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Résumé 

L'objectif principal de cette thèse est de déterminer le rôle des communautés microbiennes 

dans les émissions de N2O du sol, et plus précisément de définir dans quelle mesure les 

champignons sont impliqués. Par conséquent, leur structure communautaire à l'échelle micro, 

leur comportement dans la réduction de l'azote et la production de N2O, et leur interaction 

avec les communautés microbiennes impliquées dans le cycle de l'azote en tant que 

décomposeurs de matière organique dans le sol ont été étudiés. L'analyse des fractions de sol 

du parc Rothamsted a montré que les communautés fongiques changent au sein de fractions 

isolées, contrairement aux communautés bactériennes. De plus, des potentiels de nitrification, 

de dénitrification et de réduction de N2O ont été détectés dans toutes les fractions et se sont 

révélés liés à la chimie du carbone et de l'azote. Des expériences quantifiant la production de 

NO et N2O à partir de nitrite sur 24 souches de champignons de culture pure ont montré que 

les espèces de Fusarium sont de véritables producteurs de N2O parmi les champignons. Le 

suivit de NO a révélé que le milieu de nitrite est instable dans des conditions anoxiques et 

produit du NO abiotiquement, ce qui implique que des souches produisant du N2O à de faibles 

taux détoxifient ce NO plutôt que de le respirer, comme précédemment supposé. L’absence 

d’un nirK - p450nor dans la plupart des champignons a étayé cette hypothèse. Les relations 

interspécifiques entre champignons et bactéries ont été étudiées après l'addition de matière 

organique. Différentes modifications organiques ont déclenché des réponses distinctes en 

termes d’activité bactérienne et fongique sein d'une même communauté de sol. Les signatures 

fonctionnelles identifiées dans cette étude corroborent notre hypothèse selon laquelle les 

champignons sont impliqués dans la production de N2O en influençant les bactéries 

impliquées dans le cycle N par des processus de dégradation de glucides. Les résultats de 

cette thèse fournissent une base pour explorer les relations interspécifiques dans le cycle 
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biogéochimique de l’azote dans le sol et marque une étape vers l'intégration de tous les 

membres de la communauté dans la recherche sur les écosystèmes du sol. 

	

	



	 	  

Abstract 

The main objective of this thesis is to determine the role of microbial communities in N2O 

emissions from soil, and more specifically to define to what extent fungi are involved. 

Therefore, their community structure at the micro scale, their behavior in reducing nitrogen 

and producing N2O, and their impact on nitrogen cycling communities as decomposers in soil 

were investigated. Analysis of soil fractions of unmanaged, pristine Rothamsted Park Grass 

soil showed that fungal communities change within isolated fractions in contrast to bacterial 

communities. Also, nitrifying, denitrifying and N2O reducing potentials were detected in all 

fractions and found to be linked to carbon and nitrogen chemistry. Pure culture experiments 

on 24 fungal strains quantifying NO and N2O production from nitrite showed that Fusarium 

species are true N2O producers among fungi. Monitoring NO revealed that nitrite medium is 

unstable under anoxic conditions and produces NO abiotically, which implies that low N2O 

producing strains are actually detoxifying this NO rather than respiring it, as previously 

assumed. The lack of a nirK - p450nor in most fungi supported this hypothesis. Interspecies 

relationships between fungi and bacteria were studied following community development 

after organic matter addition. Different organic amendments triggered distinct responses of a 

soil community with respect to bacterial and fungal activity. Functional signatures identified 

in this study corroborated our hypothesis that fungi are involved in N2O production by 

influencing a N-cycling bacterial community via carbohydrate degradation processes.  The 

results from this thesis provide a basis for exploring interspecies relationships in nitrogen 

cycling processes in soil and mark a step towards integrating all members of the community 

in soil ecosystem research.  
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Introduction générale 

Cycle biogéochimique et changements climatiques 

La nutrition humaine est basée sur la production végétale. Les plantes fixent le carbone de 

l'atmosphère et prennent l'azote des sols pour former la biomasse (Zelitch, 1975; Krapp, 

2015). Cela marque le flux d'entrée de carbone et d'azote dans notre réseau alimentaire. 

L'azote est un nutriment essentiel pour toutes les formes de vie. Il permet aux organismes de 

synthétiser des acides nucléiques, des acides aminés et par conséquent des protéines. 

Figure 1: Vue macroscopique et microscopique des processus du cycle de l'azote dans le sol entraînant 
l'absorption d'azote par les plantes. Figure adaptée de Pearson Education Inc. 

	

Les plantes, ainsi que la plupart des organismes, ne peuvent pas utiliser directement les fortes 

concentrations de gaz nitrique (N2) présents dans l'atmosphère. Ils reposent sur la disponibilité 

de nitrate (NO3
-) ou d'ammonium (NH4

+) dans les sols qui peuvent être absorbés par les 

racines de la plante et sont finalement incorporés dans la biomasse (Figure 1) (Loque and 

Wiren, 2004; O'Brien et al., 2016). On trouve donc dans la littérature le terme «azote réactif» 

(Nr), qui désigne des formes oxydées ou réduites d'atomes d'azote (Galloway et al., 2003). 

L'étape initiale de transformation de l'azote non réactif en des formes réactives nécessite la 

rupture de la triple liaison entre les deux atomes d'azote dans le gaz N2. Cela se produit dans 
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la nature par deux processus: la foudre et la fixation biologique de l'azote (BNF) (Galloway et 

al., 2003). L’utilisation de combustibles fossiles, les pratiques agricoles intenses et la fixation 

technique de l'azote atmosphérique pour produire de l'azote augmentent BNF. 

	
Figure 2: Développement de la population mondiale au cours du dernier siècle, consommation anthropique de Nr 
et engrais au cours des 110 dernières années. Figure adaptée de (Erisman et al., 2011). 

	

Les engrais sont des flux d'intrants pour le budget global de l'azote causés par des actions 

anthropiques. On estime que la quantité de Nr mondiale créée est passée de 241 Tg N an-1 en 

1890 à 353 Tg N an-1 en 1990 (Galloway, 2003). La principale cause de cette augmentation 

spectaculaire réside dans une population en croissance rapide depuis le début du siècle 

dernier, ce qui a créé des demandes croissantes pour une production et des rendements plus 

élevés des systèmes agricoles (Figure 2) (Erisman et al., 2011). Avec l'invention du procédé 

de Haber-Bosch au début du 20ème siècle, il fut possible de synthétiser NH4
+ artificiellement 

par la réduction du gaz nitrique (N2) de l'atmosphère par l'hydrogène pour former NH4
+ 

(Haber and Le Rossignol, 1913). Ce procédé technique nécessite des pressions et 

températures élevées et une source d'hydrogène, qui est aujourd'hui principalement le 
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méthane à partir du gaz naturel. Conjuguée à une révolution technologique dans l'agriculture 

et à l'amélioration des cultures, l'utilisation d'engrais artificiels ou parfois chimiques dans les 

systèmes de production agricole a augmenté de façon le rendement agricole (Tilman, 1999). 

Les budgets globaux d'azote de cette décennie estiment que les humains fixent actuellement 

51% de l'azote total dans le monde (210 de 413 Tg N an-1) (Fowler et al., 2013). Grâce à 

cette contribution supplémentaire, nous alimentons les voies biochimiques dans le cycle de 

l'azote et nous faisons maintenant face à des impacts croissants sur l'environnement. 

La lixiviation des excès de nitrate dans les sols a conduit à la pollution des eaux souterraines 

et à l'eutrophisation des rivières et les côtes dans les années 1950, mettant en lumière pour la 

première fois les impacts environnementaux dus aux actions agricoles. De plus, des 

concentrations croissantes d'oxyde nitreux (N2O) ont été mesurées dans l'atmosphère au cours 

de la deuxième moitié du XXe siècle (Figure 3). Lorsque ce gaz d'azote atteint la stratosphère, 

environ 10% est décomposé par photolyse en radicaux NO qui réagissent dans une réaction 

catalytique avec l'ozone et le réduisent à dioxygène (Portmann et al., 2012). 

Le NO est recyclé plusieurs fois (~ 103-105 fois) dans cette réaction avant qu'il ne soit 

converti en une molécule moins réactive (Lary, 1997). Au total, la durée de vie globale du 

N2O a été déterminée comme étant d'environ 114 ans et, dans une comparaison par molécule, 

elle contribue 300 fois plus qu'une molécule de CO2 au réchauffement planétaire (Stocker et 

al., 2013; Prather et al., 2015). Les modèles prédisent que le N2O sera le gaz 

d'appauvrissement de la couche d'ozone qui domine au XXIe siècle (Ravishankara et al., 

2009). Sa longue durée de vie, combinée à l'augmentation prévue de l'atmosphère, en fait un 

gaz à effet de serre important à côté du méthane (CH4) et du dioxyde de carbone (CO2) 

malgré ses concentrations comparativement faibles. 
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Figure 3: Concentration des principaux gaz à effet de serre de l'année 0 à 2005. Figure adaptée de (Forster et al., 
2007). 

	

Les études sur les signatures isotopiques de N2O dans l'atmosphère ont confirmé que l'action 

anthropogénique est responsable de ce développement et que la majorité du N2O est émise par 

les sols (Park et al., 2012; Snider et al., 2015). Dans un scénario optimal, l'azote que nous 

mettons sur les champs serait absorbé à 100% par la plante et serait disponible comme 

nutriment dans nos aliments. En réalité, comme les communautés des écosystèmes naturels 

ont appris à concurrencer cette ressource rare, l'azote appliqué est également absorbé par les 

microbes, où il entre dans le cycle de l'azote microbien. Ici, de nombreuses voies 

biochimiques effectuées par des microbes produisent potentiellement du N2O, qui est la 

source réelle d'émissions élevées de N2O dans les systèmes agricoles (Mosier et al., 1998; 

Smith and Conen, 2004). La quantité de N2O émise par les sols et l'agriculture a été estimée à 

13 Tg N yr-1 et plus de la moitié (7 Tg N yr-1) est attribuée à l'action anthropique (Fowler et 

al., 2013). Bien que l'effet négatif des apports anthropiques d'azote sur les écosystèmes du sol 

sur notre climat ait été reconnu, l'application de stratégies appropriées pour atténuer ces 
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impacts ont eu peu de succès. Ceux-ci incluent l'application d'inhibiteurs de nitrification, la 

variation dans le dosage et le temps d'application des engrais et la variation des formes d'azote 

appliquées aux champs (Mosier et al., 1998; Bell et al., 2015). 

Par conséquent, il est essentiel d'améliorer notre compréhension fondamentale du cycle de 

l'azote, des voies biogéochimiques et des acteurs concernés si nous voulons prédire et réduire 

avec précision la contamination des écosystèmes par les processus industriels et agricoles. 

 

Écosystèmes du sol et cycle des nutriments 

Le sol forme une couche mince sur la surface de la Terre, où il sert de réservoir de nutriments 

et d'eau pour les plantes, et est donc essentiel pour la nutrition des formes de vie supérieures. 

L'assemblage finement structuré du sol crée des microhabitats avec des conditions 

polyvalentes pour la vie, construisant un écosystème considéré comme le plus divers parmi 

tous les habitats de la planète (Dance, 2008). On a estimé à 1 milliard de cellules bactériennes 

et entre 100 à 1 km d'hyphes fongiques dans 1 g de sol (Elmholt and Kjøller, 1987; Gans et 

al., 2005; Bardgett et al., 2005; Roesch et al., 2007). Par exemple, on a constaté que les eaux 

de surface dans les océans abritaient jusqu'à 105 cellules par mL, ce qui correspond à un 

volume comparable à 1 g de sol (Sogin et al., 2006). Cela montre que la densité de la vie dans 

le sol est étonnante, et cela est en partie lié à la structure du sol. En plus de la partie 

microbiologique du biome du sol, on trouve des organismes comme les protozoaires, les 

nématodes et les biotes supérieurs. Les plantes sont également une partie importante de ces 

écosystèmes, car leurs racines constituent une source nutritive majeure pour les communautés 

souterraines en fournissant des exsudats de racine ou de matériel végétal mort pour des 

processus de décomposition (Henry et al., 2008; Rennenberg et al., 2009). Au total, ces 

organismes forment une chaîne alimentaire, où la matière organique et l'énergie sont 

transformées et cyclées (Figure 4). En regardant l'immense nombre de microorganismes 
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retrouvés dans le sol, il n'est pas surprenant que diverses interactions se produisent. Par 

exemple, on a constaté que les bactéries se développaient dans le voisinage immédiat des 

champignons mycorhiziens, qui sécrètent des molécules de carbone facilement accessibles qui 

servent de nutriments pour ces bactéries (Warmink and van Elsas, 2008; Warmink et al., 

2009; Nazir et al., 2010). 

Un facteur clé pour le fonctionnement des écosystèmes du sol est sa structure. Généralement, 

le sol peut être défini comme un assemblage de particules d'origine organique et inorganique. 

On a trouvé que cet assemblage n'était pas aléatoire, plutôt consistant en des réarrangements 

constants effectués par l'activité microbienne et végétale (Six et al., 2004; Bronick and Lal, 

2005). 

 Ce réarrangement est lié au cycle du carbone, puisque la matière organique du sol entraîne la 

structuration du sol. La matière organique qui pénètre dans le sol est décomposée et la 

	

	

Figure 4: Cycle des éléments nutritifs dans le sol montrant le recycle de la matière organique des piscines N de la 
plante. SOM, matière organique du sol; Lignes pointillées: procédés végétaux; Lignes pleines: processus 
microbiens; Lignes en pointillés rouges et pleins: processus compétitifs entre les plantes et les microbes; Lignes 
bleues en pointillés: voies de transport hydrologiques. Adapté de (Rennenberg et al., 2009). 



	 15	

	

formation d'agrégats a lieu là où des blocs de construction simples comme le sable, le limon et 

l'argile se stabilisent autour de matière organique incrustée de produits microbiens et de 

mucus de vers de terre. L'activité microbienne est la clé dans ce processus puisque les hyphes 

fongiques et les exopolysaccharides excrétés par les microbes fonctionnent comme colle dans 

la stabilisation des agrégats (Figure 5). En même temps, alors qu'ils forment leur propre 

micro-environnement, les micro-organismes utilisent la matière organique comme source 

nutritive. Lorsque les nutriments sont épuisés, l'agrégat finit par être perturber. Des 

perturbations telles que le labourage améliorent le roulement des agrégats et réduisent la 

formation de nouveaux agrégats (Six et al., 2000). Ainsi, la capacité du sol à lier la matière 

organique, également appelée séquestration du carbone, est réduite. Dans l'ensemble, un 

système complexe et poreux est formé où l’eau et l'air peuvent coexister. Puisque la structure 

du sol change avec le temps, elle est parfois appelée la quatrième dimension du sol (Bardgett 

et al., 2005). 
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Figure 5: Disposition spatiale des particules de sol sur l'échelle du millimètre (a) au micromètre (b, c). EPS: 
exopolysaccharide. Figure adaptée de (Vos et al., 2013). 

On peut imaginer qu'en raison de la structure complexe d'une matrice de sol, les paramètres 

environnementaux (comme la concentration d'oxygène, la disponibilité en eau et en 

nutriments et le pH) qui impactent les communautés microbiennes pourraient changer à petite 

échelle. On a estimé qu'un gramme de sol fournit 20 m2 de surface et que seulement 1% de 

cette région est réellement couverte par des microbes (Bardgett et al., 2005). Cela suggère que 

les micro-organismes ne sont pas distribués au hasard dans le sol, mais qu'ils prolifèrent dans 

les micro-habitats où ils trouvent les conditions les plus adaptées à leur mode de vie. Les 

communautés de sols ont été étudiées sur différentes échelles allant de kilomètres à mètres et 
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à centimètres (Green and Bohannan, 2006; Vos and Velicer, 2006; Enwall et al., 2010; Bru et 

al., 2011). Jusqu'à présent, peu de travaux se sont concentrés sur la différenciation des 

communautés fonctionnelles à l'échelle micrométrique, l'échelle de taille réelle des microbes. 

C'est un aspect critique, car si nous voulons acquérir des connaissances fondamentales sur les 

voies impliquées dans la production de N2O, nous devons étudier les processus à l'échelle à 

auxquels ils se produisent, à savoir la micro-échelle. 

