighted in NA con-
taminated soil, all exhibiting sizes ranging between 350 and
450 bp. The corresponding DNA was reamplified by PCR in
order to add a fragment of 467 bp of the 16S rRNA gene with
the contiguous bacterial ribosomal IGS (27). After purification,
the genetic fragment was used to construct a library of 30
clones, which were sequenced and analyzed by BLASTn
algorithm (28).

2.7. Statistical Analysis. The effect of copper contami-
nation on soil microbial biomass and differences of [Curoex,
[Cu?*]gy, and [Cugalex between incubation dates were tested
by means of one-way ANOVA, and differences between means
were tested with the Fisher PLSD test. Correlation analyses
were used to investigate the effects of C,; content on total,
free, and bioavailable exchangeable copper concentrations
by means of Pearson’s correlation coefficient (r). All these
statistical calculations were carried out using XLSTAT (Ad-
dinsoft, Paris, France). ARISA data obtained from the 1D-
Scan software were converted into a table summarizing the
band presence (peak) and intensity (peak height or area)
using the PrepRISA program (29). As described in a previous
study (26), we used 100 peaks, a 2 bp resolution, and the
Gaussian peak area for a robust analysis of bacterial and
fungal profiles. B- and F-ARISA covariance matrices (mi-
crobial communities as rows and bands as columns) were
subjected to PCA, which provided an ordination of bacterial
or fungal communities in a factorial map based on the scores
of the first two principal components. Statistical ellipses
representing 90% of confidence were drawn over the
replicates of microcosm samples. A Monte Carlo test with
1000 permutations was performed to check the significance
of the observed discrimination between soil plots based on
their microbial genetic structure. PCA and the Monte Carlo
test were performed using the ADE-4 software (30).

3. Results

3.1. Copper Distribution in the Soil Matrix. Total copper
concentrations were 297 + 32, 308 & 17, and 369 + 62 ng Cu
g ! soil for NA-, S-, and CC-soils after copper contamination
(t0d). The distribution of copper in the six fractions measured
with the sequential extraction procedure is presented in
Figure 1. Recovery of total copper ranged from 80 to 104%.
Lower ratios were considered as the cumulative losses of
each extraction step (3I). Note that the relation between the
extracted mineral phase and the extraction step can be
uncertain, especially for mineral phases. The name of mineral
phases given to the extraction steps are thus indicative. In
NA soils, native copper accumulated preferentially in the
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FIGURE 1. Copper distribution (%) obtained for (A) NA-, (B) S-,
and (C) CC-soils before (¢), immediately after (t0d) (O), and 35
days after (t35d) (®) copper spiking. Individual step fractions
are listed in the Materials and Methods section. Error bars
correspond to the standard deviation calculated from
triplicates. Step 1: exchangeable (Exc). Step 2: bound to
organic matter (OM). Step 3: bound to Mn-oxides (Mn-0x). Step
4: bound to amorphous Fe-oxides (Fea-Ox). Step 5: bound to
crystalline Fe-oxides (Fec-0x). Step 6: residual (Res).

fractions 3 and 4 (Mn- and amorphous Fe-oxides; 30 and
32%, respectively). In the CC-soil native copper mainly
combined to fraction 2 (organic matter OM 38%). In the S-soil,
the distribution of native copper was intermediate, with a
well-balanced distribution between fractions 2, 3, and 4.
Figure 1 shows that the Cu-distribution patterns of the soils
containing only native copper generally compared to those
of spiked copper, although added copper bound preferentially
to the organic soil fraction. Obviously, no significant copper
aging was observed in the NA and S soils. Contrarily, copper
appears to migrate from the labile organic phase (fraction
2) to the more stable and potentially less available mineral
phases (fraction 4) in the CC-soil within 35 days, with a pattern
close to that of native copper.

As a conclusion, we can say that conifer compost and, to
much lesser extent, straw amendments are able to change
the distribution of Cu from fraction 2 to fraction 4.
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FIGURE 2. Aging of total, free, and bioavailable copper
concentrations in the aqueous exchangeable fraction of soil
microcosms (NA, S, CC) spiked with copper measured at t0d,
t2d, t7d, t15d, and t35d. Error bars refer to standard deviations
from triplicate measurements of free or total dissolved copper
measurements. nd = not determined.
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3.2. Speciation and Dynamics of Exchangeable Copper.
The aging of [Cuwdex and [Cu?'lg, the total and free
exchangeable copper concentrations, respectively, was moni-
tored in NA, S, and CC copper-spiked microcosms during 35
days (Figure 2). At t0d, the copper exchangeable fraction was
highest in the NA-soil, with 864 + 171 ng Cu g! soil,
intermediate in the S-soil, with 508 & 62 ng Cu g~! soil, and
the lowest in the CC-soil, with 191 + 84 ng Cu g ! soil. These
values correspond to fraction 1 of the selective extraction
procedure and represented only 0.55, 0.37, and 0.25% of Cu
added to the NA-, S-, and CC-soils, respectively. In the three
soils, [Cuwlpx decreased rapidly within the first week of
incubation and then stabilized until the end of the experiment
(t35d) to represent only 17, 18, and 48% of [Cuex at t0d,
respectively (Figure 2).

At t0d, [Cuyorlgx is mostly composed of Cu?* since [Cu?*]gx
represented 92% of [Cuyex in the NA-soil, 89% in the S-soil,
and 37% in the CC-soil. [Cu?*]g exhibited a similar temporal
evolution in the three soils: a rapid decrease during the first
week and then stabilization until 35 days. At t35d [Cu®*]g
had decreased from 793, 450, and 70 to 95, 49, and 17 ng Cu
g 1 soil (representing 12, 11, and 24% of the initial [Cu?"]g)
in NA-, S-, and CC-soils, respectively. Furthermore at t35d,
the [Cu?"]g«/ [Curol ex ratios decreased to 66, 55, and 18% in
NA-, S-, and CC-soils, respectively.

Bioavailable-copper concentrations, [Cugales, presented
uncertainties ranging from 24 to 45% (Figure 2). At t0d,
[Cugalex was highest in the NA-soil with 460 + 110 ng Cu g™!
soil, and lower in the S- and CC-soils with 148 & 60 and 129
+ 51 ng Cu g ! soil, respectively, corresponding to 53, 29,
and 68% of [Cuyodex. In the NA-soil, [Cugalx exhibited a rapid
decrease during the first week and then a stabilization until
t35d to reach 140 ng Cu g! soil, which corresponded to
about 30% of the initial [Cugalgx. For the S- and CC-soils,
bioavailable-copper concentration remained almost stable
throughout the experiment at approximately 130 ng Cu g™!
of soil, revealing the aging aspect and the fact that bioavailable
copper exceeds free copper ions activity.

3.3. Microbial Biomass-C. At the beginning of the
incubation period, microbial biomass-C was significantly (p
< 0.05) higher in S- (343 mg C kg™! of soil) and CC-soils (557
mg C kg! of soil) than in NA-soil (205 mg C kg™! of soil). At
t15d, comparison of copper- and H,0-contaminated micro-
cosms highlighted a significant decrease (p < 0.05) in
biomass-C only for CC-soil (Figure 3), which corresponded
to a decrease of about 27%. At t35d, different but significant
decreases in microbial biomass-C were recorded for the three
Cu-contaminated soils (Figure 3). The S-soil was the most
impacted with a decrease of about 26% of initial biomass-C
(Figure 3). As a conclusion it appears that microbial biomass
was negatively affected by Cu in all soil types.

3.4. B- and F-ARISA Fingerprinting. B-ARISA finger-
printing of the bacterial community provided complex
profiles with peaks ranging from 200 to 1200 bp for the
different soils and treatments (Figure S2, Supporting Infor-
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FIGURE 3. Percentage of biomass-C decrease due to copper
contamination compared to H,0 control in the NA-, S-, and
CC-soil microcosms after 15 (t15d) and 35 (t35d) days of
incubation. Asterisks indicate significant differences (p < 0.05)
between copper-contaminated and control microcosms for a
given soil at a given time.

mation section). Immediately after contamination (t0d), the
PCA of B-ARISA profiles revealed no discrimination between
control and contaminated microcosms, whatever the soil
(Figure 4). Throughout the experiment, a significant dis-
crimination between controls and copper-contaminated
microcosms was observed only at t15d in the NA-soil. Soils
were significantly separated on the vertical axis that explained
24% of the total variability (Figure 4). At t35d, this discrimi-
nation disappeared as the three soils grouped together.