Le cycle microbien de l'azote 

La composante microbienne de ces communautés complexes du sol effectue plusieurs étapes 

cruciales dans les processus de transformation de nutriments. Ils jouent des rôles clés dans le 

cycle du carbone, où ils agissent principalement comme décomposeurs en décomposant la 

matière organique, la rendant ainsi biodisponible pour d'autres microbes ou plantes (Nielsen 

et al., 2011; Schimel and Schaeffer, 2012). Dans le cycle de l'azote, le rôle des microbes 

semble encore plus critique, puisque certaines transformations biochimiques de l'azote ont été 

trouvées exclusivement chez ces organismes (Hayatsu et al., 2008). 

	
Figure 6: Processus biochimiques dans le cycle N et les formes azotées présentes. Les chiffres romains indiquent 
l'état d'oxydation de l'atome d'azote dans le composé chimique. Figure adaptée de (Zumft and Kroneck, 2007). 
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La plupart des organismes assimile l'azote sous forme réduite (NH4
+) ou oxydée (NO3

-), et ces 

nutriments sont limités dans les environnements naturels. L'azote est donc constamment 

réduit ou oxydé, car les microbes trouvent des moyens de produire de l'énergie à partir des 

processus de conversion, ce qui ferme complètement le cycle de l'azote (Figure 6). Deux 

courants d'entrée dans le cycle d'azote microbien peuvent être identifiés. L'un est la fixation 

de l'azote de l'atmosphère par la vie libre et les bactéries symbiotiques et les archées (Réaction 

1) (Zehr et al., 2003). Ces organismes possèdent des nitrogénases hautement conservées 

(NIF) qui peuvent catalyser la rupture de la triple liaison du gaz nitrure (N2) et générer du 

NH3 dans des environnements anaérobies après l'équation suivante: 

	

	
Réaction 1: Fixation biologique de l'azote (BNF). NIF, nitrogenase. 

		

Une autre entrée d'azote dans le cycle est le recyclage de la matière organique, lorsque l'azote 

anaboliquement incorporé dans la biomasse est relâché par des processus de décomposition, 

également appelé minéralisation d'azote. 

Lorsque l'oxygène est présent, NH4
+ peut être oxydé en NO3

- par nitrification (Réaction 2) 

(Klotz and Stein, 2008). Des groupes spécifiques de bactéries et d'archées effectuent ces 

réactions biochimiques. On a considéré que l'oxydation de l'ammonium en nitrite et 

l'oxydation ultérieure en nitrate sont effectuées par des groupes distincts d'organismes, à 

savoir les bactéries oxydantes de l'ammoniac (AOB) ou les archées (AOA) et les bactéries 

oxydant les nitrites (NOB). Au cours de la nitrification, NH4
+ est d'abord oxydé en 

hydroxylamine (NH2OH) par une ammoniac monooxygénase (AMO), qui est ensuite oxydée 

en nitrite par l'hydroxylamine oxydoréductase (HAO). Enfin, le nitrite est oxydé en nitrate par 

une nitrite oxydoréductase (NXR). 
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Réaction 2: Nitrification montrant les enzymes impliquées dans chaque étape. AMO, ammoniac 
monooxygénase; HAO, hydroxylamine oxydoréductase; NXR, nitrite oxydoréductase. Les abréviations 
désignent toute enzyme capable de catalyser la réaction respective. 

	

Récemment, une souche de Nitrospira capable de catalyser l'oxydation complète de 

l'ammonium en nitrate a été découverte (Daims et al., 2015). 

Si l'oxygène devient limité, NO3
- ou NO2

- peuvent être de nouveau réduits à NH4
+ par la 

réduction dissimilatoire du nitrate en ammonium (DNRA), parfois aussi appelée nitration-

ammonification (Réaction 3) (Simon, 2002). 

	

	
Réaction 3: Dissimilation de la réduction du nitrate en ammonium (DNRA) montrant les enzymes impliquées 
dans chaque étape. NAR, nitrate réductase; NIR, production de nitrite réductase-ammonium. Les abréviations 
désignent toute enzyme capable de catalyser la réaction respective (Mohan and Cole, 2007). 

	

La réduction de NO3
- en NO2

- est réalisée par les mêmes réductases que celles trouvées chez 

les dénitrifiants. Deux enzymes distinctes ont été trouvées pour réduire le NO2
- à NH4

+. Une 

réductase NADH-dépendante NirB ou une cytochrome c réductase NrfA (Darwin et al., 1993; 

Cole, 1996; Einsle et al., 1999). 

Une autre voie réductrice importante se terminant par la production de N2 gazeux via NO et 

N2O est appelée dénitrification et sera décrite plus loin en détail (Réaction 6). Cette voie est 

caractérisée par l'utilisation d'une nitrate réductase dissimilatoire (dNAR) pour la réduction du 

NO3
- en NO2

-, contrairement à la réduction du nitrate en ammonium à des fins anaboliques, 
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où une nitrate réductase assimilatrice catalyse cette réaction (Guerrero et al., 1981; Crawford 

and Arst, 1993; Mahne and Tiedje, 1995; Zumft, 1997). 

La voie d'oxydation anaérobie de l'ammoniac (Anammox) décrit un mécanisme alternatif pour 

la réduction de NH4
+ en N2 (Réaction 4) (Strous et al., 1999). Le NO2

- est tout d'abord réduit 

en NO et NH4
+ sert d'accepteur terminal d'électrons dans les autres réactions: 

	
Réaction 4: Oxydation anaérobie de l'ammoniac (ANAMMOX) montrant les enzymes impliquées dans chaque 
étape. NIR, nitrite réductase; HH, hydrazine hydrolase; HZO / HAO hydrazine / hydroxylamine oxydoréductase. 
Les abréviations désignent toutes les enzymes qui catalysent la réaction respective (Kraft et al., 2011). 

	

On a constaté que les bactéries Anammox vivaient dans des écosystèmes marins et terrestres 

et qu'elles effectuaient de la DNRA lorsque l'ammonium devenait limitant (Penton et al., 

2006; Kartal et al., 2007; Humbert et al., 2009). En outre, l'application technique de ces 

organismes dans le traitement des eaux usées promet une réduction des coûts et des émissions 

de N2O (Ali and Okabe, 2015). 

L'oxyde nitreux comme produit intermédiaire dans le cycle N ne se produit que dans la 

dénitrification. Cependant, des dénitrifiants complets, des dénitrifiants incomplets, des 

réducteurs de nitrate, des microbes effectuant de la DNRA et des nitrifiants ont été montrés 

comme pouvant contribuer à la production biologique de N2O (Wrage et al., 2001; Megonigal 

et al., 2003; Stremińska et al., 2011). En outre, un processus abiotique pourrait également 

conduire à la formation de N2O par la réduction de NO2
-. En raison de son équivalent 

biologique, ce processus a été appelé chemodenitrification (Réaction 5) (Nelson and Bremner, 

1969; 1970a). Le nitrite est chimiquement réduit en NO et plus loin en N2O à pH bas et quand 

des ions métalliques sont présents (Nelson and Bremner, 1970b; Kampschreur et al., 2011). 
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Réaction 5: Réduction chimique du nitrite en N2O via NO (Van Cleemput and Samater, 1995). 

 

On a montré, par exemple, que le fer ferreux produit par les bactéries réduisant les ions 

ferriques a catalysé la réduction chimique du nitrite présent à N2O (D. C. Cooper and 

Picardal, 2003; Coby and Picardal, 2005). 

Quantifier la contribution de diverses voies du cycle de l'azote aux émissions de N2O est une 

tâche difficile. La distinction entre la dénitrification et la production de N2O médiée par la 

nitrification pourrait être obtenue par une approche isotopique stable et l'utilisation 

d'inhibiteurs (Bateman and Baggs, 2005). Des modèles plus complexes ont été développés 

récemment, mais des travaux supplémentaires doivent être effectués pour pouvoir distinguer 

les processus de conversion de l'azote unique se produisant lors des événements d'émission de 

N2O (Müller et al., 2014). 

La dénitrification est souvent considérée comme le principal processus impliqué dans les 

émissions de N2O des sols agricoles en conditions anoxiques (Webster and Hopkins, 1996; 

Pihlatie et al., 2004; Li et al., 2016). En outre, les enzymes dénitrifiantes sont répandues dans 

les bactéries et aussi quelques archées et champignons (Zumft, 1997; Philippot, 2002; Shoun 

et al., 2012). Une compréhension plus large des interactions écologiques entre ces microbes 

pourrait aider à élaborer des stratégies ciblées d'atténuation des émissions de N2O des sols 

agricoles. 

	



	 	  

Dénitrification dans les bactéries 

La génération d'énergie dans chaque forme de vie est basée sur l'exploitation des différences 

de potentiel redox. Ceci est soit réalisé par l'accumulation d'une force motrice du proton (pmf) 

à travers les membranes par des réactions en chaîne de transport d'électrons ou par la 

phosphorylation au niveau du substrat dans les voies fermentatives (Simon et al., 2008). Dans 

les deux cas, l'énergie est stockée dans l'adénosine triphosphate (ATP) et peut être utilisée 

plus tard par la cellule. 

Les microorganismes peuvent utiliser divers accepteurs terminaux d'électrons dans les chaînes 

respiratoires. L'oxygène est le plus efficace, suivi du nitrate, du manganèse, du fer, du soufre 

et du dioxyde de carbone. Contrairement à la réduction de l’O2 à H2O, la réduction complète 

de NO3
- à N2 est un processus par étapes appelé dénitrification (Réaction 6). 

	

	
Réaction 6: dénitrification montrant les enzymes impliquées dans chaque étape. NAR, nitrate réductase; NIR, 
nitrite réductase; NOR, oxyde nitrique réductase; N2O R, oxyde nitreux réductase. Les abréviations désignent 
toutes les enzymes capables de catalyser la réaction respective (Zumft, 1997). 

	

Toutes les étapes de ce processus sont catalysées par des métalloenzymes multisites (van 

Spanning et al., 2007). Les nitrates réductases (NAR) réduisent le NO3
- en NO2

- et se sont 

révélés être liés à la membrane (NarG) ou situés dans le périplasme (NapA) (Blasco et al., 

2001; Simon et al., 2003; Ellington et al., 2005). Le nitrite est réduit par les nitrites réductases 

(NIR) en oxyde nitrique (NO). En tant que première étape de production d'une molécule de 

gaz, il est considéré comme une caractéristique clé de la dénitrification. L'enzyme contenant 

du cuivre NirK ainsi que le cytochrome cd1 contenant de l'hème NirS sont capables de réduire 

les nitrites (Tavares et al., 2006). Jusqu'à présent, aucun organisme contenant les deux types 

de NIR a été trouvé. Le NO produit est ensuite réduit en N2O par l'oxyde nitrique reductases 

(NOR). On a trouvé trois enzymes catalysant cette réaction dans les bactéries, à savoir un 
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qNOR à longue chaîne ou un cNOR à chaîne courte dans des bactéries Gram-négatives, et un 

qCuANOR dans des bactéries Gram-positives (Hendriks et al., 2000; Suharti and S. de Vries, 

2005; Tavares et al., 2006). Enfin, la dernière étape de la dénitrification est la réduction du 

N2O en gaz N2 qui est catalysée par les oxydes nitrés réductases (N2OR). Deux variantes sont 

connues pour les N2OR, un N2OR de type z ainsi qu'un N2OR de type c nouvellement 

découvert (Sanford et al., 2012; Jones et al., 2013). Les deux types d'enzymes se trouvent 

dans des groupes phylogénétiquement distincts de bactéries et la possibilité d'une 

spécialisation de niche dans la réduction de N2O parmi ces groupes est actuellement à l'étude 

(Jones et al., 2014). 

La terminologie décrivant les organismes réduisant les nitrates s'est diversifiée. On considère 

généralement que les dénitrifiants sont capables de réduire le nitrate jusqu'au gaz N2. En 

revanche, de nombreux organismes se sont avérés être des dénitrificateurs incomplets, 

possédant diverses combinaisons d’enzymes impliquées qui ne permettent pas une réduction 

complète. De plus, les microbes qui utilisent la réduction la plus économe en énergie de NO3
- 

à NO2
- sont définis comme des réducteurs de nitrate ou des respirateurs à nitrate. La réduction 

des nitrites a également été observée dans les bactéries oxydantes de l'ammoniac, connues 

sous le nom de dénitrification nitrifiante (Wrage et al., 2001). 

La dénitrification est, contrairement à la nitrification, phylogénétiquement répandue et aucun 

modèle des enzymes sur l'arbre bactérien de la vie n'a pu être trouvé (Philippot, 2002). Cela 

rend plus difficile l’étude de cette fonction par les écologistes microbiens, puisque les 

marqueurs phylogénétiques purs comme les séquences d'ARN ribosomique sont difficiles à 

interpréter par rapport à une communauté dénitrifiante. 



	 	  

Réduction de l'azote dans les champignons 

Les chaînes de transport d'électrons dans les champignons sont situées dans les 

mitochondries, comme c'est le cas pour tous les organismes eucaryotes, où l'on a également 

trouvé des enzymes pour la réduction dissimilatoire de l'azote (Kobayashi et al., 1996). 

Puisque l'oxyde nitreux a été mesuré dans le gaz des cultures fongiques, l’implication de ces 

derniers en tant que producteurs de gaz à effet de serre a été supposé (Bleakley and Tiedje, 

1982). Plus tard, la production de N2O dans les champignons a été liée à un processus de 

réduction de nitrate dissimilatoire dans Fusarium oxysporum qui a été par conséquent nommé 

dénitrification fongique (Shoun and Tanimoto, 1991). La réduction des nitrites dans les 

champignons est catalysée par un nitrite réductase contenant du cuivre nirK (Long et al., 

2015). La comparaison des séquences d'acides aminés des nitrites réductases des eucaryotes, 

des bactéries et des archées suggère que le nirK de ces domaines a la même origine (S.-W. 

Kim et al., 2009). La distribution aléatoire de nirK parmi les protéobactéries pourrait être due 

au transfert horizontal de gènes entre ces bactéries, alors que les nirK eucaryotes ont été 

trouvés systématiquement distribués. 

L'enzyme catalysant la réduction de l'oxyde nitrique en N2O dans les champignons s'est 

révélée être un cytochrome P450 monooxygénase qui était par conséquent appelée P450nor. 

Cette classe d'enzymes est abondante chez les champignons et exerce des rôles essentiels dans 

différents processus cellulaires (Črešnar and Petrič, 2011). Bien que l'on trouve généralement 

que les enzymes P450 eucaryotes sont liées à la membrane, le P450nor est soluble et se trouve 

donc dans le cytosol (Takaya, 2002). 

L'analyse de structure de P450nor a montré une similarité plus élevée avec des enzymes 

bactériennes dérivées de P450, cependant, un P450nor n'a pas encore été trouvé dans les 

bactéries (Shoun et al., 2012). En raison de sa fonction spéciale parmi les enzymes P450, 

l'attention a été attirée vers elle. Des résultats contradictoires sur le comportement de la 
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réduction du NO des champignons alimentent les discussions quant à savoir si elle contribue à 

la production d'énergie pour l'organisme, soit un processus respiratoire, ou simplement une 

fonction détoxifiante pour éviter de fortes concentrations de NO réactif dans la cellule. Par 

exemple, même dans l'organisme modèle Fusarium oxysporum, on a observé l'expression 

simultanée dans des conditions dénitrifiantes de flavohémoglobine (Fhb), qui est exprimée 

chez les bactéries pour neutraliser le NO (S.-W. Kim et al., 2009; Forrester and Foster, 2012). 

Plus tard, ces résultats ont été confirmés par les mêmes chercheurs dans un autre organisme 

modèle pour la dénitrification fongique, Fusarium lichenicola (ancien Cylindrocarpon 

tonkinense), et l'expression de Fhb a été liée à la dénitrification dans ce champignon (S.-W. 

Kim et al., 2010). En outre P450nor a été trouvé pour avoir la fonction de détoxification pure 

de NO dans le pathogène humain Histoplasma capsulatum (Nittler et al., 2005). 

Le nitrate semble être le substrat préféré pour la dénitrification fongique, puisque le N2O peut 

être détecté après culture dans des milieux contenant des nitrites (Mothapo et al., 2015). Le 

développement d'outils moléculaires pour des études sur la contribution de la dénitrification 

fongique aux processus de transformation de N est en cours en ce moment et les amorces pour 

le nitrite fongique et les réductases oxyde nitrique ont été récemment publiées (Long et al., 

2015; Wei et al., 2015; Higgins et al., 2016). Des similitudes élevées avec les enzymes du 

cytochrome P450 ou le nirK bactérien rendent difficile la détection distincte de ces gènes à 

partir d'échantillons environnementaux. Afin d'identifier l'importance écologique de ces 

gènes, nous devons davantage étudier les profils d'expression de champignons dans des 

conditions anaérobies ou hypoxiques. Les approches métatranscriptomiques dans des 

expériences de laboratoire contrôlées pourraient être la première étape pour améliorer l'image 

que nous avons d'une communauté fongique réduisant l'azote. Le séquençage du génome 

complet des espèces candidates fournirait des informations sur le potentiel génétique général 

de ces organismes en ce qui concerne le cycle de l'azote, en particulier la présence ou 
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l'absence de séquences de globine active P450nor versus NO-active et pourrait marquer une 

étape importante dans ce domaine de recherche. 

Décomposition de la matière organique et ses implications dans le cycle N 

L'ajout d'engrais chimiques provoque des émissions élevées de N2O provenant des 

écosystèmes du sol, mais l'application de la matière organique comme engrais a également été 

démontrée pour initier ce processus (McSwiney and Robertson, 2005; Shcherbak, Millar, and 

Robertson, 2014b; Zhu-Barker et al., 2015). Dans les milieux naturels, l'azote doit être 

recyclé à partir de la biomasse ou fixé de l'atmosphère par des microbes (Figure 4). Lorsque la 

matière organique morte pénètre dans le sol, un processus de dépolymérisation décompose 

ces structures polymères en molécules qui peuvent à nouveau être réutilisées par les microbes. 

Les mécanismes sous-jacents de la dégradation de la matière organique dans le sol sont 

actuellement à l'étude. Les méthodes d'analyse modernes soutiennent l'hypothèse selon 

laquelle la matière organique du sol est continuellement dégradée de plus grands à plus petits 

polymères plutôt que le modèle largement accepté d'humification, ce qui n'a pas pu être 

confirmé par la chimie carbonée du sol (Lehmann and Kleber, 2015). 

Le matériel végétal mort se compose principalement de composés lignocellulosiques. Ces 

composites de structures polysaccharidiques telles que la cellulose, l'hémicellulose, la lignine 

et la pectine sont des éléments constitutifs des parois des cellules végétales et fournissent ainsi 

de l'azote sous la forme de protéines de la paroi cellulaire. Cette étape marque également une 

interconnexion du cycle de l'azote avec le cycle du carbone, puisqu'il fournit non seulement 

de l'azote, mais aussi le carbone nécessaire à une communauté hétérotrophe du cycle de 

l'azote. 

Lorsque les activités du cycle du carbone et de l'azote ont été couplées dans des modèles de 

prédiction de l'absorption mondiale de carbone terrestre suite à des niveaux élevés de CO2 
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dans l'atmosphère, les valeurs prédites ont été réduites de 74% par rapport à un modèle de 

carbone unique (Thornton et al., 2007). 

Les organismes et les enzymes qui effectuent ces processus de dégradation ont été étudiés de 

façon intensive, car la capacité à dégrader les polysaccharides récalcitrants à partir de 

structures en carbone est également intéressante pour des procédés industriels tels que la 

production de composés sucres à partir de matériel végétal pour la fermentation ultérieure en 

biocarburants (Voloshin and Rodionova, 2016). 

Un ensemble complexe d'enzymes est impliqué dans la déconstruction des composés 

lignocellulosiques (Figure 7). Par exemple, la dégradation complète d'un polymère structuré 

relativement simple comme la cellulose nécessite trois classes d'enzymes, ß-1,4-

endoglucanases, cellobiohydrolases et ß-glucosidases. Ces enzymes font partie des enzymes 

dites glucides actives qui comprennent des enzymes dégradant et générant des glycosides 

(base de données des Enzymes Actives de Carbohydrate; http://www.cazy.org/) (Lombard et 

al., 2013). 

Le plus grand groupe d'enzymes de clivage de liaisons glycosidiques sont les glycosides 

hydrolases (GH) (Henrissat, 1991). Cette classe d'enzymes actives en hydrates de carbone est 

actuellement divisée en 131 familles sur la base des séquences d'acides aminés des modules 

catalytiques apparentés structurellement et catalyse l'hydrolyse de glycosides liés à O, N et S 

(Davis and Sinnott, 2008). Les hydrolases glycosidiques exo et endo sont distinguées en 

raison de la localisation de leur site c’activité, à l'intérieur de la chaîne polysaccharidique 

(endo) ou à la fin de ces chaînes (exo), clivant des molécules de sucre unique de la chaîne 

comme les ß-galactosidases. 

Un autre groupe d'enzymes clivant les liaisons glycosidiques sont les polysaccharides lyases 

(PL). Ces enzymes clivent les polysaccharides contenant de l'acide uronique qui se produise 

en diverses quantités dans les hémicelluloses et les pectines de plantes supérieures (Figure 7 
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(b), (c)) (Willför et al., 2009). Le troisième groupe d'enzymes dégradant les glucides est 

classé dans les familles d'activités auxiliaires (AA) dans le système de classification CAZy 

(Levasseur et al., 2013). Ces familles comprennent généralement des enzymes qui ont une 

fonction d'assistance pour les GH et les PL. Par exemple, la famille AA9 inclue des 

polysaccharides monooxygénases lytiques (LPMO) qui peuvent attaquer divers 

polysaccharides et fournir de nouvelles extrémités de chaîne pour une dégradation ultérieure 

(Kracher et al., 2016; Johansen, 2016). 

L'application récente d'approches omiques à la dégradation des glucides a transformé le 

paradigme des processus de décomposition qui ont été considérés comme étant exclusivement 

	
Figure 7: Enzymes impliquées dans le clivage de liaisons glycosidiques dans (a) cellulose et diverses formes de 
(b) hémicellulose et (c) pectine. Différentes formes correspondent à des résidus de glycoside distincts du 
polysaccharide. ABF, -arabinofuranosidase; ABN endoarabinanase, ABX exoarabinanase, AFC α-fucosidase, 
AGL α-1,4-galactosidase, AGU α-glucuronidase, AX acétyle (xylan) estérase, AXH arabinoxylan α-
arabinofuranohydrolase, AXL α-xylosidase, BGL ß-glucosidase, BXL β -1,4-xylosidase, CBH 
cellobiohydrolase, EGL ß-1,4-endoglucanase, FAE feruloyl esterase, GAL β-1,4-endogalactanase, LAC β-1,4-
galactosidase, MAN β-1,4-endomannanase, La MND β-1,4-mannosidase, la pectine lyase PEL, la PLYpectate 
lyase, l'endopoly-galacturonase PGA, l'exo-polygalacturonase PGX, la pectine méthyl esterase RGAE, l'acétyl-
estérase rhamnogalacturonane RGL, l'endorhamnogalacturonase RGX, l'exorhamnogalacturonase RGX, la XEG 
xyloglucane active Β-1,4-endoglucanase, XGH endoxylogalacturonase, XGX exoxylogalacturonase XLN β-1, 4-
endoxylanase. Figure adaptée de (van den Brink and R. P. de Vries, 2011a). 
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fongiques, vers celui d'une communauté combinée responsable de la dégradation complète de 

la matière organique (Bugg et al., 2011; Cragg et al., 2015; de Gonzalo et al., 2016). 

Cependant, les champignons sont encore considérés comme des acteurs clés dans ces 

processus puisqu'ils effectuent efficacement les premières attaques sur les polymères 

récalcitrants, fournissant l'accès plus facile à d’autres substrats (Eastwood et al., 2011; Payne 

et al., 2015; Kracher et al., 2016). En outre, leur croissance dans les hyphes leur permet 

d'accéder à des zones avec des concentrations d'OM élevées contrairement aux bactéries 

immobiles. Ainsi, ils sont capables de transporter des composés carbonés sur de plus longues 

distances et de surmonter les sites pauvres en éléments nutritifs dans le sol (Jennings, 1987). 

L'apparition d'enzymes dégradant les glucides codés dans des génomes fongiques pourrait être 

liée à l'habitat naturel des organismes respectifs (van den Brink and R. P. de Vries, 2011b). 

Par exemple, on a trouvé un faible nombre d'enzymes actives en hydrates de carbone dans les 

génomes des levures de Saccharomyces naturellement présentes à la surface des champignons 

pourris ou dans l'intestin des termites (Jeffries et al., 2007; Liti et al., 2009). Les champignons 

filamenteux présentaient un nombre beaucoup plus élevé de gènes encodant ces enzymes dans 

leurs génomes (Coutinho et al., 2009; Rileya et al., 2014). Les champignons décomposeurs 

semblent également développer une spécificité vis-à-vis de la nature chimique du substrat à 

attaquer. Des génomes complets de champignons dégradant le bois ont révélé que des espèces 

distinctes possèdent des mécanismes complètement différents pour la dégradation des 

glucides, soulignant la spécialisation du substrat de ces organismes (Ohm et al., 2014). Par 

exemple, les Aspergilli présentaient de multiples enzymes codant pour la dégradation de la 

pectine, contrairement à d'autres champignons filamenteux caractérisés comme spécialistes de 

la cellulose ou dégradants de la lignine comme T.reesei ou Phanerochaet chrysosporium 

respectivement, ou Zygomycota qui se sont souvent avérés spécialisés dans l'utilisation de 

facilement accessibles et digestibles (Richardson, 2009a; Battaglia et al., 2011; van den Brink 

and R. P. de Vries, 2011b). 
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Il est peu probable que deux groupes de microorganismes partageant un habitat aussi 

diversifié que le sol soient complètement indépendants l'un de l'autre. En fait, de nombreuses 

interactions ont été observées dans les écosystèmes du sol (Wardle, 2006; Faust and Raes, 

2012; Bakker et al., 2014) dans les organismes végétaux, végétaux, microbiens et microbes. 

Un exemple bien connu pour les interactions mutualistes dans le sol est la symbiose entre les 

racines des plantes et les champignons mycorhiziens arbusculaires (AMF) où l'absorption 

d'azote par le champignon bénéfique pour la plante se produit en échange de substrats de 

carbone fixes pour le champignon (Lang et al., 2010; Tisserant et al., 2013; van der Heijden, 

de Bruin, et al., 2015). Cette relation s'est diversifiée après l'observation des bactéries 

colonisant l'AMF (Garbaye, 1994; Frey-Klett et al., 2007). Ces communautés bactériennes 

influencent le fonctionnement de ces écosystèmes (Johansson et al., 2004; Frey-Klett et al., 

2011). Par exemple, une interaction antagoniste entre l'AMF et les bactéries a été trouvée 

pour la compétition des produits de décomposition (Leigh et al., 2011). En outre, la 

colonisation des bactéries sur les hyphes mycorhiziens semble dépendre des espèces 

fongiques présentes, suggérant une interaction étroite entre des membres spécifiques des 

bactéries et des champignons (Toljander et al., 2006). En plus de la symbiose des plantes 

AMF, on a constaté récemment que des bactéries ont participé à la symbiose étroite des 

champignons et des algues vertes chez les lichens, ce qui confirme l'hypothèse selon laquelle 

les interactions interdomaines sont probablement plus fréquentes que nous ne le pensions 

(Aschenbrenner et al., 2016). 

Des interactions de champignons vivants avec des bactéries ont également été observées 

(Boer et al., 2005; Warmink et al., 2009). Les interactions peuvent être antagonistes, comme 

la concurrence pour une ressource limite ou une interférence directe. La compétition 

trophique entre les champignons et les bactéries pour des nutriments comme le carbone est 

bien documentée dans de nombreux environnements et peut avoir un impact sur le cycle 
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biogéochimique (Schmidt et al., 2012). Par exemple, des études ont montré que les 

interactions compétitives entre les champignons et les bactéries peuvent être importantes lors 

de la dégradation fongique de la matière organique récalcitrante telle que la lignine (Bugg et 

al., 2011). Les interactions peuvent également être coopératives, comme le transfert de 

métabolites complémentaires ou la détection de quorum (Berry and Widder, 2014). Des 

données récentes suggèrent un rôle des consortiums champignons-bactériens dans la 

dégradation et la transformation des HAP environnementales (Folwell et al., 2016). 

Cependant, le rôle et l'importance des consortiums bactériens-champignons dans le cycle des 

nutriments environnementaux ont été largement négligés et doivent être clarifiés si nous 

voulons bien comprendre et prédire comment les communautés vont réagir à l'évolution des 

milieux. 

L'abondance des AMF dans une expérience en serre a été reliée aux émissions de N2O, 

puisque les émissions ont augmenté lorsque des mutants de plantes sans AMF ont été cultivés 

(Bender et al., 2013). Le nombre de copies des gènes codant pour nitrite réductase et oxyde 

nitreux réductase de la communauté bactérienne co-habitante est corrélé négativement et 

positivement avec l'abondance des AMF, qui décrit la première observation d'un effet indirect 

des champignons sur les émissions de N2O par leur influence sur le cycle de l'azote bactérien. 

Jusqu'à présent, la recherche sur les émissions de N2O s'est concentrée sur des processus 

spécifiques dans le cycle N et a essayé principalement de lier l'occurrence de la production de 

N2O à l'activité des groupes d'organismes. Dans le cas de la dénitrification fongique, des 

études sur les environnements du sol ont été réalisées à l'aide d'inhibiteurs procaryotes et / ou 

eucaryotes pour identifier les différences d'émission de N2O ou de potentiel de production 

(Crenshaw et al., 2007; Laughlin et al., 2009; Marusenko et al., 2013; Wei et al., 2014; H. 

Chen, Mothapo, and Shi, 2014a; 2014b). Puisque la production de N2O a diminué de façon 

significative après l'ajout de fongicides, les champignons étaient souvent considérés comme 

les principaux producteurs de N2O dans ces environnements. Cependant, bien que les 
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champignons aient été trouvés posséder une base enzymatique leur permettant d'effectuer la 

réduction d'azote à N2O, nous observons actuellement une contradiction entre les données 

obtenues à partir des études de microcosme de sol et de cultures de champignons pures. On a 

trouvé que les taux de production de N2O dans les cultures pures de champignons étaient de 3 

à 6 ordres de grandeur inférieurs à ceux des bactéries dénitrifiantes (Betlach and Tiedje, 1981; 

I. C. Anderson and Levine, 1986; Jirout et al., 2012; Mothapo et al., 2013; Wei et al., 2014; 

Maeda et al., 2015). Bien qu'il soit difficile de comparer les résultats de deux configurations 

expérimentales distinctes, la diminution de la production de N2O après l'ajout de fongicide 

dans le sol ne peut être expliquée par les taux observés dans les cultures fongiques. 

C'est notre hypothèse que la réduction des émissions de N2O dans les expériences d'inhibition 

des champignons montre la perturbation d'une relation étroite entre les champignons libres et 

une communauté bactérienne produisant du N2O potentiel. Par l'inhibition des champignons, 

une perturbation involontaire de la dégradation du carbone pourrait se produire, ce qui 

ralentirait l’apport du substrat de carbone pour les bactéries. La communauté bactérienne 

impliquée dans cycle d'azote pourrait ainsi être indirectement affectée. Pour clarifier ce lien 

possible entre les microbes du carbone et de l'azote, nous devons étudier la dégradation de la 

matière organique par rapport à la production de N2O dans les sols et l'activité des 

communautés fongiques et bactériennes impliquées dans ces processus. 

	

	



	 	  

Objectifs de cette thèse 

Cette thèse est divisée en trois chapitres qui traitent chacun des hypothèses différentes 

développées au cours de ma thèse. Dans le premier chapitre, nous avons cherché à localiser 

spatialement les sites du cycle de l'azote dans le sol au niveau de la micro-échelle en utilisant 

une approche de fractionnement physique. Nous avons émis l'hypothèse que les potentiels 

dénitrifiants sont situés à l'intérieur des agrégats de sol où des microsites anaérobies sont 

présents. On a mesuré les changements dans les communautés fongiques et bactériennes dans 

les fractions granulométriques d'un sol de prairie vierge, ainsi que les abondances des gènes 

marqueurs du cycle de l'azote. 

Le manque d'outils moléculaires pour étudier l'apparition et l'activité des membres réduisant 

l'azote des champignons dans les extraits d'ADN du sol nous a conduit à une approche de 

dépistage des champignons du sol afin de recueillir des données sur leur potentiel de 

production d'azote et de N2O. Les résultats sont présentés et discutés dans le deuxième 

chapitre. Nous avons émis l'hypothèse que les champignons utilisent des nitrates réductases 

assimilatrices de manière dissimilatoire lorsqu'ils sont exposés à des conditions anoxiques. 