Fungal-ARISA provided complex profiles of bands ranging
from approximately 350 and 1000 bp (data not shown). The
similar PCA was applied to fungal-ARISA data, and the results
are given in Figure S3. At t0d, as for bacteria, PCA of F-ARISA
profiles of the three soils did not reveal any significant
difference in fungal community structure between control
and contaminated microcosms (Figure S3). At tl5d, a
significant discrimination between copper and control
microcosms was recorded in S- and CC-soils but not in the
NA-soil (Figure S3). In both soils, the discrimination occurred
mainly on the second axis, which explained 20% (S) and 23%
(CQ) of the variability. However, in the CC-soil, PCA revealed
that HCl addition induced the same effect as copper. At t35d,
the modifications previously observed in the S- and CC-soils
disappeared as all treatments grouped together on the
factorial map (Figure S3). Instead, a significant discrimination
appeared specifically for the copper-contaminated
NA-soil.

3.5. Diversity of Responsive Bacterial Populations. The
bands that explained most of the shifts in bacterial-ARISA
profiles observed at t15d in the NA-microcosms (Figure 4)
were located in a single region of the profiles ranging from
350 to 450 bp. This region was cloned and sequenced to
identify the populations specifically stimulated by copper
spiking (Supporting Information section). The sequencing
of 30 clones allowed the phylogenetic affiliation of bacterial
sequences given in Table S3 (Supporting Information). Most
of the clones were identified by the BLAST algorithm as
uncultured bacteria originated from environmental samples
contaminated with metals and were consequently difficult
to identify at a finer level than the class. A total of 57% of
these clones belonged to the Actinobacteria class, 27% to the
Gemmatimonadetes class, 13% to the Proteobacteria class,
and 3% to the Fibrobacteres class (Table S3).

4. Discussion

4.1. Solid Copper Fractionation, Liquid Speciation, and
Dynamics. The distribution of Cuwas shown to differ strongly
inthe NA-, S-, and CC-soils. Cu-binding to the organic matter
fraction is dominant in the high OM content CC-soil and to
a lesser extent in the S-soil. This result confirms the strong
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involvement of organic matter in the fate of copper in soils
(17, 19, 32). Interestingly the distribution patterns of native
and added copper were found similar in the three soils. This
suggests that Cu distribution is almost time-independent
and that native and added copper present close chemical
behavior. Similarly, soil incubation did not affect significantly
copper distribution patterns, except in the CC-soil, where
about 10% of the total copper moved from fraction 2 (organic
matter) to fraction 4 (am. Fe-oxide). The specific microbial
status of this soil (related to the specific organic status) is
probably responsible for the observed copper aging that
corresponds to Cu distribution modification. This suggests
interestingly that copper aging is controlled by the nature/
content of OM of the soil.

Dissolved copper, [Cuex, is assumed to be composed
of free ([Cu?']gd) and nonfree Cu ([Cuwdex - [Cu?'lgy), the
latter representing, a priori, Cu complexed to dissolved OM.
Compared to copper in the solid phases, exchangeable copper
concentrations are low: at t0d, [Cux represents less than
1% of the added Cu (250 mg g ! soil), pointing out the strong
and rapid chemical Cu-uptake process by the soil (Figure 1).

The [Cu?*]i of the three soils were found to correlate
inversely with the soil OM content whatever the time
considered (e.g., at t0d, the linear correlation between soil
Corgand [Cu?*]gcis-0.88 at p < 0.05, respectively), confirming
the OM buffering effect toward Cu?". The observed data
suggest that the soil OM content correlates with the number
of reactive and available Cu-binding sites. This explains the
lowest [Cu®*]gy in the OM rich CC- and S-soils, and it fits the
copper impact on the bacterial community measured in the
NA-soil only.

Contrarily to [Cu?']g, the nonfree copper species was
found to correlate positively (r= 0.91, p < 0.05) to soil Cg.
This result appears reasonable as OM-rich soils release
potentially more dissolved reactive ligands. This was con-
firmed by the measured dissolved organic carbon of the three
soils (data not shown) and is consistent with the copper
distribution measured by sequential extraction (Figure 1),
confirming again the preferential Cu interaction with OM
(33, 39).

After equilibration (>7days), the sum of [Cu*']g and
nonfree Cu (i.e., [Cuwey) stabilizes at the same level in the
three soils. This last result is somewhat surprising considering
their different soil organic status. Altogether, these data
suggest that the aging of dissolved copper in soil corresponds
mostly to [Cu?*]gcdecrease. This decrease is under the control
of the soil organic status through the concentration of highly
reactive organic ligands (35).

Copper bioavailability ([Cugaley) measured in the ex-
changeable fraction showed that, even at t0d, less than 0.5%
of the added Cu were available to bacteria, in agreement
with other studies (1, 12). As for [Cu?*]g, the significantly
lower [Cugalex 0bserved in the S- and CC-soils at the beginning
of the incubation period (Figure 2) correlates with the higher
dissolved OM concentration in soil (data not shown).
Throughout the incubation period, the rapid decrease of
[Cugalex in the NA-soil is consistent with the copper aging
described above. On the contrary, in the S- and CC-soils,
[Cugalex remained almost constant, indicating a slow aging
process of bioavailable Cu in these soils in agreement with
the almost instantaneous solid and liquid speciation de-
scribed previously (Figures 1 and 2) (21). Furthermore, at
t35d [Cuyoilex and [Cugalex concentrations stabilized at similar
levels in the three soils indicating that the soluble exchange-
able copper remained totally available to micro-organisms,
independently of [Cu?*],. These results are not in agreement
with the hypothesis that Cu?* is the (only) species available
to micro-organisms (36) and therefore suggest that soluble
organometallic complexes remain available to micro-organ-
isms.
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Altogether, our results confirm that soluble copper species
are the more available and thus the more toxic to soil micro-
organisms as already suggested (36, 39). However, and
originally, we showed that nonfree copper species can be
also available to bacteria.

4.2. Relationships between Copper Dynamics and Im-
pact on Microbial Biomass. Our results demonstrated a
differential copper impact on biomass-C according to SOS
(Figure 3) that are not due to the soil acidification by copper
spiking, as shown by the HCI controls (40). In the present
study we demonstrated that biomass-C alteration did not
coincide with measured metal bioavailability. Indeed, a
significant biomass-C decrease was observed early (t15d) in
the CC-soil whereas it appeared delayed (t35d) in the S- and
NA-soils, although the latter presented the highest Cu-
bioavailability in solution. This observation probably resulted
from the observed Cu-remobilization in the CC-soil evi-
denced from sequential extraction results (Figure 1) that may
have led to a transitory increased contact of copper with
SOM-degrading micro-organisms. On the other hand, all soils
exhibited specific structures in bacterial and fungal com-
munities that may explain the observed discrepancy between
metal bioavailability and impact as already suggested
(9, 10, 23). Indeed, the composition and diversity of the

community might modify its sensitivity and its response to
metal spiking.

4.3. Relationships between Copper Dynamics and Im-
pact on Microbial Genetic Structure. B-ARISA has already
been demonstrated as powerful for discriminating the genetic
structure of indigenous bacterial communities submitted to
metal impact (41). Here, a differential copper impact was
observed according to the SOS, since early (t15d) and
significant modifications of bacterial genetic structure were
only recorded in the NA-soil (Figure 2). These results were
in agreement with other studies demonstrating differential
impact of copper contamination on the bacterial community
structure in different soil types (9, 12). Here, copper impact
on the bacterial genetic structure was found to be consistent
with its estimated bioavailability (Figure 2). Furthermore,
these modifications were transient after 35 days and were
explained by the observed bioavailable copper aging in soil
solution. This result confirmed that chemical copper aging
in soil had repercussions on its impact by modifying metal
toxicity over time.

Phylogenetic affiliation of copper-responsive populations
revealed that most of the identified clones were previously
isolated from heavy-metal rich environments such as con-
taminated soils or volcanic deposits. In addition, it also
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showed that Actinobacteria are the prevalent bacteria in the
copper-contaminated NA-soil, in agreement with previous
studies (42—44). Furthermore, Actinobacteria are also known
to be prevalent in organic matter rich soils because of their
functional involvement in SOM degradation (43, 45). The
absence of copper impact in S- and CC-soils can thus be
explained by the innate high proportion of Actinobacteria
leading to a higher stability of the indigenous community to
metal stress. However, based on this study alone, it can hardly
be answered whether these populations were selected due
to their resistance to copper or were opportunist bacteria,
benefiting from copper toxicity to sensitive cells.