Vingt-deux isolats fongiques de sols agricoles capables d'assimiler les nitrates ont été incubés 

dans un système d'échantillonnage de gaz robotisé où nous pourrions suivre la production de 

NO et de N2O à partir de nitrite par les cultures pures. 

Dans le troisième chapitre, un lien potentiel entre la dégradation du carbone et le cycle de 

l'azote a été étudié à l'aide d'approches metatranscriptomiques et métagénomiques. Ici, nous 

avons émis l'hypothèse que la dégradation du carbone causée par les champignons affecte une 

communauté bactérienne cycle de l'azote et donc la production potentielle de N2O. Le sol 

agricole a été incubé pendant 30 jours dans des microcosmes et des matériaux organiques 

avec des chimies de carbone variables ont été ajoutés. Des échantillons de sol ont été prélevés 

huit fois au cours de cette incubation et des métatranscriptomes, des métagénomes ainsi que 
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des chimies d'azote dans le sol et des gaz à effet de serre émis ont été analysés pour suivre 

l'évolution des communautés après addition du substrat. 

 



	 	  

General introduction 

Biogeochemical cycling and climate change 

Human nutrition is based on plant production. Plants fix carbon from the atmosphere and take 

nitrogen from soils to form biomass (Zelitch, 1975; Krapp, 2015). This marks the input 

stream of carbon and nitrogen to our food web. Nitrogen is an essential nutrient for all life 

forms. It allows organisms to synthesize nucleic acids, amino acids and consequently 

proteins.  

Plants, together with most organisms, cannot directly use high concentrations of dinitrogen 

gas (N2) present in the atmosphere. They rely on the availability of nitrate (NO3
-) or 

ammonium (NH4
+) in soils that can be taken up by plant roots and are ultimately incorporated 

in biomass (Figure 1) (Loque and Wiren, 2004; O'Brien et al., 2016). Therefore we find the 

term ‘reactive nitrogen’ (Nr) in literature, which refers to oxidized or reduced forms of 

nitrogen atoms (Galloway et al., 2003). The initial transformation step of changing non-

reactive nitrogen to reactive forms requires the break-up of the triple bond between the two 

nitrogen atoms in N2 gas. This happens in nature by two processes: lightning and biological 

nitrogen fixation (BNF) (Galloway et al., 2003). Fossil fuel combustion, the cultivation of 

crops increasing BNF and the technical fixation of atmospheric nitrogen to produce nitrogen  

Figure 1: Macroscopic and microscopic view of nitrogen cycling processes in soil leading to uptake of nitrogen 
by plants. Figure adapted from Pearson Education Inc. 
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Figure 2: Development of world population in the last 20th century, anthropogenic produced Nr and fertilizer 
consumption over the last 110 year. Figure adapted from (Erisman et al., 2011) 
 

fertilizers are input streams for the global nitrogen budget caused by anthropogenic actions. It 

is estimated that the amount of global Nr created increased from 241 Tg N yr-1 in 1890 to 353 

Tg N yr-1 in 1990 (Galloway, 2003). The main cause for this dramatic increase lies in a 

rapidly growing population since the beginning of the last century, which created increasing 

demands for higher production and yields from agricultural systems (Figure 2) (Erisman et al., 

2011). With the invention of the Haber-Bosch process at the beginning of the 20th century, it 

was possible to synthesize NH4
+ artificially through the reduction of dinitrogen gas (N2) from 

the atmosphere by hydrogen to form NH4
+ (Haber and Le Rossignol, 1913). This technical 

process requires high pressures and temperatures and a source of hydrogen, which is 

nowadays mainly methane from natural gas. Together with a technological revolution in 

agriculture and improved crop breeding programs, the use of artificial, or sometimes called 

chemical, fertilizers in crop production systems increased the yield in agriculture dramatically 

(Tilman, 1999). Global nitrogen budgets from this decade estimate that humans currently fix 

51 % of the total nitrogen worldwide (210 of 413 Tg N yr-1) (Fowler et al., 2013). Due to this 
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additional input, we fuel biochemical pathways within the nitrogen cycle and now face 

growing impacts on the environment.  

Leaching of excess nitrate in soil led to pollution of groundwater and eutrophication in rivers 

and coasts in the 1950s, casting light on environmental impacts due to agricultural actions for 

the first time (Howarth, 2008). Furthermore, increasing concentrations of nitrous oxide (N2O) 

were measured in the atmosphere in the second half of the 20th century (Figure 3). When this 

nitrogen gas reaches the stratosphere, approximately 10 % is broken down by photolysis to 

NO radicals that react in a catalytic reaction with ozone and reduce it to  

 

dioxygen (Portmann et al., 2012). NO is recycled multiple times (~103 – 105 times) in this 

reaction before it is converted to a less reactive molecule (Lary, 1997). Altogether, the global 

lifetime of N2O was determined to be approximately 114 years and in a per molecule 

comparison it contributes to global warming 300 times more than one molecule of CO2 

(Stocker et al., 2013; Prather et al., 2015). Models predict N2O to be the dominating ozone 

depleting gas emitted in the 21st century (Ravishankara et al., 2009).  Its long lifetime, in 

Figure 3: Concentration of major greenhouse gases from year 0 to 2005. Figure adapted from (Forster et al., 2007). 
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combination with the predicted further increase in the atmosphere, makes it an important 

greenhouse gas next to methane (CH4) and carbon dioxide (CO2) despite its comparably low 

concentrations. 

Studies on isotopic signatures of N2O in the atmosphere confirmed that anthropogenic action 

is responsible for this development and the majority of N2O is emitted by soils (Park et al., 

2012; Snider et al., 2015). In an optimal scenario, the nitrogen we put on fields would be 100 

% taken up by the plant and be available as a nutrient in our food. In reality, since 

communities in natural ecosystems learned to compete for this scarce resource, the applied 

nitrogen is also taken up by microbes, where it enters the microbial nitrogen cycle. Here, 

many biochemical pathways carried out by microbes are potentially producing N2O, which is 

the actual source of elevated N2O emissions in agricultural systems (Mosier et al., 1998; 

Smith and Conen, 2004). The amount of N2O emitted from soils and agriculture was 

estimated to be 13 Tg N yr-1 and more than half of it (7 Tg N yr-1) is attributed to 

anthropogenic action (Fowler et al., 2013). Although the negative effect of anthropogenic 

nitrogen inputs to soil ecosystems on our climate has been recognized, applying suitable 

strategies to mitigate these impacts has had little success. These include application of 

nitrification inhibitors, variation in dosing and time of application of fertilizers and variation 

in nitrogen forms applied to fields (Mosier et al., 1998; Bell et al., 2015).  

Therefore, it is critical to improve our fundamental understanding of the nitrogen cycle, the 

biogeochemical pathways and players involved, if we are to accurately predict and reduce 

ecosystem contamination related to industrial/agricultural processes.   
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Soil ecosystems and nutrient cycling 

Soil forms a thin layer on the Earth’s surface, where it serves as a nutrient and water reservoir 

for plants, and is thus essential for the nutrition of higher life forms. The fine structured 

assembly of soil creates microhabitats with versatile conditions for life, constructing an 

ecosystem considered to be the most diverse among all habitats on the planet (Dance, 2008). 

Up to 1 billion bacterial cells and between 100 m to 1 km of fungal hyphae were estimated in 

1 g of soil (Elmholt and Kjøller, 1987; Gans et al., 2005; Bardgett et al., 2005; Roesch et al., 

2007). These numbers cannot be matched by other ecosystems. For example, surface waters 

in oceans were found to harbor up to 105 cells per mL, which is a comparable volume to 1 g 

of soil (Sogin et al., 2006). This shows that the density of life in soil is astonishing, and this is 

partially related in part to the fine structured environment of soil. In addition to the 

microbiological portion of the soil biome, we find organisms like protozoans, nematodes and 

higher biota. Plants are also an important part of these ecosystems, since their roots are a 

major nutrient source for belowground communities by provision of root exudates or dead 

plant material for decomposition processes when the plant dies (Henry et al., 2008; 

Rennenberg et al., 2009). Altogether, these organisms form a food web, where organic matter 

and energy are transformed and cycled (Figure 4). Looking at the immense number of microbes 

found in soil, it is not surprising that various interactive relationships occur. For example, 

bacteria were found to grow in the immediate surroundings of mycorrhizal and free-living 

fungi called the mycosphere, where they secrete easily accessible carbon molecules that serve 

as nutrients for these bacteria (Warmink and van Elsas, 2008; Warmink et al., 2009; Nazir et 

al., 2010).  

A key factor for the functioning of soil ecosystems is its structure. Generally, soil can be 

defined as an assembly of particles of organic and inorganic origin. This assembly was found 

to be not random, rather consisting in constant rearrangements carried out by microbial and 

plant activity (Six et al., 2004; Bronick and Lal, 2005). 	
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Figure 4: Nutrient cycling in soil showing recycling of organic matter from plant N pools. SOM, soil organic 
matter; dashed lines: plant processes; solid lines: microbial processes; red dashed and solid lines: competitive 
processes between plants and microbes; Blue dashed lines: hydrological transport pathways. Adapted from 
(Rennenberg et al., 2009). 

 

This rearrangement is linked to the carbon cycle, since soil organic matter drives the 

structuring of soil. Organic matter entering the soil is broken down and aggregate formation 

takes place where single building blocks like sand, silt and clay stabilize around organic 

matter encrusted with microbial products and earthworm mucus. Microbial activity is the key 

in this process as fungal hyphae and exopolysaccharides excreted by microbes function as 

glue in the stabilization of aggregates (Figure 5). At the same time, while they form their own 

micro environment, microorganisms use the organic matter as nutrient source. When nutrients 

are exhausted, the aggregate eventually disrupts. Disturbances such as tillage enhance the 

turnover of aggregates and reduce the formation of new aggregates (Six et al., 2000). Thus the 

capacity of soil in binding organic matter, also called carbon sequestration, is reduced. 

Altogether, a complex and porous system is formed where water content and air can coexist. 

Since soil structure changes over time, it is sometimes called the fourth dimension of soil 

(Bardgett et al., 2005). 
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Figure 5: Spatial arrangement of soil particles on millimeter (a) to micrometer (b, c) scale. EPS: exopolysaccharide. 
Figure adapted from (Vos et al., 2013). 

 

 One can imagine that due to the complex structure of a soil matrix, the environmental 

parameters (like oxygen concentration, water and nutrient availability and pH) that shape 

microbial communities might change on small scales. It has been estimated that one gram of 

soil provides 20 m2 of surface area and  that just 1 % of this area is actually covered by 

microbes (Bardgett et al., 2005). This suggests that microorganisms are not randomly 

distributed in soil, but that they proliferate in micro-habitats where they find the most suitable 

conditions for their lifestyle. Soil communities have been studied over various scales from 
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kilometers to meters to centimeters (Green and Bohannan, 2006; Vos and Velicer, 2006; 

Enwall et al., 2010; Bru et al., 2011). So far, only little work has focused on differentiating 

functional communities at the micrometer scale, the actual size scale of microbes.  This is a 

critical aspect, because if we are to gain fundamental knowledge on the pathways leading to 

N2O production, we need to study the processes at the scale at which they occur, i.e. the 

microscale. 

The microbial Nitrogen Cycle  

The microbial component of these complex soil communities carries out several crucial steps 

in nutrient cycling processes. They play key roles in the carbon cycle, where they mainly act 

as decomposers by breaking down organic matter, thus making it bioavailable again for other 

microbes or plants (Nielsen et al., 2011; Schimel and Schaeffer, 2012). Within the nitrogen 

cycle, the role of microbes seems even more critical, since certain biochemical 

transformations of nitrogen were found to be carried out exclusively by these organisms 

(Hayatsu et al., 2008).  

	

Figure 6: Biochemical processes within the N-cycle and occurring nitrogen forms. Roman numerals indicate the 
oxidation state of the nitrogen atom in the chemical compound.  Figure adapted from (Zumft and Kroneck, 
2007). 
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Most organisms have to take up nitrogen in a reduced (NH4
+) or oxidized state (NO3

-), which 

makes it a nutrient that is competed for in natural environments. Nitrogen is therefore 

constantly being reduced or oxidized, since microbes find ways to generate energy from 

manifold conversion processes, which altogether close the nitrogen cycle (Figure 6).  

Two input streams in the microbial nitrogen cycle can be identified. One is the fixation of 

nitrogen from the atmosphere by free-living and symbiotic bacteria and archaea (Reaction 1) 

(Zehr et al., 2003). These organisms possess highly conserved nitrogenases (NIF) that can 

catalyze the break-up of the triple bond of dinitrogen gas (N2) and generate NH3 in anaerobic 

environments after the following equation: 

 

 

Reaction 1: Biological nitrogen fixation (BNF). NIF, nitrogenase.  

  

Another input of nitrogen in the cycle is the recycling of organic matter, where formerly 

anabolically incorporated nitrogen in biomass is released again by decomposition processes, 

also called nitrogen mineralization.  

When oxygen is present, NH4
+ can be oxidized to NO3

- by nitrification (Reaction 2) (Klotz and 

Stein, 2008). Specific groups of bacteria and archaea perform these biochemical reactions. It 

was considered that the oxidation of ammonium to nitrite and the further oxidation to nitrate 

is carried out by distinct groups of organisms, namely ammonia oxidizing bacteria (AOB) or 

archaea (AOA) and nitrite oxidizing bacteria (NOB). During nitrification, NH4
+ is first 

oxidized to hydroxylamine (NH2OH) by an ammonia monooxygenase (AMO), which is then 

further oxidized to nitrite by hydroxylamine oxidoreductase (HAO). Finally, nitrite is 

oxidized to nitrate by a nitrite oxidoreductase (NXR).  
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Reaction 2: Nitrification showing enzymes involved in each step. AMO, ammonia monooxygenase; HAO, 
hydroxylamine oxidoreductase; NXR, nitrite oxidoreductase. Abbreviations stand for any enzyme capable to 
catalyze the respective reaction. 

 

Recently, a Nitrospira strain able to catalyze the complete oxidation from ammonium to 

nitrate was discovered (Daims et al., 2015).   

If oxygen becomes limited, NO3
- or NO2

- might be reduced again to either NH4
+ by 

dissimilatory nitrate reduction to ammonium (DNRA), sometimes also called nitrate-

ammonification (Reaction 3) (Simon, 2002). 

 

 

Reaction 3: Dissimilatory nitrate reduction to ammonium (DNRA) showing enzymes involved in each step. 
NAR, nitrate reductase; NIR, nitrite reductase- ammonium producing. Abbreviations stand for any enzyme 
capable to catalyze the respective reaction (Mohan and Cole, 2007).	
	

Reduction of NO3
- to NO2

- is carried out by the same reductases as those found in denitrifiers. 

Two distinct enzymes were found to reduce the NO2
- to NH4

+. A NADH-dependent reductase 

NirB or a cytochrome c reductase NrfA  (Darwin et al., 1993; Cole, 1996; Einsle et al., 1999). 

Another important reductive pathway ending in the production of N2 gas via NO and N2O is 

called denitrification and will be described later in more detail (Reaction 6). This pathway is 

characterized by the use of a dissimilatory nitrate reductase (dNAR) for the reduction of NO3
- 

to NO2
- in contrast to the reduction of nitrate to ammonium for anabolic purposes, where an 

assimilatory nitrate reductase catalyzes this reaction (Guerrero et al., 1981; Crawford and 

Arst, 1993; Mahne and Tiedje, 1995; Zumft, 1997). 
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The anaerobic ammonia oxidation (Anammox) pathway describes an alternative mechanism 

for the reduction of NH4
+ to N2  (Reaction 4) (Strous et al., 1999). The NO2

- is first reduced to 

NO and NH4
+ serves as a terminal electron acceptor in the further reactions: 

 

 

Reaction 4: Anaerobic ammonia oxidation (ANAMMOX) showing enzymes involved in each step. NIR,  nitrite 
reductase; HH, hydrazine hydrolase; HZO/HAO hydrazin/hydroxylamine oxidoreductase. Abbreviations stand 
for any enzymes that catalyze the respective reaction (Kraft et al., 2011). 

 

Anammox bacteria were found to inhabit marine and terrestrial ecosystems and were also 

shown to perform DNRA when ammonium becomes limiting (Penton et al., 2006; Kartal et 

al., 2007; Humbert et al., 2009). Also, the technical application of these organisms in 

wasterwater treatment promises a reduction in costs and N2O emissions (Ali and Okabe, 

2015). 

Nitrous oxide as an intermediate product within the N-cycle only occurs in denitrification. 