Similarly, copper impact on the fungal genetic structure
depended also on the SOS because significant modifications
occurred early in S- and CC-soil microcosms (t15d) and later
in NA-soil (t35d). For CC-soil, some effects on the fungal
genetic structure can be attributed to soil acidification rather
than to direct metal toxicity as already observed in other
studies (40). Nevertheless, the PCA factorial map (Figure S3)
revealed significant differences between HCl-control and
copper-spiked CC microcosms. Again, a transitory effect of
copper on the fungal community structure was recorded.
Furthermore, the higher impact on the fungal community
structure observed in S- and CC-soils was not in agreement
with the lower bioavailability of copper measured in the
corresponding soil solutions compared to NA-soil (Figure
2). In addition, the impact observed in the NA-soil was not
consistent with the aging of copper described above,
emphasizing the difficulty to get a simple relation between
copper impact on microbial diversity and its bioavailability
or soil characteristics. These results emphasize the hypothesis
of a control of metal toxicity and microbial response to
perturbation by the specific composition and diversity of
the fungal community.

Our data also showed that fungi were not affected in the
same way as bacteria. A similar discrepancy between the
impact of copper on bacterial and fungal community
structures has been recently reported in a combined field
and microcosm study (9).

It should be noted that the precise biochemical measure-
ment of copper bioavailability did not allow a good estimation
of copper impact on soil fungi. This could be improved
technically with a more detailed analysis of diversity modi-
fications in fungal groups, possible if the primers are not
universal (12), or with the use of a fungal biosensor that
better estimates copper bioavailability to fungi.

From an agro-environmental point of view, our results
allowed us to conclude that particular soil organic manage-
ment can lead to a better sustainability of soil biological
quality. However, the differential response of bacterial and
fungal communities to copper indicates a differential toxicity
of this metal and makes the link between copper dynamics
and impact very complex. This study suggests that organic
amendment could represent an adequate organic soil
management strategy for enhancing the stability of microbial
community diversity in combination with copper agricultural
treatment by (i) inducing a significant copper aging leading
to areduced copper toxicity to soil micro-organisms and (ii)
stimulating a specific microbial diversity with a lower
sensitivity of the community to Cu. Other parameters such
as pH, soil structure, and agricultural practices (influencing
abiotic and biotic processes) also need to be considered to
better understand copper dynamics and impact in soil.
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1. Introduction

ABSTRACT

The effect of copper on the abundance, diversity and resistance of viable heterotrophic and copper
resistant bacterial populations (Cu®) was evaluated in soils differing only by their amount and type of
organic matter. These soils have been obtained using a vineyard soil that had been subjected to three
different organic matter managements (Not Amended (NA) or amended with Straw (S) or Conifer
Compost (CC)) in a long term field experiment. Soil microcosms were artificially contaminated with
copper (250 mg Cu kg~ of soil) and incubated for 35 days. Throughout the incubation, a differential
copper impact on viable heterotrophic and CuR bacterial enumeration was demonstrated according to the
soil organic status with a magnitude which followed the order: NA > CC > S. Diversity of Cu® bacteria
revealed no significant difference between the uncontaminated soils, as determined by 16S rRNA
sequencing. However, copper spiking induced an enrichment of particular populations depending on
soil, with Methylobacterium, Ralstonia and Staphylococcus like species becoming dominant in NA, S and CC
soils, respectively. Evaluation of the copA gene distribution and diversity, through PCR detection and
sequencing, revealed that few CuR bacteria (from 7 to 13%) possessed this genetic determinant before the
addition of metal. Copper contamination induced an increase in the dissemination of homologous copA
genes only in Ralstonia like species indigenous to S soils. From a functional point of view, copper
minimum inhibitory concentration for each CuR strain was measured. It did not highlight variable copper
resistance efficiency between strains belonging to different taxonomic groups, harboring or not the copA
gene, and originating from different soils contaminated or not by copper.

© 2009 Elsevier Masson SAS. All rights reserved.

harmful effects on indigenous microbial communities by affecting
their abundance and their activity [29].

Copper is an essential micronutrient for all living organisms
since it is a constituent of many metalloenzymes and proteins
involved in electron transport, redox and other important reactions
[9]. On the other hand, copper present at high levels is toxic to
microbial cells due to the interaction of the free ionic form (Cu?*)
with nucleic acids, enzyme active sites and membrane components
[7]. In agricultural soils, copper has been widely used for many
years as the active ingredient in bactericides and fungicides leading
to its considerable accumulation in the first centimeters of these
soils with frequently measured concentrations ranging from 100 to
1000 mg kg~ of soil [8]. From an environmental point of view, such
high copper concentration has been largely demonstrated to induce
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For 20 years, numerous studies, targeting the whole community
[36,42] or the cultivable heterotrophic populations [11,32,37] have
demonstrated that soil metal contamination induced important
modifications in the community composition which resulted, for
some of them, from the enrichment of adapted populations and the
decrease in sensitive ones. For example, by targeting bacterial
domains with the t-RFLP technique (terminal-Restriction Fragment
Length Polymorphism), Tom-Petersen et al. [42] revealed that
copper contamination induced specific modifications in Rhizobium-
Agrobacterium and in Cytophaga groups mainly due to increase in
the Bartonella and Psychroserpens burtonensis, respectively. Lejon
et al. [23] have identified that specific modifications of bacterial
community structure in soils, which were artificially contaminated
with copper, were due to the enrichment of populations belonging
to Actinobacteria. Regarding cultivable populations, several studies
have demonstrated that Gram-negative bacteria, especially pop-
ulations belonging to Pseudomonas, Flavobacterium, Alcaligenes, and
Methylobacterium, are more tolerant to copper and predominant in
contaminated soils than Gram-positive organisms [11,19].
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A comparison of all of these studies highlights the fact that
various taxonomic groups become dominant in copper contami-
nated soils. As it is well known that microbial species [6] and even
several strains of the same species [4] can also be characterized by
very different levels of sensitivity to metal toxicity, such a variety of
adapted populations between soils could be explained by differ-
ences in copper bioavailability. Factors such as pH, redox potential,
mineralogy and soil organic matter content and type are determi-
nant in the sorption/desorption or complexation processes of
copper and therefore strongly manage its immobilization
[10,38,42]. In addition, community response to metal contamina-
tion can be mostly explained by the innate diversity and compo-
sition of the indigenous community that can also vary according to
soil [14,23]. Despite these considerations, studies focusing on the
influence of soil characteristics and/or of bacterial diversity on the
community response to copper (link diversity—stability) by
comparing different soils have remained scarce [14].

Amongst all soil components, soil organic matter is one of the
most reactive towards copper immobilization into forms that are
less available to the soil microbial community [1,3,10]. Soil organic
matter is generally assumed to be the main characteristic influ-
encing microbial life by shaping the density, activity and diversity
of the indigenous community [16,28]. In previous studies, we
evaluated to what extent Soil Organic Status (SOS, defined as the
amount and type of soil organic matter) can exert an influence on
the soil microbial community response to copper contamination. In
a first study, we evaluated the role of amount and biochemical
quality of soil organic matter in shaping the microbial community
abundance (microbial biomass) and genetic structure by comparing
vineyards soils which had been subjected to different organic
matter managements spanning over 10 years [25]. In a second
work, we demonstrated in a microcosm experiment of these soils
that short term copper contamination resulted in a differential
impact of copper on the entire microbial community according to
the SOS and showed that this was related to metal bioavailability
and to the composition of the indigenous community [23]. Using
the same experimental design, we also evaluated the response of
the copper resistant community by developing a DNA finger-
printing approach targeting the copA gene homologous to those
described in Proteobacteria which is one of the genetic determi-
nants of bacterial copper resistance [24]. This approach highlighted
the fact that each SOS was characterized by a particular genetic
structure of the resistant community and that community adap-
tation was preferentially controlled by the diversity of the innate
copA genes rather than the bioavailability of the metal.

In the present study, our objective was to evaluate more
comprehensively the effects of copper contamination on the
abundance, diversity and adaptation of the bacterial community in
relation to different soil organic status by targeting the cultivable
populations. The experimental design was based on the use of soil
microcosms containing vineyard soils that had been subjected to
three different organic matter management, contaminated or not
with copper (250 mg Cu kg~ dry soil) and incubated for 35 days. By
using a cultivation based approach we aimed at performing a study
complementary to those already published on the same set of
experiments targeting soil DNA and molecular tools to assess soil

Table 1
Physico-chemical characteristics of the soils.

microbial diversity [23,24]. The relationships between the results
obtained from cultivable populations in this study and those
obtained from the entire community (DNA based approach) in the
previous studies are discussed in terms of the overall adaptation of
the community.