However, complete denitrifiers, incomplete denitrifiers, nitrate reducers, microbes performing 

DNRA and nitrifiers were shown to potentially contribute to biological N2O production 

(Wrage et al., 2001; Megonigal et al., 2003; Stremińska et al., 2011). Additionally, an abiotic 

process might also lead to the formation of N2O by the reduction of NO2
-. Due to its 

biological counterpart, this process was called chemodenitrification (Reaction 5) (Nelson and 

Bremner, 1969; 1970a). Nitrite is chemically reduced to NO and further to N2O at low pH and 

when metal ions are present (Nelson and Bremner, 1970b; Kampschreur et al., 2011).  

 

 

Reaction 5: Chemical reduction of nitrite to N2O via NO (Van Cleemput and Samater, 1995).  
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It was shown, for example, that ferrous-iron produced by ferric-ion reducing bacteria 

catalyzed the chemical reduction of present nitrite to N2O (D. C. Cooper and Picardal, 2003; 

Coby and Picardal, 2005).  

Quantifying the contribution of various pathways in the nitrogen cycle to N2O emissions is a 

difficult task. Distinction between denitrification and nitrification mediated N2O production 

could be achieved by a stable isotope approach and use of inhibitors (Bateman and Baggs, 

2005). More complex models were developed recently, but further work has to be carried out 

to be able to distinguish single nitrogen conversion processes occurring at N2O emission 

events (Müller et al., 2014).  

Denitrification is often considered to be the main process involved in N2O emissions from 

agricultural soil under anoxic conditions (Webster and Hopkins, 1996; Pihlatie et al., 2004; Li 

et al., 2016). Furthermore, denitrifying enzymes are widespread in bacteria and also some 

archaea and fungi (Zumft, 1997; Philippot, 2002; Shoun et al., 2012). A broader 

understanding of the ecological interactions among these microbes might help to develop 

targeted mitigation strategies for N2O emissions from agricultural soil.  

Denitrification in bacteria 

Energy generation in every lifeform is based on exploitation of redox potential differences. 

This is either achieved by the build up of a proton motive force (pmf) across membranes by 

electron transport chain reactions or by substrate level phosphorylation in fermentative 

pathways (Simon et al., 2008). In both cases, energy is stored in adenosine triphosphate 

(ATP) and can be used later by the cell.  

Microorganisms can use various terminal electron acceptors in respiratory chains. Oxygen is 

the most effective, followed by nitrate, manganese, iron, sulfur and carbon dioxide. In 

contrast to the reduction of O2 to H2O, the complete reduction of NO3
- to N2 is a stepwise 

process called denitrification (Reaction 6). 
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Reaction 6: Denitrification showing enzymes involved in each step. NAR, nitrate reductase; NIR, nitrite 
reducatase; NOR, nitric oxide reductase; N2OR, nitrous oxide reductase. Abbreviations stand for any enzymes 
capable of catalyzing the respective reaction (Zumft, 1997). 

 

All steps in this process are catalyzed by multisite metalloenzymes (van Spanning et al., 

2007). Nitrate reductases (NAR) reduce NO3
- to NO2

- and were found to be membrane bound 

(NarG) or located within the periplasm (NapA) (Blasco et al., 2001; Simon et al., 2003; 

Ellington et al., 2005). Nitrite is reduced by nitrite reductases (NIR) to nitric oxide (NO). As 

the first step producing a gas molecule, it is considered a key feature of denitrification. The 

copper-containing  enzyme NirK as well as a heme-containing cytochrome cd1 NirS were 

both found to carry out nitrite reduction (Tavares et al., 2006). So far, no organism where 

both NIR-types are encoded has been found. The NO produced is further reduced to N2O by 

nitric oxide reductases (NOR). Three enzymes were found to catalyze this reaction in 

bacteria, namely a long chain qNOR or a short chain cNOR in Gram-negative bacteria, and a 

qCuANOR in Gram-positive bacteria (Hendriks et al., 2000; Suharti and S. de Vries, 2005; 

Tavares et al., 2006). Finally, the last step in denitrification is the reduction of N2O to N2 gas 

that is catalyzed by nitrous-oxide reductases (N2OR). Two variants are known for N2ORs, a z-

type N2OR as well as a newly discovered c-type N2OR (Sanford et al., 2012; Jones et al., 

2013). The two types of enzymes are found in phylogenetically distinct groups of bacteria and 

the possibility of a niche specialization in N2O reduction among these groups is currently 

under discussion (Jones et al., 2014).  

Terminology describing nitrate reducing organisms has diversified. Denitrifiers are generally 

considered to be able to reduce nitrate all the way to N2 gas. In contrast, many organisms 

were found to be so called incomplete denitrifiers, possessing various combinations of the 

involved enzymes that do not allow for complete reduction. Furthermore, microbes just using 

the most energy yielding reduction of NO3
- to NO2

- are defined as nitrate reducers or nitrate 
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respirers. Nitrite reduction was also found in ammonia oxidizing bacteria, known as nitrifier 

denitrification (Wrage et al., 2001).  

Denitrification is, in contrast to nitrification, phylogenetically widespread and no pattern of 

the enzymes over the bacterial tree of life could be found (Philippot, 2002). This makes it 

additionally challenging for microbial ecologists to study this function, since pure 

phylogenetical markers like ribosomal RNA sequences are difficult to interpret with respect to 

a denitrifying community. 

Nitrogen reduction in fungi 

Electron transport chains in fungi are located in mitochondria, as is the case for all eukaryotic 

organisms, where enzymes for dissimilatory nitrogen reduction were also found (Kobayashi et 

al., 1996). Since nitrous oxide was measured in gas of fungal cultures, their potential role as 

producers of this greenhouse gas was hypothesized (Bleakley and Tiedje, 1982). Later, the 

production of N2O in fungi was linked to a dissimilatory nitrate reduction process in  

Fusarium oxysporum which was consequently named fungal denitrification (Shoun and 

Tanimoto, 1991). Nitrite reduction in fungi is catalyzed by a copper containing nitrite 

reductase nirK (Long et al., 2015). Comparison of amino acid sequences from nitrite 

reductases of eukaryotes, bacteria and archaea suggested that nirK from these domains had 

the same origin (S.-W. Kim et al., 2009). The random distribution of nirK among 

proteobacteria might be due to horizontal gene transfer between these bacteria, whereas 

eukaryotic nirKs were found to be systematically distributed.  

The enzyme catalyzing the reduction of nitric oxide to N2O in fungi was found to be a 

cytochrome P450 monooxygenase that was consequently called P450nor. This class of 

enzymes is abundant in fungi and carries out essential roles in various cellular processes 

(Črešnar and Petrič, 2011). Although eukaryotic P450 enzymes are generally found to be 

membrane bound, P450nor was found to be soluble and thus located in the cytosol (Takaya, 

2002). Structure analysis of P450nor showed a higher similarity with bacterial derived P450-
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like enzymes, however, a P450nor has yet to be found in bacteria (Shoun et al., 2012). Due to 

its special function among P450 enzymes, attention was drawn to it. Contradicting results on 

the NO reduction behavior of fungi fueled discussions as to whether it contributes to energy 

generation for the organism, thus being a respiratory process, or simply has a detoxifying 

function to avoid high concentrations of reactive NO in the cell. For example, even in the 

model organism Fusarium oxysporum, the simultaneous expression under denitrifying 

conditions of flavohemoglobin (Fhb), which is expressed in bacteria to counteract NO stress, 

was observed (S.-W. Kim et al., 2009; Forrester and Foster, 2012). Later, these findings were 

confirmed by the same researchers in another model organism for fungal denitrification, 

Fusarium lichenicola (former Cylindrocarpon tonkinense), and the expression of Fhb was 

linked to denitrification in this fungus (S.-W. Kim et al., 2010). Furthermore P450nor was 

found to have a pure NO-detoxifying function in the human pathogen Histoplasma 

capsulatum (Nittler et al., 2005).  

Nitrite seems to be the preferred substrate in fungal denitrification, since N2O could be 

detected after cultivation in nitrite containing media (Mothapo et al., 2015). Development of 

molecular tools for studies on contribution of fungal denitrification to N-cycling processes is 

ongoing at the moment and primers for fungal nitrite and nitric-oxide reductases were just 

recently published (Long et al., 2015; Wei et al., 2015; Higgins et al., 2016). High similarities 

to cytochrome P450 like enzymes or bacterial nirK makes the distinct detection of these genes 

from environmental samples difficult. In order to identify ecological significance of these 

genes, we need to study more expression profiles of fungi under anaerobic or hypoxic 

conditions. Metatranscriptomic appoaches in controlled laboratory experiments could be first 

steps to improve the picture we have of a nitrogen reducing fungal community. Whole 

genome sequencing of candidate species would provide information on the general genetic 

potential of these organisms with respect to nitrogen cycling, especially the presence or 
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absence of P450nor versus NO-active globin sequences, and could mark an important next 

step in this research field.    

 

Organic matter decomposition and its implications in the N-cycle 

Chemical fertilizer addition causes elevated N2O emissions  from soil ecosystems, but the 

application of organic matter as fertilizer was also shown to initiate this process (McSwiney 

and Robertson, 2005; Shcherbak, Millar, and Robertson, 2014a; Zhu-Barker et al., 2015). In 

natural environments, nitrogen has to be recycled from biomass or fixed from the atmosphere 

by microbes (Figure 4). When dead organic material enters soil, a depolymerisation process 

breaks down these polymeric structures to molecules that can be reused by microbes. The 

underlying mechanisms of organic matter degradation in soil are currently under discussion. 

Modern analytical methods support the hypothesis that soil organic matter is continuously 

degraded from bigger to smaller polymers rather than the widely accepted model of 

humification, which could not be confirmed by carbon chemistries found in soil (Lehmann 

and Kleber, 2015).  

Dead plant material mainly consists of lignocellulosic compounds. These composites of 

polysaccharide structures like cellulose, hemi-cellulose, lignin and pectin are building blocks 

of plant cell walls and thus provide nitrogen in the form of cell wall proteins. This step also 

marks an interconnection of the nitrogen cycle with the carbon cycle, since it not only 

provides nitrogen, but also the necessary carbon for a heterotrophic nitrogen cycling 

community.  

When carbon and nitrogen cycling activities were coupled in prediction models for global 

terrestrial carbon uptake following elevated CO2 levels in the atmosphere, predicted values 

were reduced by 74 % in comparison to a sole carbon model, underlining the interconnection 

of these nutrient cycles (Thornton et al., 2007). 
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Organisms and enzymes performing these degradation processes have been studied 

intensively, since the ability to degrade recalcitrant polysaccharides from plant fixed carbon 

structures is also of interest for industrial processes like the provision of sugar compounds 

from plant material for the further fermentation to biofuels (Voloshin and Rodionova, 2016).  

A complex set of enzymes is involved in the deconstruction of lignocellulosic compounds 

(Figure 7). For example, the complete degradation of a relatively simple structured polymer 

like cellulose requires three classes of enzymes, ß- 1,4-endoglucanases, cellobiohydrolases 

and ß-glucosidases. These enzymes are part of the so called carbohydrate active enzymes 

which comprise glycoside degrading and generating enzymes (Carbohydrate Active Enzymes 

database; http://www.cazy.org/) (Lombard et al., 2013). 

The biggest group of glycoside bond cleaving enzymes are glycoside hydrolases (GH) 

(Henrissat, 1991). This class of carbohydrate active enzymes is currently divided in 131 

families based on amino acid sequences of the structurally related catalytic modules and 

catalyze the hydrolysis of O-, N- and S-linked glycosides (Davis and Sinnott, 2008). Exo and 

endo acting glycoside hydrolases are distinguished due to their location of activity within the 

polysaccharide chain (endo) or at the end of these chains (exo), cleaving single sugar 

molecules from the chain like ß-galactosidases.  

Another group of glycoside bond cleaving enzymes are polysaccharide lyases (PL). These 

enzymes cleave uronic-acid containing polysaccharides that occur in various amounts in 

hemicelluloses and pectins of higher plants (Figure 7 (b), (c)) (Willför et al., 2009). The third 

group of carbohydrate degrading enzymes are classified in auxiliary activity families (AA) in 

the CAZy classification system (Levasseur et al., 2013). These families generally include 

enzymes that have an assisting function for GHs and PLs. For example, family AA9 includes  
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Figure 7: Enzymes involved in cleavage of glycosidic bonds within (a) cellulose and various forms of (b) 
hemicellulose and (c) pectin. Different shapes correspond to distinct glycoside residues of the polysaccharide. 
ABF, α-arabinofuranosidase; ABN endoarabinanase, ABX exoarabinanase, AFC α-fucosidase, AGL α-1,4- 
galactosidase, AGU α- glucuronidase, AXE acetyl (xylan) esterase, AXH arabinoxylan α-
arabinofuranohydrolase, AXL α-xylosidase, BGL  ß- glucosidase, BXL β-1,4- xylosidase, CBH 
cellobiohydrolase, EGL ß-1,4-endoglucanase, FAE feruloyl esterase, GAL β- 1,4-endogalactanase, LAC β-1,4-
galactosidase, MAN β-1,4-endomannanase, MND β-1,4-mannosidase, PEL pectin lyase, PLYpectate lyase, PGA 
endopoly-galacturonase, PGX exo-polygalacturonase, PME pectin methyl esterase, RGAE rhamnogalacturonan 
acetyl esterase, RGL rhamnogalacturonan lyase, RHG endorhamnogalacturonase, RGX 
exorhamnogalacturonase, XEG xyloglucan-active β-1,4- endoglucanase, XGH endoxylogalacturonase, XGX 
exoxylogalacturonase XLN β-1, 4-endoxylanase. Figure adapted from (van den Brink and R. P. de Vries, 
2011a). 

 

lytic polysaccharide monooxygenases (LPMO) that can attack various polysaccharides and 

provide new chain ends for further degradation (Kracher et al., 2016; Johansen, 2016). 

The application of omic-approaches recently revealed that carbohydrate degradation is 

widespread over the tree of life including fungi, bacteria and higher eukaryotes (Bugg et al., 

2011; Cragg et al., 2015; de Gonzalo et al., 2016). This led to a shift in the paradigm of solely 

fungal decomposition processes towards that of a combined community responsible for the 

complete deconstruction of organic material. However, fungi are still considered key players 

in these processes since they efficiently perform the first attacks on recalcitrant polymers, 

providing access to easier substrates to possible beneficiaries (Eastwood et al., 2011; Payne et 



	 53	

al., 2015; Kracher et al., 2016). In addition, their growth in hyphae allows them to access 

zones with high OM concentrations in contrast to immobile bacteria. Thus, they are able to 

transport carbon compounds over longer distances and to overcome nutrient poor sites in soil 

(Jennings, 1987).  

The occurrence of carbohydrate degrading enzymes encoded in fungal genomes could be 

linked to the natural habitat of the respective organisms (van den Brink and R. P. de Vries, 

2011a). For example, in Saccharomyces yeasts naturally occurring on the surface of rotting 

fungi or in the gut of termites, low numbers of carbohydrate active enzymes were found in the 

genomes (Jeffries et al., 2007; Liti et al., 2009). Filamentous fungi were found to have much 

higher numbers of these enzymes encoded in their genomes (Coutinho et al., 2009; Rileya et 

al., 2014). Fungi having decomposing lifestyles also seem to develop specificity towards the 

chemical nature of the substrate to attack. Full genomes of wood-degrading fungi revealed 

that distinct species possess completely different mechanisms for carbohydrate degradation, 

underlining the substrate specialization of this organisms (Ohm et al., 2014).  For example, 

Aspergilli were found to have multiple enzymes encoded pectin degradation, in contrast to 

other filamentous fungi characterized as cellulose or lignin- degrading specialists like T.reesei 

or Phanerochaet chrysosporium respectively, or Zygomycota which are often found to be 

specialized in the use of easily accessible and digestible substrates (Richardson, 2009a; 

Battaglia et al., 2011; van den Brink and R. P. de Vries, 2011a). 

It is unlikely that two groups of microorganisms sharing a diverse habitat like soil are 

completely independent from one another. In fact, manifold interactions in plant-plant, plant-

microbe, microbe-higher organisms and microbe-microbe relations have been observed and 

studied in soil ecosystems (Wardle, 2006; Faust and Raes, 2012; Bakker et al., 2014).  