2. Materials and methods
2.1. Soil sampling and microcosm set-up

Macon NA, S and CC soils have the same mineral matrix but
differ in their Soil Organic Status (SOS), in terms of the quantity
(Table 1) and quality [25] of organic matter. These soils were
obtained from a long term soil organic management project (15
years) without any copper treatment and resulted from repeated
amendments with Straw (S), Conifer Compost (CC) or Not Amended
(NA) [25]. Other soil parameters, such as soil structure and CEC,
which could be affected by such practices, were not tested in our
study. Triplicate soil microcosms consisted of 150 g soil (dry
weight) hermetically sealed in 2 L glass jars. Soils were contami-
nated with CuCl, to reach a final concentration of 250 mg Cu kg ' of
soil. Uncontaminated control microcosms were supplemented with
sterile water (H,0). The volume of the solution added was calcu-
lated in order to reach 80% of the water holding capacity of the soil.
Soil microcosms were incubated in the dark at 20 °C for 35 days,
with weekly aeration and adjustment of soil water content to
maintain optimal biotic conditions.

2.2. Viable heterotrophic and copper resistant (Cuk)
cultivable bacteria enumeration

Enumeration of bacteria was carried out after 15 and 35 days of
incubation (t15d and t35d) on NA, S and CC soil microcosms spiked
with (+CuCly) or without (+H;0) CuCly. YG-agar [19] supple-
mented or not with 2 mM of Cu was used as a medium to which
cycloheximide (100 pg mL~") was added to inhibit fungal growth.
Following the findings of Kunito et al. [19], bacteria which could
grow on the YG-medium containing 2 mM Cu were considered as
being copper resistant. In this way, the dynamic of copper resistant
bacteria (CuR) was observed throughout the incubation period of
the different soils. Plates with between 10 and 100 colonies per
plate were counted. Data were expressed as the means of triplicate
determinations.

2.3. CuR strain identification

About 30—51 CuR strains were isolated randomly from both the
NA and CC soil at t15d and from S soil at t35d in control (+H>0) and
contaminated (+Cu) microcosms. Strains were isolated only at
those sampling times showing a significant copper effect. Strains
were subjected to single-colony isolation on 2 mM Cu YG-medium
and kept at —80 °C in 25% glycerol. Genomic DNA from CuR bacterial
strains was obtained from cell lysis using freeze/thaw cycles [43].
The bacterial 16S rRNA gene was amplified using the universal
primers 27F (5'-AGAGTTTGATCCTGGCTCAG-3’) and 1492R
(5’-GGTTACCTTGTTACGACTT-3’) [22]. PCR reactions were

Texture (%) pH Organic C (g kg™ 1) Organic N (g kg™ 1) C/N Cu tot (mg kg 1) Cu EDTA (mg kg™1)
Clay Silt Sand

Macon NA 32 57 11 6.8 129 1.10 12 62 25

Macon S 32 58 10 6.7 19.7 1.50 13 60 27

Macon CC 31 56 13 6.6 45.9 2.60 18 60 22
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conducted as described by Maron et al. [27]. Sequencing of ampli-
cons was performed by GENOME express (http://www.genome-
express.com) using the 1492R primer. Sequences provided were
compared to sequences found in the GenBank Database using the
BLASTn algorithm.

2.4. copA gene detection

copA genes were amplified from the Cu® bacterial strains DNA
using the degenerated primers CoprunF2 (5'-GG(GC)A(GC)(GCT)
TACTGGT(AG)(GCT)CAC-3') and the CoprunR1 (5’-TG(AGCT)G(ACT)
CATCAT(GC)GT(AG)TC(AG)TT-3’) previously described as targeting
mainly Proteobacterial sequences [24]. DNA fragments of expected
size were selected for sequencing by GENOME express (http://
www.genome-express.com) using the CoprunR1 primer.
Sequences provided were compared to sequences found in the
GenBank Database using the BLASTp algorithm [2].

2.5. Sequence analysis, phylogeny inference

Multiple-alignments were performed using the ClustalX algo-
rithm on DNA sequences. These alignments were optimized with
the Seaview software [12]. Distance matrices were computed using
the two parameter model of Kimura [17] for DNA sequences.
Molecular phylogenetic trees were constructed with the Neighbor-
Joining method using Phylo_win [12]. Bootstrap percentages (1000
bootstrap replications) were used to test the robustness of phylo-
genetic relationships within the tree.

2.6. Minimum inhibitory concentration (MIC)

The MIC was considered as the lowest Cu concentration at
which no bacterial growth was observed [19]. CuR bacteria were
grown to the stationary phase in 10 mL liquid YG media and put on
YG-agar plates to which Cu had been added. Copper concentrations
ranged from 0 to 5 mM in increments of 0.5. The MIC value was
determined after 7 days of incubation at 28 °C.

2.7. Statistical analysis

The effect of copper contamination on abundance of bacteria
was tested by means of one-way ANOVA and differences between
means were tested with the Fisher LSD test. %> tests were per-
formed to evaluate differences in frequency distribution of Cu®
identified bacterial isolates. Calculation of Shannon diversity
index (H') was applied on the Cu® isolates (at the genera level)
[39].

3. Results and discussion

3.1. Shifts in viable heterotrophic and CuR bacterial density
in various SOS following copper contamination

The number of viable heterotrophic bacteria ranged from 2 x 107
to 5 x 10’ CFU g~ of soil in control microcosms (Table 2). Similar data
have been traditionally observed in soils [37] and the higher viable
heterotrophic number observed in CC soil is in agreement with the
higher amount of soil organic matter recorded in this soil (Table 1). In
the copper contaminated microcosms, a significant and transitory
shift in viable heterotrophic bacteria was observed in the NA soil
microcosm at t15d with a significant decrease (p < 0.05) from
2.8 x 107 to 4.0 x 10° CFU g~ ! of sail (Table 2). A similar alteration in
bacterial density has been already recorded in metal contaminated
soils [13]. However, our results revealed that the copper impact on
viable heterotrophic bacteria depends on the amount and biochem-
ical quality of soil organic matter, characterized in a previous study
[25], since no modification was observed in either S or CC soil
microcosms. A lower level of bioavailable copper in the latter soil
microcosms compared with NA during the first week of the experi-
ment had been demonstrated in a previous [23] study and could
explain these results (460 + 110 ng Cu g~ ' soil NA, and 148 + 60 and
129 + 51 ng Cu g~ soil, lower in the S and CC, respectively at t0d).

In the same way, the dynamic of copper resistant bacteria (Cu®)
was tracked throughout the incubation period of the different soils.
In control microcosms (+H,0), CuR bacteria remained stable over
the incubation time and were found at the same level in all soils,
with an average of 3 x 10°> CFU g~! of soil, which represented
0.013%, 0.012%, and 0.01% of the viable heterotrophic bacteria in NA,
S, and CC soil, respectively. These values were consistent with other
studies [19] and confirmed that Cu® bacteria occur naturally in
uncontaminated or weakly contaminated environments.

The dynamics of CuR in contaminated microcosms showed
a significant increase (p < 0.05) at t15d in NA and CC soils repre-
senting an enrichment factor of 3.4 and 2.7, respectively. This
increase was transitory for CC soil, whereas it remained stable for
NA at t35d (Table 2). At this date, a significant enrichment factor of
2.8 for CuR bacteria occurred in S soil. The enrichment of resistant
strains is commonly observed in soils contaminated with copper
[11] or with other metals [5,37]. However, in our study we
demonstrated that the enrichment level was controlled by the SOS.
The higher and stable Cu® enrichment factor observed in NA soil is
in accordance with the higher copper bioavailability measured in
this soil [23] and confirmed that the measurement of quantitative
modifications of cultivable adapted bacteria is an indicator of metal
toxicity in soils [20,37].