A well know example for mutualistic interactions in soil is the symbiosis between plant roots 

and arbuscular mycorrhizal fungi (AMF) where nitrogen uptake by the fungus beneficial for 

the plant happens in exchange for plant fixed carbon substrates for the fungus (Lang et al., 
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2010; Tisserant et al., 2013; van der Heijden, Martin, et al., 2015). This relationship has been 

diversified after the observation of bacteria colonizing AMF (Garbaye, 1994; Frey-Klett et 

al., 2007). These bacterial communities were meanwhile found to influence the functioning of 

these ecosystems (Johansson et al., 2004; Frey-Klett et al., 2011). For example, an 

antagonistic interaction between AMF and bacteria was found for the competition of 

decomposition products (Leigh et al., 2011). Furthermore, the colonization of bacteria on 

mycorrhizal hyphae seems to depend on the fungal species present, suggesting a close 

interaction between specific members of bacteria and fungi (Toljander et al., 2006). In 

addition to the AMF-plant symbiosis, bacteria were recently found to take part in the close 

symbiosis of fungi and green algae in lichens, which further supports the hypothesis that 

interdomain interactions are probably more likely than we thought (Aschenbrenner et al., 

2016).  

Free living fungi interactions with bacteria have also been observed (Boer et al., 2005; 

Warmink et al., 2009). Interactions can be antagonistic, such as competition for a limiting 

resource or direct interference. Trophic competition between fungi and bacteria for nutrients 

such as carbon is well documented in many environments and can impact biogeochemical 

cycling (Schmidt et al., 2012). For example, studies have shown that competitive interactions 

between fungi and bacteria can be important during the fungal degradation of recalcitrant 

organic matter such as lignin (Bugg et al., 2011). Interactions can also be cooperative, such as 

the transfer of complementary metabolites or quorum sensing(Berry and Widder, 2014). 

Recent evidence suggests a role of fungal-bacterial consortia in the degradation and 

transformation of environmental PAHs (Folwell et al., 2016). However, the role and 

importance of bacterial-fungal consortia in environmental nutrient cycling have been largely 

overlooked and need to be clarified if we are to fully comprehend and predict how 

communities will respond to changing environments. 
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The abundance of AMFs in a greenhouse experiment has been connected to N2O emissions, 

since emissions increased when AMF reduced mutants of plants were cultivated (Bender et 

al., 2013). Nitrite reductase and nitrous oxide reductase copy numbers of the co-inhabiting 

bacterial community correlated negatively and positively, respectively, with the abundance of 

AMFs, which describes the first observation of an indirect effect of fungi on N2O emissions 

through their influence on the bacterial nitrogen cycling community.  So far, research on N2O 

emissions has focused on specific processes in the N-cycle and tried mainly to link occurrence 

of N2O production to activity of groups of organisms. In the case of fungal denitrification, 

studies on soil environments were carried out using prokaryotic and eukaryotic inhibitors to 

identify differences in N2O emission or production potential (Crenshaw et al., 2007; Laughlin 

et al., 2009; Marusenko et al., 2013; Wei et al., 2014; H. Chen, Mothapo, and Shi, 2014a; 

2014b). Since N2O production decreased significantly after the addition of fungicides, fungi 

were often considered to be the prime N2O producers in these environments. However, 

although fungi were found to possess an enzymatic base allowing them to perform nitrogen 

reduction to N2O, we currently observe a contradiction between data obtained from soil 

microcosm studies and from fungal pure cultures. N2O production rates in pure cultures of 

fungi were found to be 3 to 6 orders of magnitude lower than those of denitrifying bacteria 

(Betlach and Tiedje, 1981; I. C. Anderson and Levine, 1986; Jirout et al., 2012; Mothapo et 

al., 2013; Wei et al., 2014; Maeda et al., 2015). Although it is difficult to compare the results 

from two distinct experimental setups, the decrease of N2O production after fungicide 

addition in soil cannot be explained by rates observed in fungal cultures.  

It is our hypothesis that the behavior in N2O emission reduction in fungal inhibition 

experiments point to the disturbance of a close relation between free living fungi and a 

potential N2O producing bacterial community. By the inhibition of fungi, an unintended 

disturbance of carbon breakdown might happen, which slows down carbon substrate support 

for bacteria. A nitrogen cycling bacterial community could thus be indirectly affected. To 
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clarify this possible connection between carbon and nitrogen cycling microbes, we need to 

investigate organic matter degradation with respect to N2O production in soils and the activity 

of fungal and bacterial communities involved in these processes.  
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Objectives of this thesis 

This thesis is divided into three chapters that each address different hypotheses developed 

during my PhD. In the first chapter, we intended to localize nitrogen-cycling potentials of soil 

communities on a micro-scale level using a physical fractionation approach. We hypothesized 

that denitrifying potentials are located on the inside of soil aggregates where anaerobic 

microsites are present. Changes in fungal and bacterial communities in size fractions of a 

pristine grassland soil were measured, as well as the abundances of nitrogen cycling marker 

genes.  

The lack of molecular tools to investigate the occurrence and activity of fungal nitrogen 

reducing members in DNA extracts from soil led us to a screening approach on soil fungi to 

collect data on their nitrogen reducing and N2O production potential. The results are presented 

and discussed in the second chapter. We hypothesized that fungi use assimilatory nitrate 

reductases in a dissimilatory manner when exposed to anoxic conditions. Twenty-two fungal 

isolates from agricultural soil capable of assimilating nitrate were incubated in a robotized gas 

sampling system where we could follow the production of NO and N2O from nitrite by the 

pure cultures.  

In the third chapter, a potential link between carbon degradation and nitrogen cycling was 

studied using metatranscriptomic and metagenomic approaches. Here, we hypothesized that 

fungal driven carbon degradation affects a nitrogen cycling bacterial community and thus 

potential N2O production. Agricultural soil was incubated for 30 days in microcosms and 

organic materials with varying carbon chemistries were added. Soil samples were taken eight 

times during this incubation and metatranscriptomes, metagenomes as well as nitrogen 

chemistries in the soil and emitted greenhouse gases were analyzed to follow the evolution of 

communities after substrate addition.  
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Chapter 1: Microbial Community Changes and N-
cycling potential in Rothamsted Park Grass Soil 

Fractions 
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Abstract 

Soil ecosystems constitute the basis of human life as they are crop production environments 

and drive major nutrient cycles on our planet. Increased nitrogen inputs in agricultural 

systems cause severe environmental impacts like leaching of nitrate in groundwater and 

nitrous oxide emissions to the atmosphere. Although research has identified enzymes and 

organisms potentially contributing to an elevated production of N2O in soil, we still lack a 

fundamental understanding of how these processes are controlled in soils. Determining the 

spatial localization of biogeochemical processes within soil could help us improve models for 

nutrient usage of soil communities. We were interested in the compartmentalization of 

bacterial and fungal communities and nitrogen cycling potentials in a pristine soil 

environment and hypothesized that nitrogen reductive and oxidative processes are linked to 

inner aggregate and surface derived communities, respectively. Community fingerprints and 

abundance of nitrogen cycling marker genes as well as chemical signatures of particle size 

fractions of Rothamsted Park Grass soil were analyzed. Results indicated distinct 

communities in the inside of soil aggregates as compared to surface derived soil 

compartments, where a higher diversity of bacteria was found. Dominance of Agaricales and 

Mucorales in fungal communities in inside and outside fractions, respectively, suggested a 

compartmentalization of fungi due to their distinct carbon usage strategies. Abundance of 

nitrogen cycling genes was found to be comparable in all isolated fractions and could be 

linked to organic carbon and nitrogen concentrations, which did not support our hypothesis.   
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Introduction 

As we have seen in the general introduction, soil harbors an immense diversity of life and its 

structure exposes microorganisms to many environmental conditions at a micrometer scale. 

At the same time, this makes it difficult to study these environments. In this chapter, we 

seeked to dissect bulk soil in order to isolate microenvironments that might be relevant to 

nitrogen cycling activities. We were also interested as to whether or not distinct bacterial and 

fungal communities were linked to these soil compartments. 

A critical point in studying soil ecosystem functioning is related to scaling: changes are 

measured on a global scale with meter-sized samples or larger, but the underlying processes 

occur at micro-scales, i.e. at the scale where microorganisms live. For example, it was shown 

that loss of biodiversity impaired soil ecosystem functions like plant diversity, decomposition, 

nutrient retention and nutrient cycling (Wagg et al., 2014). These findings suggest that a 

specific function carried out by specific members could be altered or influenced by the 

presence or absence of various soil inhabiting organisms.  

Soils are complex mixtures of minerals, water, air and organic matter, and the porous 

structure of soil in combination with a fluctuating water content leads to the formation of 

microenvironments with various nutrient qualities and oxygen concentrations. Therefore, 

when trying to understand biogeochemical processing, it is important to study these 

microenvironments, which are difficult to access.  Micro-scale fractionation of soil in particle 

size fractions (PSFs) has been used to attempt to isolate functional soil compartments (Chotte 

et al., 1993; Moni et al., 2012). Usually, this is achieved by an initially soil dispersion step 

with or without use of mechanical force and a subsequent size separation step by sieving, 

settling or centrifugation of soil particles (Vos et al., 2013). From a microbiological point of 

view, each fraction can be considered as an isolated microenvironment where organisms find 

similar physico-chemical conditions. Activity measurements of individual aggregates 



	 61	

supported the hypothesis of the presence of microenvironments determined by soil structure 

(Bailey et al., 2012; 2013). In addition, PSFs provide information about the maximal and 

minimal spatial distance of particle-inhabiting microbes within their natural environment.  

Various studies focused on the compartmentalization of chemical parameters like soil organic 

matter (SOM) or elements of interest (Elliott and Cambardella, 1991; Navel and Martins, 

2014; Six and Paustian, 2014), but less work has been carried out on microbial communities 

specific to PSFs. Microbial biomass and bacterial communities and nematodes were shown to 

vary between aggregate size classes (Monrozier et al., 1990; Mummey et al., 2006; Briar et 

al., 2011; Davinic et al., 2012). For fungal communities, research has mainly focused on  

their role in aggregate stabilization (Beare et al., 1996; Caesar-TonThat and Cochran, 2001). 

The incorporation of carbon in microbial biomass has been investigated in soil aggregates 

(Kong et al., 2011). High carbon concentrations and fungal biomass were correlated to 

microaggregates and it was suggested that this might be a specific environment for fungi. If 

carbon cycling differs within PSFs, it is likely that the biogeochemical transformations of 

other elements, especially those that are tightly coupled to C cycling such as nitrogen (N), are 

also occurring in soil microenvironments. Nitrification and denitrification represent the two 

major oxidative and reductive braches of the N-cycle, respectively. Each process is carried 

out by several groups of microorganisms that operate within different ranges of oxic 

conditions and might, therefore, be located in distinct soil compartments.   

Using a PSFs approach, we wanted to study the spatial organization of bacterial and fungal 

communities of a pristine soil environment in order to determine the localization of N-cycling 

potentials. We hypothesized that isolated PSFs of a pristine soil environment represent 

microhabitats that can be distinguished by soil chemical properties as well as distinct bacterial 

and fungal communities. Furthermore we expected an increase in denitrification potential 

within aggregate particles (>250 and 250–63 µm) where zones limited in oxygen are 
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potentially created. In contrast, we hypothesized that nitrification potentials are localized in 

smaller fractions which might be drained first in soil and thus represent more oxic soil 

environments. 

Rothamsted Park Grass soil was fractionated in 6 particle size fractions (>250, 250–63, 63–

20, 20–2, <2 µm) by a gentle wet fractionation approach including sieving, settling and 

centrifugation of soil.  Used water was collected for analysis of washed-off and not settled 

organisms during the process, which is further named “supernatant” (SN) fraction. 

Additionally, bulk soil samples were analyzed for comparison. We confirmed the isolation of 

targeted particle size ranges by laser-granulometry and performed soil chemical analysis of 

macro and micro elements. Community structure of bacteria and fungi inhabiting PSFs were 

determined by RISA analysis and SSU rRNA amplicon sequencing. Abundances of marker 

genes for denitrification (nitrite reductases nirK; nirS), nitrification (ammonium 

monooxigenases (amoA) of bacteria and archaea) and N2O reduction (nitrous oxide 

reductases (nosZ) clade1 and clade 2) as well as SSU rRNA gene copies of bacteria, archaea 

and fungi were quantified by qPCR to localize N-cycling potentials within the isolated PSFs.  

  



	 63	

Material and Methods 

Soil sampling and physical fractionation 

Six fractions of the Rothamsted Park Grass soil (sampled October 2013, sieved at 2 mm), 

were obtained by dispersion and physical fractionation. A ‘soft’ particle size fractionation 

procedure was adapted from Jocteur Monrozier (Monrozier et al., 1990) to optimize the 

preservation of soil micro-aggregation (agate marbles were not used in the macro-aggregate 

disruption step). Autoclaved and sterilized material and solutions were used to avoid 

contamination of samples. Ultra-pure water (200 mL) was added to 8 replicates (6 for 

biological, 2 for physical and chemical analysis) of 30 g bulk soil in 500 mL Duran® bottles 

and subsequently put on an orbital shaker for 1h at 250 rpm. This gentle soil dispersion was 

repeated 3 times. Subsequent  fractionation steps were carried out as described previously and 

consisted in sequential i) wet sieving of dispersed soils to separate fractions of particle sizes 

>250 µm and 250-63 µm, ii) settlement of 63-20 µm diameter particles at 1 g (about 10 min), 

iii) sedimentation of 20-2 µm diameter particles at 1g (5 to 6h) and iv) centrifugation at 11000 

g to collect dispersed particles of <2 µm diameter (Monrozier et al., 1990). Supernatant of the 

centrifugation step was included in further analysis and represented all organisms washed of 

the soil matrix during the procedure and not settled during centrifugation (further called 

“supernatant” (SN) fraction). Soil fractions and SN were frozen at -80 °C for subsequent 

DNA extraction and chemical analysis. Soil physical analysis was carried out directly after 

the completed fractionation procedure. 

Soil physical analysis  

Particle size distributions of bulk soil and solid fractions were determined by laser 

granulometry with a Mastersize 2000 laser granulometer (Malvern Instruments Ltd, United 

Kingdom). A refractive index of 1.55 was used as a model parameter.  
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Soil chemical analysis  

Total organic C and N concentrations of bulk soil and PSFs were determined in duplicate 

samples on approximately 15 mg of blended soil samples with a FlashEA1112/FLASH 2000 

Elemental Analyzer equipped with a thermal conductivity detector. For ammonium and 

nitrate measurements, 1 g dry weight of bulk soil or PSF was extracted with 1 M KCL 

solution (1:5) for 30 min on a spinning wheel, subsequently spinned down and the supernatant 

used for quantification. Colorimetric measurements were carried out as described in (Hood-

Nowotny et al., 2010). 

Total mineral elements (major and trace) were quantified in duplicate with 0.2 g of air-dried 

bulk soil and PSFs samples after microwave-assisted acid digestion. Samples were suspended 

in a mixed solution of HF/HNO3 (6/2, v/v) in a pressurized closed-vessel microwave system 

(NovaWAVE, SCP SCIENCE). The digestion program consisted of a 10 min gradual increase 

to 180°C, a 10 min step at 180°C and then a cooling stage. In parallel to the total content of 

mineral elements, total available (soluble) mineral element concentrations were measured in 

bulk soil and PSFs. Three g of fresh bulk soil sample were suspended in 15 mL of ultra-pure 

water and shaken at 250 rpm for 30 min on a rotational shaker. The soil suspension was 

centrifuged at 9000 g for 15 min and supernatant was recovered, filtered at 0.45 µm and 

acidified with HNO3 (2% final). Analyses of available mineral element concentrations in 

PSFs, supernatants were collected during the according fractionation step. Total and soluble 

mineral elements were quantified by ICP-AES (Perkin Elmer; Optima 3000 DV). Anion 

concentrations were determined in duplicate with supernatants of bulk soil and fractions 

before acidification by ion chromatography (Metrohm IC Net 2.3). 

DNA extraction 

Six replicates of homogenized bulk soil and PSF samples (40–800 mg wet soil representing 

30 – 500 mg dry soil) were used for extraction of DNA (UltraClean Soil DNA Isolation Kit; 
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MO BIO Laboratories, Inc.; Carlsbad, CA). Water content for each sample was determined 

gravimetrically by drying 1 g of sample at 60°C for 24 h. Liquid samples collected after 

centrifugation of <2 µm PSF were filtered on sterile cellulose membranes (MF-Millipore™ 

membrane filters; pore size 0.45 µm) with a sterile fitration unit and DNA was subsequently 

extracted from the membranes (UltraClean Water Isolation Kit; MO BIO Laboratories, Inc.; 

Carlsbad, CA). Isolated DNA was quantified with Qubit® dsDNA HS Assay Kit on a Qubit® 

Fluorometer (InvitrogenTM, Life Technologies) and stored at -20°C for further analysis.  