3.2. Influence of SOS on the innate diversity of Cuf phenotypes

Phylogenetic trees revealed that CuR isolates belonged to a-, f-,
y-Proteobacteria, Firmicutes, Bacteroidetes and Actinobacteria. A

Table 2
Viable heterotrophic and copper resistant (Cu®) bacterial counts (CFU g~! soil).
NA + H,0 NA + Cu S + H,0 S+ Cu CC + H,0 CC+ Cu

Viable heterotrophic bacteria
t15d 2.8 x 107 £0.1° 4.0 x 10° £ 0.3° 2.8 x 107 £ 0.22 23 x 107 £ 0.1° 5.2 x 107 £ 0.9° 6.2 x 107 £1°
t35d 2.3 x 107 £ 0.067 1.8 x 107 +£ 0.3% 2.1 x 107 + 0.4° 2.6 x 107 £ 0.2° 38 x 107 £1° 42 x 107 £ 0.3%
CuR bacteria
t15d 3.0 x 10° £ 0.3° 1.0 x 10* £ 0.2° 3.1 x 10° £ 0.6 5.2 x 10° £ 0.6° 2.6 x 10° £ 0.3? 7.2 x 10° £ 1P
t35d 3.1 x 10° £ 0.2° 9.0 x 10° £ 0.5° 2.6 x 10°> + 0.22 7.3 x 10° £ 0.2° 3.8 x 10° £ 0.22 2.4 x 10° £ 0.52

Data are means of triplicates from three independent repetitions of microcosms =+ standard error.
Superscript letters indicated statistical differences between contaminated and control microcosms for each SOS at a given time (p < 0.05).
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lower diversity of CuR bacteria in NA soil (H' = 1.03) compared to S
and CC soils (H' = 1.60 and 1.35, respectively) resulted from a larger
number of minor populations as well as from a higher equitability
between CuR populations (Fig. 1). Though our limited sampling
strategy of isolates, these findings were consistent with @vreds and
Torsvik [35] who demonstrated a positive relationship between
microbial diversity and soil organic matter content. Nevertheless,
comparison of the distribution of the Cu® phylogenetic affiliation
among NA, S and CC control microcosms both at the class and genus
levels did not reveal any significant differences (as demonstrated by
v? test of the global frequency distribution), suggesting a weak
relationship between the soil organic status and the innate
composition of adapted populations (Fig. 1). With the isolation
media used, bacteria belonging mainly to the a-Proteobacteria class
(53—57%) and to the Firmicutes class (38—43%) were isolated in all
soils (Figs. S1—S3). More precisely, the o-Proteobacteria were
mainly composed of the Methylobacterium genus (47—53%) and the
Firmicutes of the Staphylococcus (17—37%) and Bacillus (6—17%)
genera. Our results were consistent with several studies stating that
the majority of the metal resistant strains in a soil were Gram-
negative [11,13,37]. At a finer level, phylogenetic trees revealed
a great diversity of Methylobacterium and Staphylococcus like
species for a given soil, supporting that metal resistance was
distributed amongst a great variety of close species, as previously
revealed for Hg® phenotypes [32].

3.3. Influence of SOS on the modifications of the diversity of Cuf
phenotypes in response to copper contamination

During soil incubation, modifications in the Cu® bacterial
diversity in response to copper contamination were different
according to SOS. Comparison of Shannon diversity indices
between control and contaminated microcosms revealed that
copper reduced the diversity in NA soil (H' from 1.03 to 0.87,
respectively) whereas in S and CC soils CuR diversity increased
(from 1.60 to 1.82 in S and from 1.35 to 1.45 in CC soils). Comparison
of CuR taxonomic composition between control and contaminated
microcosms (by a y? test of the global frequency distribution)
revealed a significant shift in NA (p = 0.007) but notin S (p = 0.096)
and CC (p = 0.265) soils. Altogether, these results emphasized that
copper induced strong and differential modifications of CuR diver-
sity and population structure according to the amount and quality
of soil organic matter [24]. In addition to the higher bioavailability
of copper discussed above (Section 3.1), the more marked impact
recorded in NA soil could also be partly explained by its lower
diversity compared to the other soils (as described in Section 3.2).
Such a hypothesis is supported by previous studies demonstrating
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Fig. 1. Relative frequency distribution of each genus among the three different soil
microcosms (NA, S and CC) contaminated with copper (+Cu) or not (+H,0). Letters
(A and B) indicate significant differences (p < 0.05) in the frequency distribution
revealed by a %2 test.

that bacterial communities exhibiting lower diversity were less
stable and resistant towards metallic pollutants supporting the
concept of ecological insurance as described by Loreau [26].

More precisely, copper spiking stimulates particular bacterial
CuR populations according to SOS. In NA soil, both enrichment in
Methylobacterium like species (from 53% to 76%) and a decrease in
Staphylococcus like species (from 37% to 10%) were observed (Fig. 1).
In similar findings, Kunito et al. [19] found that most of CuR strains
isolated from copper contaminated soils were related to the
Methylobacterium like species. In S soil, copper induced an increase
in CuR Raistonia like species (from 8% to 29%) and a decrease in
Methylobacterium like species (from 45% to 24%). Ralstonia like
species are well known to be highly resistant to copper and other
metals and frequently isolated from contaminated environments
[5,18,30,32]. Although in CC soil the modification of the global
population structure was not significant, some CuR populations
were significantly affected by copper with enrichment in Staphy-
lococcus like species (from 30% to 49%) and a decrease in Methyl-
obacterium like species (from 47% to 27%, Fig. 1). In addition, a more
detailed analysis of the phylogenetic tree highlighted a great inter-
species diversity within each dominant CuR population after copper
spiking, suggesting that community adaptation to metal did not
result from a clonally multiplication of particular adapted pheno-
types (supplemental data; Figs. S1-S3).

The enrichment of the particular culturable populations in each
soil can be partly explained by a combination of differences in both
copper bioavailability and in the carbon source supply. Microbial
species and even several strains of the same species generally
exhibit very different levels of sensitivity to metal toxicity [6]. In
addition, microorganisms are mainly heterotrophic and carbon-
limited in soil and their growth and population dynamics are very
dependent on the availability and quality of the carbon source
supplied by the soil organic matter [15]. Our hypothesis is that the
combination of copper toxicity and the availability and type of
carbon supply can drive the quantitative and qualitative microbial
response to metal contamination. In our case, this hypothesis is
supported by the fact that Methylobacterium like species are
commonly described as being highly tolerant to copper [19] as well
as indigenous to oligotrophic environments [34] which the NA soil
can be considered. In the same way, Staphylococcus are known to be
able to degrade more recalcitrant organic matter as described for
CC soil by Lejon et al. [24].

34. copA distribution among CuR phenotypes

The distribution of copA genes, one of the genetic determinants
involved in copper resistance [33], amongst Cu® isolates was
investigated by a PCR screening strategy on genomic DNA using
a set of primers designed in a previous study [24]. Unexpectedly,
only 14% of all the Cu® bacteria (37 strains of 270 screened)
possessed a sequence homologous to copA encoding for a peri-
plasmic multicopper oxydase. Most of the copA detected were
found to belong to Ralstonia like species (54% of all strains) followed
by the Staphylococcus (12%), Bacillus (10%) and several groups of
a-Proteobacteria (8%, Table 3). cop genes can be carried either by
chromosome or on plasmids, where most of the functional genes
have been found to be localized [9,30]. Kunito et al. [19] have found
that only 0, 15.2 and 16.7% of the CuR bacteria isolated from three
different contaminated soils possessed plasmids, a finding which is
consistent with our observed distribution of copA genes among CuR
bacteria. Such an observation is consistent with the hypothesis that
few strains harbored cop genes as a copper resistance determinant
and consequently that mechanisms other than copper sequestra-
tion could be involved in bacterial adaptation [21]. For example,
mechanisms such as copper efflux through P-type ATPase have
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Table 3

copA gene distribution among soil Cu® bacteria, at the class and the genus level, isolated from the three different soil microcosms (NA, S and CC) contaminated (+Cu) or not

(+H20).

Phylogenetic affiliation % of copA distribution

% of copA distribution among soil treatments

in taxonomic groups?® (%)

NA + H,0 NA + Cu S + H,0 S+ Cu CC + H,0 CC+Cu

Actinobacteria 0(0/1) 0(0/1)

Frigoribacterium 0(0/1) 0(0/1)

a-Proteobacteria 8 (11/142) 4(1/28) 8 (3/36) 12 (3/25) 10 (2/20) 6(1/17) 6(1/16)
Methylobacterium 6(7/119) 4(1/27) 6 (2/32) 10 (2/21) 8(1/12) 7 (1/14) 0(0/13)
Sphingomonas 11 (1/9) 0(0/1) 0(0/2) 0(0/2) 0(0/2) 50 (1/2)
Rhodopseudomonas 0(0/3) 0(0/1) 0(0/2)

Paracraurococcus 50 (1/2) 50 (1/2)

Afipia 33 (2/6) 100 (1/1) 50 (1/2) 0(0/2) 0(0/1)
Bradyrhizobium 0(0/1) 0(0/1)

Caulobacter 0(0/2) 0(0/2)

Firmicutes 12 (12/99) 18 (4/22) 0 (0/4) 11 (2/18) 19 (3/16) 8(1/12) 7(2/27)
Staphylococcus 12 (9/75) 21 (4/19) 0 (0/4) 25 (2/8) 0(0/11) 11 (1/9) 8 (2/24)
Bacillus 10 (2/21) 0(0/3) 0(0/8) 50 (2/4) 0(0/3)
Paenibacillus 33(1/3) 0(0/2) 100 (1/1) 0(0/3)

B-Proteobacteria 54 (14/26) 100 (2/2) 25 (1/4) 67 (10/15) 0(0/1) 25 (1/4)
Ralstonia 54 (14/26) 100 (2/2) 25 (1/4) 67 (10/15) 0(0/1) 25 (1/4)

Bacteroides 0(0/1) 0(0/1)
Sphingobacterium 0(0/1) 0(0/1)

y-Proteobacteria 0(0/1) 0(0/1)
Swingsiella 0(0/1) 0(0/1)

Total per soil treatment® 10 (5/51) 12 (5/42) 13 (6/47) 29 (15/51) 7 (2/30) 8 (4/49)

2 In brackets are indicated the ratios of copA possessing strains/all strains for a given taxonomic group.
b In brackets are indicated the ratios of copA possessing strains/all strains for a given soil treatment.

been described in various organisms [33,41]. Even if this genetic
determinant may represent a relevant marker to resolve the genetic
structure and diversity of the copper resistant functional commu-
nity, from a methodological point of view, the primers used did not
cover the overall diversity of the copA determinant described
among bacterial species. This statement is especially true in Gram-
positive organisms since primers were designed with Proteo-
bacterial sequences [24] and thus it will be necessary to confirm
such distribution by the use of a set of consensus primers focusing
a larger part of bacterial community.

Similar level of copA gene distribution among CuR strains were
evidenced in NA, S and CC control soils (from 7% to 13% of all
strains) suggesting that SOS did not influence copA occurrence in
pristine environments. However, a significant increase in copA
dissemination consecutive to copper spiking was only recorded in S
soil (from 13% to 29%) and this corresponded to the enrichment of
Ralstonia like species harboring these genetic determinants (Table
3, Fig. S2).

Of the 17 copA genes detected by PCR screening on Ralstonia like
species, 10 were sequenced and a phylogenetic tree was built up by
integrating 11 reference copA sequences (Fig. 2). As expected,
molecular phylogeny of the copA genes revealed a clustering of copA
sequences from Ralstonia like species with the reference sequences
of Cupriavidus metallidurans and Ralstonia solanacearum. In addi-
tion, this phylogeny also revealed a high homology between the
different sequences detected in various Ralstonia like species iso-
lated from contaminated S soils. This result might result either from
an enrichment of pre-adapted populations and/or from a lateral
gene transfer between these Ralstonia populations consecutive to
copper spiking. It has already been demonstrated that a metal
contamination, like Hg, in soil induces a high frequency of the
lateral transfer of genes encoding for metal resistance and carried
by plasmids [40]. Moreover, Smit et al. [40] also demonstrated that
the frequency of lateral gene transfer is more efficient in soil niches
with a high amount of available carbon substrate which can
correspond to the organic status of S soil [25].

3.5. Link between copper resistance efficiency, Cu® phenotypes
taxonomic affiliation and presence of copA genes

Copper resistance efficiency of 244 CuR strains was performed by
measuring the MIC as described by Kunito et al. [19] and defined by
Mergeay et al. [31] as the “lowest Cu concentration at which no CFU
was observed”. MIC varied greatly among CuR, strains ranging from
2.0 to 5.0 mM Cu, with most of the strains exhibiting a MIC between
2.0 and 3.0 mM (Table 4). With regard to the populations becoming
dominant in each copper contaminated soil no significant difference
was observed between Methylobacterium (in NA soil), Ralstonia (in S
soil) and Staphylococcus like species (in CC soil). These findings did
not support the hypothesis that the enrichment of particular pop-
ulations in each contaminated soil might be due to differences in
their sensitivity to metal stress combined with differences in copper
bioavailability between soils. Comparison of the Cu resistance effi-
ciency between soils and treatments for a given Cu® taxonomic
group did not highlight shifts in MIC. In S contaminated soils, the
enrichment of Ralstonia like species harboring copA genes did not fit
with an increase in the copper resistance of these strains. These
results indicate also that efficient copper resistant strains can occur
in uncontaminated soils as discussed in literature [11]. Altogether,
these results add to the conclusion that the stimulation of adapted
populations consecutive to Cu contamination was not the result of
a more efficient copper resistance. As previously hypothesized
(Section 3.3), It could be due to the ability of these populations to
survive in the presence of high concentrations of metal by using
a particular type of soil organic matter as carbon and energy sources.

3.6. Contribution of Cuf phenotypes to the whole
community adaptation

In a previous study, performed in the same experimental
conditions but targeting the entire bacterial community, we have
demonstrated i) a differential impact of copper on the genetic
structure of bacterial communities according to the SOS with
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Fig. 2. N] phylogenetic tree representing copA nucleotidic sequences from Cu® Ralstonia like species isolated from S and CC soil microcosms contaminated with copper (sc, ccc) or
not (sh, cch). Reference sequences were determined after BLAST research. Bootstrap values were estimated from 1000 replicates. Horizontal distances are proportional to observed
divergences expressed in substitutions per 100 sites. Bootstrap values above 80% are indicated with a black spot. Accession numbers are indicated between brackets.

a magnitude which followed the order: NA > S = CC, and ii) that in
NA soil these modifications resulted from the enrichment of pop-
ulations affiliated with the Actinobacteria taxonomic group [23]. In
the present study, the shifts in viable heterotrophic and CuR
bacterial enumerations due to copper contamination in relation to
SOS followed a similar order of magnitude (NA > CC > S). However,
CuR diversity modifications highlighted the enrichment of Methyl-
obacterium, Ralstonia and Staphylococcus like species, in the NA, S
and CC soils, with no evidence of the involvement of the Actino-
bacteria. Similarly, by analyzing a copA clone library directly from

Table 4

soil DNA, we observed a particular copA diversity for each SOS [24]
that did not coincide with the copA gene diversity described in Cu®
strains isolated from pristine and contaminated soils (essentially
affiliated in S soil with copA from Ralstonia like species). Altogether,
the compilation of these results emphasized that cultivable pop-
ulations did not contribute strongly to the shifts and adaptation
process observed at the level of the entire community [32] and that
using distinct approaches by targeting different levels of investi-
gation may represent a more comprehensive way of resolving
microbial dynamics in response to metallic perturbation.

Minimum Inhibitory Concentration (MIC; mM of Cu) of CuR bacteria isolated from the different soil microcosms (NA, S and CC) contaminated (+Cu) or not (+H,0). Values are

means =+ standard deviation.

Phylogenetic affiliation MIC of taxonomic groups?®

MIC of taxonomic groups in each soil treatment

NA + H;0 NA + Cu S + H,0 S+ Cu CC + H,0 CC + Cu
Actinobacteria 5.0 5.0
Frigoribacterium 5.0 5.0
a-Proteobacteria 24+ 06 3.0+08 21+03 22+04 23+04 23+04 24+05
Methylobacterium 24 + 0.6 3.0+ 0.8 21+03 224+ 04 23+05 23+ 04 24405
Sphingomonas 23+05 3.0 20+00 2.0+ 00 2.0+ 00 3.0
Rhodopseudomonas 22 +03 2.0 23+04
Paracraurococcus 23+04
Afipia 3.0 2.0 2.0+ 0.0 2.5
Bradyrhizobium
Caulobacter 25 2.5
Firmicutes 24 + 0.6 29+0.8 23 +05 23+ 04 23405 2.0+0.2 24405
Staphylococcus 24+ 06 2.8 £ 0.8 23 +£05 2.1 +02 23+05 2.1 +02 24 +03
Bacillus 24+ 0.6 30+ 14 26+05 23+03 2.0+ 0.0 20+0.0
Paenibacillus 23+06 3.0+07 3.0
B-Proteobacteria 3.0+ 05 3.0 £ 0.7 2.8+ 0.6 3.0+05 25 34+03
Ralstonia 30+05 3.0+ 0.7 28 +£06 3.0+05 25 34+03
Bacteroides 3.0 3.0
Sphingobacterium 3.0 3.0
Y-Proteobacteria
Swingsiella
MIC per treatment® 3.0 2.1 2.5 23 2.1 2.5
2 Values are means + standard deviation for all the strains of a given taxonomic group.
b MIC per treatment corresponds with average MIC for each treatment balanced with proportion of the genus and was calculated as

follows: >~ (MIC for each bacterial genus for a given soil) x (proportion of this genus in this soil).
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4. Conclusion

Our study confirmed that measuring shifts in the cultivable
adapted populations might be a relevant way to evaluate the
impact of copper and the influence of soil organic status on the
response of soil bacterial communities. We highlighted that soil
organic status strongly managed the diversity of adapted bacterial
culturable populations and their dynamics in response to metal
stress. Although, the contribution of CuR cultivable populations to
the whole community response is not clear, the combination of
approaches targeting cultivable populations, on the whole
community and also on the functional copper resistant genes is
necessary in order to obtain an overview of the microbial modifi-
cations and strategy of adaptation.