Ribosomal Intergenic Spacer Analysis (RISA) 

Internal transcribed spacer regions (ITS) of bacterial and fungal communities were amplified 

from isolated DNA samples using Illustra Hot Start Mix RTG Kit (Illustra, GE-Healthcare) 

with primer pairs FGPL 132-38 / FGPS 1490-72 (specific to bacterial ITS) and fITS7 / ITS4 

(specific to fungal ITS2)(Ranjard et al., 2000; Bokulich et al., 2013). Each 25 µL reaction 

contained 12.5 pmol of the primers and 2 ng of template DNA. Cycling conditions for 

bacterial ITS amplification were: 94°C for 10 min; 29 cycles of 94 °C for 20 s, 55 °C for 30 s 

and 72 °C for 1.5 min; final elongation step at 72 °C for 10 min. Cycling conditions for fungal 

ITS2 amplification were: 94°C for 10 min, 35 cycles at 94 °C for 20 s, 57 °C for 30 s and 72 

°C for 1.5 min; final elongation step at 72 °C for 10 min. One µL of PCR products was run on 

an Agilent 2100 Bioanalyzer (Agilent Technologies, Inc.) to obtain data tables of fluorescence 

intensity over time, which were extracted to comma separated text files. Data was scaled and 

centered for principal component analysis (PCA)  using the FactomineR package (Lê et al., 

2008) within R (undefined author, 2015). 

Pyrosequencing of bacterial and fungal communities 

Fungal V7-V8  region of the 18S rRNA gene as well as V1-V3 region of the bacterial 16S 

rRNA gene were amplified with bar-coded primer pairs FR1/FF390 and 27F/519R 

respectively (Titanium-Taq-Kit; Clontech Laboratories, Inc)  (Chemidlin Prévost-Bouré et al., 
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2011; Marti et al., 2013). Each reaction mix (50 µL) contained 10 pmol of each primer, 40 

nmol of dNTPs, 1 x reaction buffer, 100 ng of template DNA and 1 x Titanium Taq DNA 

Polymerase.  Cycling conditions were: 95°C for 1 min; 35 cycles of 95 °C for 30 sec and 68 

°C for 1 min; final elongation step at 68 °C for 3 min. Subsequently reactions were loaded on 

an agarose gel and amplicon bands were purified (Gfx – DNA Purification Kit;GE 

Healthcare). Concentrations of DNA was quantified with Qubit® dsDNA HS Assay Kit on a 

Qubit® Fluorometer (InvitrogenTM, Life Technologies). An equimolar pool of amplicon 

samples (60 ng DNA of each sample) was sent for 454-pyrosequencing (Beckman Coulter 

Genomics). Amplicon sequences were quality filtered, clustered by 97% sequence identity 

and annotated versus SILVA ribosomal database in QIIME(Caporaso et al., 2010; Quast et 

al., 2013). OTU-tables were imported into MEGAN for further analysis (Huson et al., 2016). 

Quantitative PCR  

Standard curves of all reactions were derived from serial dilutions of linearized pGEM-T 

plasmids with the target sequences inserted (Bru et al., 2011). All standard curves were linear 

and showed comparable efficiency values (R2 = 0.96 to 0.99; E = 0.85 to 1.05). Quantitative 

PCR was performed on a Corbett Rotor-Gene 6000 realtime PCR cycler and QuantiTect 

SYBR® Green PCR Kit (Quiagen). Each reaction (25 µL) contained 12.5 µL 2x QuantiTect 

SYBR® Green Mix; 0.3 to 1.8 µL of each primer (10 µM); 100 ng of T4 gene protein 32 

(Thermo Fisher Scientific Inc.); 2 to 5 ng of template DNA and PCR grade water. Primer 

sequences and cycling conditions used are summarized in Table S1. In each run 3 non-

template control reactions were included to test for contamination of the master mix. Melting 

curve analysis was used as quality control of qPCR runs. Results from runs with no 

amplification in non-template controls and showing only one melting peak overlapping peaks 

from standards were considered for further analysis. Different groups were tested on 

significant differences by ANOVA in R (undefined author, 2015).  
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Results 

Fractionation of bulk soil 

Particle size distributions of isolated fractions were analyzed to ensure that targeted size 

ranges were captured within the defined fractions. Distribution curves (Figure 8) and the 

observed parameters of determined median diameter and coefficient of uniformity (Table 1) 

confirm a sufficient separation due to particle size following fractionation. Ultrasonication on 

PSFs caused a shift towards smaller particles in the >250 and 250–63 µm fractions but not in 

smaller size classes (Figure S 1). This confirmed the isolation of stable soil aggregates within 

the >250 and 250-63 µm fraction.  

 

Figure 8: Particle size distribution of Rothamsted Park Grass soil fractions obtained by laser granulometry 
(Mastersizer 2000, Malvern) without ultra-sonication. Colours indicated different fractions, point represent the 
mean, error bars the standard deviation of the mean (n=3). 

 

Chemical characteristics of isolated fractions 

For comparison of soil chemical properties of different PSFs and bulk soil, total organic C, 

total organic N, major and trace elements were quantified in samples (Table 1; Table S 2). 

Values from single fractions were multiplied by their mass fraction and summed for 

comparison with values obtained in bulk soil samples (acceptable range was 90-110 %  
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Figure 9: PCA-plot of soil fractions and bulk soil calculated from the chemical data obtained (Table S2). 
Coloured points indicate individuals (fractions), black arrows variables (chemical parameters) of the analysis. 
Percentage values on axes indicate the proportion of the total variance represented in the data set explained by 
the axis.  

 

recovery). Similar levels of analyte suggested no loss during fractionation and consistent 

quantification within all samples. Of 23 analytes quantified, 18 were found to have sufficient 

recovery to be included in further analysis, however Ba, Ni, Sn, Sr and Zn had to be excluded. 

In general, available cations could not be detected in supernatants of PSFs but in supernatants 

of bulk soil. Available anions were detected in some of the PFSs and bulk soil samples (Table 

S 3). 

Principal components based on chemical data in Table S 2 were calculated and plotted on a 

PCA graph to identify groups of samples with a comparable chemical signature (Figure 9). 

Axes shown in the graph represent 82 % of the total variance in the dataset. Generally, we 

observed the highest values of nutrients, cations and trace elements in the <2 µm fraction 

followed by the 250-63 µm fraction. The fraction found to be lowest in measured elements  
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Table 1: Summary of main physical and chemical parameters of soil fractions and bulk sample of Rothamsted 
Park Grass soil. pHw was measured in supernatants of fractions and bulk soil after fractionation with distilled 
water. Ammonium and nitrate concentrations were measured after extraction with 1 M KCl solution. 

 

was 63-20 µm with exception of sodium, which was highest in this fraction. The >250 µm 

fraction was found to be the most similar to bulk soil.   

DNA extraction and SSU rRNA gene abundances 

The highest amounts of DNA per gram of dry soil were extracted from the <2 µm fraction, 

while the lowest quantities were obtained from the 63-20 µm and SN fractions (Figure S 2). 

Abundance of SSU rRNA genes (g-1 dry soil) of bacteria, fungi and archaea was found to be 

significantly higher for all three domains in the <2 µm fraction, as compared to all other 

fractions and bulk soil (Figure 10). The 63-20 µm PSF and SN fraction showed the lowest 

values for rRNA genes and no archaeal 16S rRNA genes could be detected in the supernatant 

fraction. 

Community structure in fractionated soil 

Community structure of distinct fractions based on RISA of bacterial and fungal communities 

are shown in Figure 11. For both communities, replicates of >250, 250-63 and 63-20 µm 

fraction cluster together on a PCA plot indicating a similar microbial community. Fractions 

containing smaller particles (20-2 and <2 µm) as well as samples from the SN fraction also 

Soil fraction Mass1 
[%] pHw d50 Cu 

Tot. Corg Tot. Norg Ammonium Nitrate 

[µm] [g C kg−1
dw] [g N kg−1

dw] [mg N kg-1
dw] [mg N kg-1

dw] 
>250 µm 46.03 5.84 ± 0.11 425.6 13.3 64.9 ± 3.5 4.77 ± 0.2 19.5 ± 3.2 0.01 ± 0.03 
250-63 µm 9.50 5.85 ± 0.13 119.7 2.3 86.5 ± 11.5 6.40 ± 0.8 35.7 ± 10.2 0.11 ± 0.21 
63-20 µm 25.87 5.95 ± 0.02 32.8 2.2 15.6 ± 0.8 1.19 ± 0.1 7.9 ± 1.7 0.00 ± 0.00 
20-2 µm 16.21 6.01 ± 0.08 9.5 4.3 53.5 ± 1.8 4.73 ± 0.0 32.8 ± 1.8 0.47 ± 0.95 
<2 µm 2.39 6.21 ± 0.15 3.1 3.3 67.1 ± 0.7 7.30 ± 0.0 224.6 ± 127.0 0.16 ± 0.31 
Sum fractions a - 5.91 ±  - - - 52.4 ±  - 4.05 ±  - 25.1 ±  - 0.10 ±  - 
Bulk soil 100.00 5.59 ± 0.01 285.7 16.7 52.2 ± 0.7 4.10 ± 0.1 25.6 ± 1.3 4.60 ± 0.74 

1: gravimetric portion of fraction to bulk soil 
a: Sum of all fractions (> 250, 250-63, 63-20, 20-2 and < 2 µm) according to their mass contribution of bulk soil (1) 
Cu: coefficient of uniformity - d60/d10 
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Figure 10: Copy numbers of small subunit ribosomal RNA coding sequences in DNA extracts of PSFs, bulk soil 
and supernatant (SN) of fractioned Rothamsted Park Grass soil for bacteria, fungi and archea. Boxplots show the 
median and 5-95% percentile, whiskers the highest and lowest observation of the dataset (n=12). Significant 
differences between means of groups were tested by one-way ANOVA and Tukey correction for multiple 
comparison after confirmation of normality and variance homogeneity of datasets. Significance levels (alpha = 
0.05) are indicated in the graphs by letters a,b and c. 
 
	

clustered together on a PCA plot, but showed a distinct band profile to all other PSFs and bulk 

soil for both bacterial and fungal communities. Bulk soil samples could not be clearly 

distinguished from bigger size fractions for fungal communities. In contrast, bacterial RISA 

profiles of DNA isolated from bulk soil appeared to be distinct form all other fractions 

included in the analysis.  

We sequenced amplicons of bacterial 16S and fungal 18S rRNA coding genes for additional 

community structure information and identification of taxa contributing to differences 

observed with RISA analysis (Figure 12).  
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Figure 11: Comparison of bacterial and fungal community structures among fractions and bulk soil samples of 
Rothamsted Park Grass soil based on RISA-band profiles for bacteria (a) and fungi (b). Each point in PCA-plots 
represents one replicate (n=6) of soil fraction, bulk or supernatant (SN) fraction sample. Percentage values on 
axes indicate the proportion of the total inertia represented in the data set explained by the axis.  

 

 

 

Figure 12: Bacterial (a) and fungal (b) community structures derived from PSFs, bulk soil and supernatant (SN) 
samples of Rothamsted Park grass soil based on 454-pyrotag sequenced SSU rRNA gene amplicons. Bar graphs 
indicate relative abundance of annotated OTUs at order level for bacteria (a) and fungi (b) respectively. Bi-plots 
based on relative abundances on order level of annotated OTUs respectively show position of PSFs bulk soil and 
SN groups and top 5 variables contributing to the total inertia represented in the graph. Percentage values on top 
of the graph indicate the proportion of the total inertia represented in the data set explained by the axis. 
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Data of annotated bacterial 16S amplicons on order level confirmed a distinct community in 

the SN fraction with a lower diversity compared to all other samples (Figure 12 a). Particle size 

fractions and bulk soil samples showed comparable community structures for bacteria, 

although more taxa were detected in the 20-2 and <2 µm fraction. A PCA analysis of 

annotated bacterial amplicons showed discriminating orders among PSF, bulk soil and SN 

samples. Actinobacteria were found to be more prominent in >250, 250-63, 63-20 µm 

fractions and bulk soil than in other samples. Pseudomonadales and Burkholderiales 

accounted for 90 % of the bacterial community found in the SN samples. These orders were 

only found to be 1-2 % in relative abundance in >250, 250-63, 63-20 µm fractions and bulk 

soil, and increased to 10 % towards the <2 µm fraction. Xanthomonadales were found to be 

higher in relative abundance in the <2 µm fraction. Rhizobiales and Spartobacteria were 

equally abundant in communities of all PSFs and bulk soil but not in the SN fraction. 

Fungal community structure based on annotated 18S rRNA amplicons annotated at the order 

level supported findings based on RISA profiles (Figure 12 b). We observed a shift in 

community structure with particle size from bigger to smaller particles. For example, the 

relative abundance of  Basidiomycota (order Agaricales) accounted for 75 % of the fungal 

community in the >250 µm fraction and gradually decreased to 10 % in the <2 µm fraction, 

while  Zygomycota (order Mucorales) represented approximately 50 % of the relative 

abundance of annotated sequences and only 1 % in the >250 µm fraction. In contrast to results 

from bacteria, almost all orders found in PSFs could also be detected in SN samples. Here the 

biggest group was annotated to sequences derived from Dikarya.  

Nitrogen cycling potential in fractionated soils 

To determine denitrification, nitrification and N2O reduction potentials of isolated 

communities based on particle size fractionation, we quantified marker genes encoding key 

enzymes in the targeted pathways by qPCR (Figure 13).  
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Figure 13: Comparison of nitrogen cycling gene abundance of PSFs, bulk soil and supernatant (SN) of 
fractionated Rothamsted Park Grass soil. Within each fraction abundance of distinct genes contributing to the 
same function in the N-cycle are show by distinct coloured box plots (nitrification – amoA of bacteria vs. amoA 
of archea; denitrification nirK vs. nirS; N2O reduction – nosZ clade 1 vs. nosZ clade 2). Boxplots show the 
median and 5-95% percentile, whiskers the highest and lowest observation of the dataset (n=12). Data was tested 
for normal distribution and varinace homogeneity and significant differences between means of fractions were 
tested by one-way ANOVA (Tukey corrected for multiple comparisons) calculated with the sum of both genes of 
one fraction. Significance levels (alpha = 0.05) are indicated in the graphs by letters a,b and c. Significant 
differences of means within each fraction tested by Student’s T-test are indicated by * and ** for alpha levels of 
0.05 and 0.01 respectively.	
	

Copy numbers of copper-containing (nirK) and cytochrome cd1 type nitrite reductase (nirS) 

were detected at comparable levels in isolated fractions and bulk soil. The highest copy 

numbers (1-4*106 copies g-1
dw) were found in 250-63 and <2 µm fractions and lowest copy 

numbers (1-9*105 copies g-1
dw) in the 63-20 µm and SN fraction. Comparison of nirK and 

nirS abundances within single fractions and bulk soil resulted in no significant difference in 

any of the analyzed groups. Nitrous oxide reductase genes (nosZ clade 1 and 2) were found in 

all PSFs and bulk soil samples, whereas copy numbers in the SN fraction were negligible 

(Figure 13). Genes derived from clade 2 of the nosZ gene were higher than those of clade 1 in 

all PSFs and bulk soil samples. Significant differences between the two genes were found in 

the >250, 20-2 and <2 µm fractions. Comparing copy numbers of denitrifying marker genes 

with chemical soil parameter showed a relationship between organic cabon and nitrogen 

concentrations (Figure 14). When organic C and N were high we also found higher copy 

numbers of NIR and NOSZ related genes. 
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Figure 14: Organic carbon and nitrogen concentrations found in isolated fractions plotted against copy numbers 
of denitrification and nitrification marker genes. NIR nitrite reductase derived from nirK and nirS copies; NOSZ 
nitrous oxide reductase derived from nosZ clade 1 and clade 2 copies; AMO ammonia monoxigenase derived 
from bacterial and archaeal amoA copies.  

 

Bacterial and archaeal amoAs were quantified to determine potential of nitrification in bulk 

soil sample PSFs and SN. Generally, this gene was found in low abundance (~1*104 copies g-

1
dw) and could not be detected in communities washed off the soil matrix (Figure 13). The 

highest gene copy numbers, up to 7*104 copies g-1
dw, were detected in the < 2 µm fraction. 