Acknowledgement

This work was supported by the French National Program PN/ACI
“ECCO” through an ECODYN project. D.P.H. Lejon was funded by
a grant from the Région Bourgogne and The Bureau Inter-
professionnel des Vins de Bourgogne. We would like to thank
Pierre-Alain Maron, Mary Bouley and Bill Ryan for their critical
reading of the manuscript and their help.

Appendix. Supplementary information

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ejsobi.2009.12.002.

References

[1] B. Alloway, Soil processes and the behaviour of metals. in: B. Alloways (Ed.),

Heavy Metals in Soils. Chapman and Hall, London, 1995, pp. 9—38.

S.E. Altschul, W. Gish, W. Miller, EW. Meyers, DJ. Lipman, Basic local align-

ment search tool. J. Mol. Biol. 215 (1990) 403—410.

[3] M. Azenha, M.T. Vasconcelos, J.P.S. Cabral, Organic-ligands reduce copper

toxicity in Pseudomonas Syringae. Environ. Toxicol. Chem. 14 (1995) 369—373.

C. Balsalobre, ]. Calonge, E. Jimenez, R. Lafuente, M. Mourino, M.T. Munoz,

M. Riquelme, J. Mascastella, Using the metabolic capacity of Rhodobacter

sphaeroides to assess heavy-metal toxicity. Environ. Toxicol. Water Qual. 8

(1993) 437—450.

T. Barkay, S. Tripp, B.H. Olson, Effect of metal-rich sewage sludge application

on the bacterial communities of grasslands. Appl. Environ. Microbiol. 44

(1985) 1026—1029.

1. Berdicevsky, L. Duek, D. Merzbach, S. Yannai, Susceptibility of different yeast

species to environmental toxic metals. Environ. Pollut. 80 (1993) 41—44.

[7] N.L. Brown, D.A. Rouch, B.T.O. Lee, Copper resistance determinants in bacteria.

Plasmid 27 (1992) 41-51.

L.A. Brun, J. Maillet, J. Richarte, P. Herrmann, J.C. Remy, Relationships between

extractable copper, soil properties and copper uptake by wild plants in vine-

yard soils. Environ. Pollut. 102 (1998) 151-161.

C. Cervantes, F. Gutierrez-Corona, Copper resistance mechanisms in bacteria

and fungi. FEMS Microbiol. Rev. 14 (1994) 121-137.

[10] A. Dumestre, S. Sauve, M. McBride, P. Baveye, J. Berthelin, Copper speciation
and microbial activity in long-term contaminated soils. Arch. Environ. Contam.
Toxicol. 36 (1999) 124—131.

[11] T. Duxbury, B. Bicknell, Metal-tolerant bacterial populations from natural and
metal-polluted soils. Soil Biol. Biochem. 15 (1983) 243—250.

[12] N. Galtier, M. Gouy, C. Gautier, Seaview and Phylo_win: two graphic tools for
sequence alignment and molecular phylogeny. Comput. Appl. Biosci. 12 (1996)
543-548.

[13] K.E. Giller, E. Witter, S.P. McGrath, Toxicity of heavy metals to microorganisms
and microbial processes in agricultural soils: a review. Soil Biol. Biochem. 30
(1998) 1389—1414.

[14] M.S. Girvan, C.D. Campbell, K. Killham, J.I. Prosser, L.A. Glover, Bacterial
diversity promotes community stability and functional resilience after
perturbation. Environ. Microbiol. 7 (2005) 301-313.

[15] E. Kandeler, M. Stemmer, M.H. Gerzabek, Role of microorganisms in carbon
cycling in soil. in: F. Buscot, A. Varmas (Eds.), Soil Biology: Microorganisms in
Soil; Roles in Genesis and Functions. Springer-Verlag, Berlin Heidelberg, 2005,
pp. 139—-157.

[2

[4

[5

6

8

[9

[16] E. Kandeler, M. Stemmer, E.-M. Klimanek, Response of soil microbial biomass,
urease and xylanase within particle size fractions to long-term soil manage-
ment. Soil Biol. Biochem. 31 (1999) 261—-273.

[17] M. Kimura, A simple method for estimating evolutionary rate of base substi-
tution through comparative studies of nucleotide sequences. ]. Mol. Evol. 16
(1980) 111-120.

[18] K.T. Konstantinidis, N. Isaacs, ]. Fett, S. Simpson, D.T. Long, T.L. Marsh, Microbial
diversity and resistance to copper in metal-contaminated lake sediment.
Microb. Ecol. 45 (2003) 191—-202.

[19] T. Kunito, K. Nagaoka, N. Tada, K. Saeki, K. Senoo, H. Oyaizu, S. Matsumoto,
Characterization of Cu-resistant bacterial communities in Cu-contaminated
soils. Soil Sci. Plant Nutr. 43 (1997) 709—-717.

[20] T. Kunito, H. Oyaizu, S. Matsumoto, Ecology of soil heavy metal-resistant
bacteria and perspective of bioremediation of heavy metal-contaminated
soils. Recent Res. Dev. Agric. Biol. Chem. 2 (1998) 185—206.

[21] T. Kunito, K. Saeki, K. Nagaoka, H. Oyaizu, S. Matsumoto, Characterization of
copper-resistant bacterial community in rhizosphere of highly copper-
contaminated soil. Eur. ]. Soil Biol. 37 (2001) 95—102.

[22] DJ.Lane, 165/23S rRNA sequencing. in: E. Stackebrandt, M. Goodfellows (Eds.),
Nucleic Acid Techniques in Bacterial Systematics. John Wiley and Sons, New
York, 1991, pp. 115—175.

[23] D.PH. Lejon, J. Lévéque, ].M.F. Martins, L. Spadini, N. Pascault, D. Landry, M.
J. Milloux, V. Nowak, R. Chaussod, L. Ranjard, Copper dynamics and impact on
microbial communities according to soil organic status. Environ. Sci. Technol.
42 (2008) 2819—2825.

[24] D.PH. Lejon, V. Nowak, S. Bouko, N. Pascault, C. Mougel, JM.F. Martins,
L. Ranjard, Fingerprinting and diversity of bacterial copA genes according to
soil types, organic status and copper contamination. FEMS Microbiol. Ecol. 61
(2007) 424—437.

[25] D.PH. Lejon, ]. Sebastia, I. Lamy, R. Chaussod, L. Ranjard, Relationships
between soil organic status and microbial community density and genetic
structure in two agricultural soils submitted to various types of organic
management. Microb. Ecol. 53 (2007) 650—663.

[26] M. Loreau, Biodiversity and ecosystem functioning: recent theoretical
advances. Oikos 91 (2000) 3—17.

[27] P.A. Maron, C. Mougel, D.P.H. Lejon, E. Carvalho, K. Bizet, G. Marck, N. Cubito,
P. Lemanceau, L. Ranjard, Temporal variability of airborne bacterial commu-
nity structure in an urban area. Atmos. Environ. 40 (2006) 8074—8080.

[28] P. Marschner, E. Kandeler, B. Marschner, Structure and function of the soil
microbial community in a long-term fertilizer experiment. Soil Biol. Biochem.
35 (2003) 453—461.

[29] S. McGrath, Effects of heavy metals from sewage sludge on soil microbes in
agricultural ecosystems. in: S. Rosss (Ed.), Toxic Metals in Soil—Plant Systems.
John Wiley and Sons, Chichester, 1994, pp. 247—274.

[30] M. Mergeay, S. Monchy, T. Vallaeys, V. Auquier, A. Benotmane, P. Bertin,
S. Taghavi, J. Dunn, D. van der Lelie, R. Wattiez, Ralstonia metallidurans,
a bacterium specifically adapted to toxic metals: towards a catalogue of metal-
responsive genes. FEMS Microbiol. Rev. 27 (2003) 385—410.

[31] M. Mergeay, D. Nies, H.G. Schlegel, ]J. Gerits, P. Charles, F. Van Gijsegem,
Alcaligenes eutrophus CH34 is a facultative chemolithotroph with plasmid-
bound resistance to heavy metals. ]. Bacteriol. 162 (1985) 328—334.

[32] S. Nazaret, E. Brothier, L. Ranjard, Shifts in diversity and microscale distribu-
tion of the adapted bacterial phenotypes due to Hg(II) spiking in soil. Microb.
Ecol. 45 (2003) 259—269.

[33] D.H. Nies, Microbial heavy-metal resistance. Appl. Microbiol. Biotechnol. 51
(1999) 730—-750.

[34] T. Nishio, T. Yoshikura, H. Itoh, Detection of Methylobacterium species by 16S
rRNA gene-targeted PCR. Appl. Environ. Microbiol. 63 (1997) 1594—1597.

[35] L. @vreds, V. Torsvik, Microbial diversity and community structure in two
different agricultural soil communities. Microb. Ecol. 36 (1998) 303—315.

[36] L.Ranjard, A. Echairi, V. Nowak, D.P.H. Lejon, R. Nouaim, R. Chaussod, Field and
microcosm experiments to evaluate the effects of agricultural Cu treatment on
the density and genetic structure of microbial communities in two different
soils. FEMS Microbiol. Ecol. 58 (2006) 303—315.

[37] L. Ranjard, A. Richaume, L. Jocteur-Monrozier, S. Nazaret, Response of soil
bacteria to Hg(Il) in relation to soil characteristics and cell location. FEMS
Microbiol. Ecol. 24 (1997) 321—331.

[38] S. Sauve, A. Dumestre, M. McBride, J.W. Gillett, ]. Berthelin, W. Hendershot,
Nitrification potential in field-collected soils contaminated with Pb or Cu.
Appl. Soil Ecol. 12 (1999) 29-39.

[39] C.E. Shannon, A mathematical theory of communication. Bell Syst. Tech. J. 27
(1948) 379—423.

[40] E.Smit, A. Wolters, ]J.D. van Elsas, Self-transmissible mercury resistance plasmids
with gene-mobilizing capacity in soil bacterial populations: influence of wheat
roots and mercury addition. Appl. Environ. Microbiol. 64 (1998) 1210—1219.

[41] M. Solioz, ].V. Stoyanov, Copper homeostasis in Enterococcus hirae. FEMS
Microbiol. Rev. 27 (2003) 183—195.

[42] A. Tom-Petersen, T.D. Leser, T.L. Marsh, O. Nybroe, Effects of copper amend-
ment on the bacterial community in agricultural soil analyzed by the T-RFLP
technique. FEMS Microbiol. Ecol. 46 (2003) 53—62.

[43] Y.L. Tsai, B.H. Olson, Rapid method for direct extraction of DNA from soil and
sediments. Appl. Environ. Microbiol. 57 (1991) 1070—1074.


http://dx.doi.org/doi:10.1016/j.ejsobi.2009.12.002

NOM Prénom : Pascault Noémie

Discipline — spécialité : Sciences de la Vie — Ecologie Microbienne / Agroenvironnement

Date de soutenance : 13 juillet 2010

Titre : Réponse des communautés microbiennes du sol a I’apport de résidus de culture : influence des
pratiques agricoles et lien avec le fonctionnement biologique du sol.

Résumeé : A I’échelle de 1’agro-écosystéme, la productivité primaire est sous la dépendance du recyclage des matiéres
organiques du sol (MOS) par P’action des organismes indigénes décomposeurs, qui minéralisent les composés
organiques libérant ainsi les nutriments nécessaires a la croissance végétale. A une échelle plus globale, le recyclage
des MOS détermine les flux de carbone entre le sol et 1’atmosphére, avec des conséquences majeures sur la qualité de
I’environnement et les changements globaux. Malgré le role central des microorganismes indigenes dans ces
processus, la composante microbienne est encore mal connue et souvent considérée comme une boite noire en termes
de diversité et de fonctionnalité. Par conséquent, pour mieux comprendre et prédire 1’évolution des MOS et donc les
flux de carbone (C) dans les agro-écosystémes, il est nécessaire de mieux connaitre les populations et les mécanismes
microbiens impliqués dans leur dégradation et transformation. Dans ce contexte, I’objectif de cette these était de
progresser dans la connaissance de la réponse des communautés microbiennes telluriques a I’apport de résidus de
culture. Cette réponse des communautés microbiennes a été abordée en termes de (i) succession des populations
impliguées dans les processus de dégradation de ces MOF (matiéres organiques fraiches), (ii) lien avec leur fonction
de dégradation et répercussion sur la dynamique des matiéres organiques, et (iii) rdle dans les processus de
stockage/déstockage du carbone via les processus de « priming effect ». Différents paramétres pouvant moduler la
dégradation des résidus et la dynamique des communautés ont été pris en compte : modalité d’apport des résidus
(pratiques culturales), qualité biochimique des résidus (différentes espéces végétales), et température. La stratégie
globale de recherche développée repose sur des expérimentations de terrain et au laboratoire impliquant différentes
échelles spatiales (du microcosme de sol a la parcelle agronomique) et temporelles (du temps de génération microbien
aux cycles culturaux). La réponse des communautés microbiennes a 1’apport de résidus a été évaluée par I’utilisation
de méthodes moléculaires permettant de caractériser sans a priori la diversité des microorganismes du sol (empreintes
moléculaires, clonage/séquencage, séquencage haut débit). En parallele, un suivi quantitatif et qualitatif de la matiere
organique du sol, par des méthodes de biochimie ou de spectroscopie, a été réalisé afin d’établir le lien entre la
dynamique des communautés microbiennes et le devenir de la matiére organique dans le sol.

Les deux premiers chapitres du manuscrit portent sur des expérimentations réalisées au terrain (conditions
naturelles) afin d’évaluer I’influence de la localisation des résidus (résidus de blé incorporés vs. laissés en surface ; site
expérimentale INRA Mons) d’une part et d’autre part de la qualité biochimique des résidus (résidus de bl¢, colza et
luzerne incorporés, site expérimentale INRA Epoisses) sur la dynamique des communautés microbiennes du sol. Les
résultats obtenus mettent en évidence une forte influence de la localisation comme de la qualité biochimique des
résidus sur les successions de populations microbiennes induites suite a ’apport. Des populations/groupes microbiens
stimulés spécifiquement dans chaque modalité ont été identifiés. Les résultats de diversité ont été mis en regard des
dynamiques de décomposition des résidus, afin de faire le lien entre les successions de populations et 1’évolution des
ressources trophiques.

La troisieme partie du travail correspond a une expérimentation en conditions contrélées (microcosmes de sol)
nous permettant de coupler des outils moléculaires et isotopiques (ADN-SIP) pour cibler spécifiquement les
populations microbiennes activement impliquées dans la dégradation des résidus de culture et les mettre en relation
avec les flux de carbone gazeux précisément qualifiés, et plus particulierement avec la mesure du « priming effect »
(fonction de stockage/déstockage des MOS). Le facteur de variation pris en compte a été a nouveau la qualité
biochimique des résidus apportés (blé, luzerne). Les taux de minéralisation des résidus observés (luzerne > blé) ont été
reliés a des dynamiques de populations spécifiques du résidu apporté. D’autre part, le déstockage du carbone du sol
engendré par I’apport de résidus était aussi modulé par la qualité de I’apport et reli¢ a des dynamiques de populations
spécifiques du résidu apporté. La diversité de ces populations bactériennes a été caractérisée par pyroséquencage afin
de mieux identifier les populations impliquées et leurs attributs écologiques.

L’ensemble des travaux a permis d’identifier les successions populationnelles des microorganismes qui sont
impliquées dans la dégradation des résidus de culture apportés dans les sols. La diversité de ces populations mais aussi
la dynamique de leurs successions ont été demontrées comme étant fortement influencées par les pratiques agricoles
mais aussi par la qualité biochimique des résidus. En paralléle, les mesures de flux de CO, couplées a des techniques
d’isotopie ont permis de relier ces modifications de diversité microbienne avec le turn-over des MOS mais aussi avec
les potentialités de stockage/déstockage de C dans le sol.

Mots clés: communautés microbiennes ; résidus de culture; matiéres organiques du sol; processus de
décomposition ; priming effect ; SIP ; pyroséquencage.

Laboratoire d’accueil : UMR Microbiologie du Sol et de I’Environnement (MSE), INRA / UFR des Sciences de la
Terre et de I’Environnement, Université de Bourgogne. 17 rue de Sully — BP 86510 — 21065 Dijon Cedex