Almost all amoA genes in this fraction were of archaeal origin, whereas bacterial amoA 

copies were found to be negligible. As for NIR and NOSZ copy numbers, we found AMO 

genes increasing in abundance when organic carbon and nitrogen concentrations increased in 

fractions (Figure 14).  
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Discussion 

Connection of PSFs with soil micro-habitats 

The spatial interpretation of microbial community data based on physical fractionation 

requires knowledge on where particles collected in single fractions are situated in the studied 

soil and what environmental conditions can be linked to them. Soil structure is determined by 

aggregate turnover, where clay particles with organic matter form aggregates that are bound 

together by fungal hyphae, plant roots and  sticky organic polymers (Oades, 1984; Six et al., 

2004). The widely accepted size boundary separating macro- from microaggregates is 250 µm 

and by adjusting both the time and mechanical force of dispersion steps in fractionation 

protocols, soil structures can be broken down to compartments of different sizes (Chotte et 

al., 1993). The fractionation protocol we chose was found to be suitable for isolating macro- 

(>250 µm) as well as mirco-aggregates (250-63 µm) since distributions in both fractions 

shifted to smaller sizes under ultrasonication treatment (Figure 8, Figure S 1). This confirms the 

existence of aggregates that were dispersed in single particles under treatment. Within these 

micro-porous soil compartments, conditions with respect to water availability are likely more 

stable, but there might also be a limitation to nutrients and oxygen availability (Sexstone and 

Revsbech, 1985; Vos et al., 2013). Loosely attached particles on the surface of these 

aggregates would be washed off and collected in smaller PSFs. Rothamsted Park Grass soil 

control plots represent untreated pristine environments, thus we expected to find a well 

aggregated soil structure. We found aggregate fractions (>250 and 250-63 µm) accounting for 

about 50 % the total soil mass after fractionation, confirming the existence of a well 

aggregated soil environment (Table 1). In managed soil these fractions accounted between 10 

and 30 % of the total mass which is in agreement with mechanical impacts on soil aggregation 

(Six et al., 2000; Navel and Martins, 2014).  
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Based on the concept of the sequential build up and the hierarchical structure of soil 

aggregates, we would expect to collect loose soil particles and primary structures of 

microaggregates within the 63-20 (sand and silt) and 20-2 µm fractions (Tisdall and Oades, 

1982; Oades, 1984; Oades and Waters, 1991). For these size classes, the tracking to a specific 

soil compartment is more challenging than for the inner part of aggregate structures. They 

might have been loosely bound to the outside regions of bigger particles before being washed 

off or constitute single particles situated in macro pores. We think that the inhabiting 

microbial community is exposed to changes in water availability, but have easier access to 

nutrients.  

The <2 µm fraction represents clay particles at the scale of the size of microbes. They possess 

negative surface charges and are responsible for the binding of important nutrients to the soil 

matrix beside organic substances. This fraction is collected by centrifugation (11000 g) during 

the last step of fractionation. In addition to clay particles and the microbes attached to them, 

free cells that were washed off during the previous fractionation steps were also pelleted by 

this treatment, as previously shown (Bakken, 1985). Thus this fraction also contains 

information on all microbes loosely attached to soil, mainly situated on the surface. A further 

separation between cells still attached to clay particles and detached ones was not possible by 

this approach. Organisms detected in the SN fraction represent ones that could not be settled 

by centrifugation.  

Distribution of microbial communities among PSFs 

Normalized results to the dry mass of the respective PSF or bulk soil showed that highest 

amounts of DNA yielded after extraction as well as copy numbers of ribosomal SSU rRNA 

for bacteria, archaea and fungi were found in the <2 µm fraction followed by the 250-63 µm 

fraction (Figure 10, Figure S 2). Thus, the highest density of microorganisms was found to be 

washed off of surfaces and colonizing clay particles. One explanation for this might be the 
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smaller particle-surface ratio in the <2 µm fraction, although a connection between particle 

size and microbial abundance could not be found. A big part of the soil community seems to 

be situated on surfaces. In studies gradually dispersing soils and collecting washed off 

bacteria, the highest amount of cells was counted in the first washing step and decreasing with 

the following ones (Bakken, 1985). Also, results from several studies found the highest copy 

numbers or biomass in clay fractions (Monrozier et al., 1990; Neumann et al., 2013). This 

supports our findings of microbes being highly abundant on surfaces of soil. This is crucial 

when we seek to interpret biochemical processes carried out by microbes in soil. Generally, it 

seems that microbes find preferred conditions on surface oriented soil compartments.  

Comparable copy numbers of all three domains in the >250, 250-63 and 20-2 µm fractions 

showed that these do not likely represent a favored habitat. Only bacteria 16S rRNA gene 

copies were higher in the 250-63 µm fraction, although the differences were not significant. 

However, microaggregates are considered to be created by microbial activity around organic 

matter particles entering the soil and elevated bacterial abundance in these compartments 

support this hypothesis (Six et al., 2000; 2004).   

The SN and 63-20 µm fraction showed both the lowest amounts of extracted DNA and the 

lowest SSU rRNA abundances. Sand and silt is mainly collected within the 63-20 µm fraction 

and these particles possess no or very little surface charges to bind nutrients or water as 

compared to clay or organic matter (Turpault et al., 1996; Peinemann et al., 2000).Thus, it is 

likely that this fraction represents no favorable conditions for microbial activity. The SN 

fraction was included in the analysis to account for organisms that could not be settled during 

centrifugation. The values were normalized and represent abundances washed off 1 gram of 

dry soil. Low copy numbers for bacteria and fungi and no copies for archaea indicate that 

most cells were collected during centrifugation and surface-based microbes were indeed 

collected in the <2 µm fraction.  
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Chemical analysis of PSFs 

Except Ba, Ni, Sn, Sr and Zn, summed values found in PSFs were comparable to bulk soil, 

which was defined by a 90 – 110 % recovery. This mass balance check is crucial in a 

fractionation study, since an undetected loss of analyte during fractionation can lead to a bias 

in further analysis. We only used quantified elements with a recovery percentage close to 100 

% to ensure a representative elemental profile of the single fractions.  

Ammonium, as a positively charged ion, binds to negatively charged groups of organic matter 

and clay particles, thus immobilizing it within soils. In contrast, negatively charged nitrate is 

easily leached when excess water is available (Fowler et al., 2013; Billen et al., 2013). This 

behavior explains why nitrate could not be further extracted with KCl solution after 

fractionation and why the added values were lower than nitrate measured in bulk soil (Table 1).  

Generally, the highest concentrations of measured chemical parameters were found in the 

small size fractions (20-2, 2 µm) followed by the big aggregate containing fractions (> 250, 

250-63 µm) and lowest values were found in the 63-20 µm size fraction (Figure 9). It has been 

hypothesized that soil organic matter (SOM) is protected from microbial activity due to two 

factors: i) the localization of SOM within aggregates, which restricts access to it to a few 

microorganisms, and ii) sorption processes to mineral surfaces and metal ions (Stockmann et 

al., 2013). This goes along with the proposed soil continuum model (SCM) for carbon 

(Lehmann and Kleber, 2015). Here, SOM is seen as consisting of biopolymer structures that 

are constantly being degraded to smaller structures and ultimately monomers and CO2, rather 

than the buildup of a stable ‘humified’ carbon pool. Furthermore, all sizes of SOM are then 

included in the formation and destruction processes of aggregates and ad- and de-sorption 

processes on mineral surfaces. This model is supported by the findings of our study, where 

carbon and nitrogen were found in aggregate size fractions as well as clay fractions, but not in 

the sand and silt fraction. The chemical properties of sand and silt are less effective in 



	 79	

sorption processes, which would explain the difference between this fraction and smaller 

fractions (Pulford, 2007). Following a flowing nutrient model in soil, it is not surprising that 

concentrations of major and trace elements are also high in high C and N fractions. Microbes 

would preferentially find energy sources in these compartments and accumulate these 

elements through biological activities and organic matter contributes to the cation exchange 

capacity of soil. Copper, manganese and iron are at the core of biochemical reactions in active 

centers of enzymes, thus essential for microbial life (Vallee and Williams, 1968; Waldron and 

Robinson, 2009).High concentrations of these elements found in the <2 µm might be an 

artifact resulting from the analysis of the chemical composition of the washed off microbial 

cells from the surface of particles that were collected and concentrated in this fraction. 

Additionally, free metal ions would be included in adsorption processes to mineral surfaces, 

which is reflected in high concentrations in the 20-2 µm fraction.   

Community structure in isolated PSFs 

Bacterial communities: RISA based community fingerprinting as well as analysis of the 

sequenced SSU rRNA amplicons showed that bacterial communities changed among the 

isolated fractions, bulk soil and SN samples. The slightly different results between the two 

methods might derive from known shortcomings in amplicon sequencing approaches. It was 

shown that amplicons of the V3 hypervariable region aligned to two or more sequences in the 

database and that identical ribotypes do not translate to identical genetic potential (Vos and 

Velicer, 2006; Huse et al., 2008). RISA analysis is based on band patterns derived from the 

amplification of ITS regions, which vary in length among distinct organisms. Studies showed 

that this fingerprinting method has the same sensitivity as amplicon sequencing based 

approaches in detecting ecological patterns of microbial communities (van Dorst et al., 2014). 

Thus our results based on RISA fingerprinting can be considered to be derived from distinct 

signatures of the communities from isolated fractions.  
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In smaller PSFs (20-2, < 2 µm), groups of bacteria appear that could not be detected in other 

PSFs and bulk soil samples. We expected a higher microbial diversity in fractions where 

surface communities accumulated. Indeed, more orders of bacteria were annotated in the 20-2 

and <2 µm fraction. Signatures from <2 µm particles representing mainly surface 

communities might be exposed to rapid changes in their physico-chemical environment. Thus 

they are likely the first ones to react to changes. Following this hypothesis, the 20-2 µm 

fraction might collect communities from more protected environments, but also communities 

from surfaces since they shared orders of bacteria with the <2 µm fraction. These fine 

particles might have been situated inside less stable aggregates and disrupted during 

fractionation, or were loosely attached to surfaces of bigger aggregates and detached from 

them. This is also supported in PCA plots of community fingerprints where 20-2 µm samples 

are situated between surface communities of <2 µm and inside communities from >250, 250-

63 and 63-20 µm fractions (Figure 11; Figure 12). 

Supernatant samples represent surface organisms that could not be settled during the final 

centrifugation step.  Interestingly, only a few prominent groups of bacteria could be found in 

these samples, mainly Pseudomonadales and Burkholderiales, which together accounted for 

approximately 90 % of the annotated reads in this sample.  

Fungal communities: Community structure bases on RISA profiles and 18S amplicons of 

fungi were found to discriminate more between all isolated PSFs, bulk soil and SN samples 

than those for bacteria (Figure 11; Figure 12). In contrast to bacterial amplicons, almost all 

fungal groups detected in the PSFs could also be found in the SN fraction. Although fungi are 

not easily washed off soil particles due to their morphology, this could be an indication that 

parts of them end up in the SN fraction due to disruption of hyphae during the fractionation 

procedure.   
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Fungi are often mentioned as key players in the formation and stabilization of aggregates, as 

well as their advantage in exploring a soil environment by hyphal growth as compared to 

unicellular  organisms (Beare et al., 1996; Caesar-TonThat and Cochran, 2001). Linking 

taxonomic data to morphological appearance is a difficult task, since many groups of fungi 

are dimorphic, thus able to grow as a hyphal multicelled organism or as a unicellular yeast 

form although, no members of Agaricales were found to produce a yeast-like stage (Walther 

et al., 2005). This order was prominent in the aggregate-containing fractions and decreased 

with decreasing particle size, thus confirming our hypothesis that fungal communities 

discriminate in PSFs. The relative abundance of members of the Mucorales order increased in 

smaller PSFs and represented up to 45 % of the < 2 µm fraction. However, these organisms 

are also mainly hyphae forming, which does not support the hypothesis that soil particle 

selection is selective for fungal species based on their morphology. Aggregate formation and 

turnover was found to be driven by microbial activity degrading organic matter and 

accumulate organic and inorganic soil particles (Oades and Waters, 1991; Tisdall, 1994; Six 

et al., 2000; 2004; Six and Paustian, 2014). The dominance of Agaricales in inside fractions 

of aggregates corroborates this hypothesis, since these fungi exhibit a mainly wood and plant 

biomass degrading lifestyle (Ohm et al., 2014). Furthermore, fungal activity in carbon 

degradation was linked in a study using stable isotopes to the micro-aggregate fraction (250-

63 µm) (Kong et al., 2011). In contrast, Mucorales, dominating surface communities, were 

described as ‘sugar fungi’ as they are known to primary use substrates rich in simple 

carbohydrates, but lack an enzymatic set to degrade recalcitrant biomass (Richardson, 2009b; 

van den Brink and R. P. de Vries, 2011a; Pawłowska et al., 2016). Together, these findings 

could point to a spatial separation of carbon substrate usage starting from the inside of 

aggregates and ends with the consummation of simple carbon compounds at the surface of 

soil. Co-inhabiting bacterial and archaeal communities might benefit from this substrate 

stream as well.  
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Localization of nitrogen cycling communities 

A shift in community structure of bacteria and fungi was observed when we compared inner-

aggregate fractions (>250, 250-63 µm) with fractions representing surface communities. This 

suggests that there is also a distinct localization of N-cycling potential within the different 

fractions of Rothamsted Park Grass soil.  

Nitrification potential in Rothamsted Park Grass soil fractions: In most studies on nitrification 

in soil, amoA gene abundances were analyzed after addition of ammonium (Nicol et al., 

2008; Glaser et al., 2010; Verhamme et al., 2011; Levičnik-Höfferle et al., 2012). In our 

study, we wanted to know if spatial differences in nitrification potential within a pristine soil 

environment develop over time. Generally, we found amoA copies of bacteria and archaea 

low as compared to other studies (Figure 13) (Leininger et al., 2006; Hallin et al., 2009), but 

abundances comparable to our study were also reported in unfertilized soil (Zhifeng Zhou et 

al., 2014). We ruled out potential biases caused by primer mismatch since amoA copies of 

archaea were in good agreement with the archaeal 16S copies quantified. Archaeal amoA 

copies were only significantly higher in the <2 µm fraction as compared to other PSFs, 

whereas bacterial amoA genes were negligible within this fraction. In pristine soil 

environments, where no ammonium is added artificially, the only nitrogen source for 

organisms is derived from nitrogen fixation and mineralization of organic material. It has 

been shown that AOA respond faster to additions of organic based nitrogen than AOB , which 

led to the hypothesis that archaea utilize ammonia at the site of N mineralization (Levičnik-

Höfferle et al., 2012). Although nitrifying bacteria were detected in aggregate fractions, our 

results suggest a localization of nitrification potential in surface communities driven by 

ammonia-oxidizing archaea.  

Denitrification potential: Denitrification potential in PSFs, bulk soil and SN samples was 

determined by quantification of nitrite reductase genes in extracted DNA (Figure 13). We 
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initially hypothesized that communities in stable aggregates would be more likely to carry out 

this pathway given the anoxic conditions, but this could not be corroborated with our dataset, 

since we could not find significant differences among analyzed samples. One explanation 

could simply be that all communities isolated from fractions have the potential to denitrify. 

For denitrifyers, no phylogenetically pattern exists given that this metabolic tool is distributed 

over a wide range of bacterial groups (Zumft, 1997; Philippot, 2002). Thus even a community 

with a high copy number of denitrifying genes might not actually carry out nitrogen reduction 

all the time. Based on our data, we suggest that denitrification potential is not specific to 

spatial location in soil.  

Habitat selection between nirS and nirK type denitrifyers was observed on a meter and 

kilometer scale (Bru et al., 2011; Keil et al., 2011). Also abundance of copper containing nirK 

copies were found to be correlated to copper concentrations on a meter scale (Enwall et al., 

2005). However, we could neither find differences in abundance in the two nir classes in any 

of the isolated fractions, nor a correlation of copper concentrations to nirK. 

N2O reduction potential: Two clades of nitrous oxide reductase were discovered and have 

been detected at comparable abundances in various ecosystems, although a niche separation 

based on environmental factors was suggested (Jones et al., 2013). We found similar 

abundances of nosZ copies as compared to previous work carried out on untreated soils 

(Hallin et al., 2009; Cuhel et al., 2010; Bru et al., 2011; Di et al., 2014). Results from both 

clade copy numbers showed a similar pattern as nir abundances and copies of nosZ clade 2 

genes were generally higher than those of clade 1 in our soil (Figure 13). We hypothesized that 

N2O reduction potential is localized in zones of depleted oxygen, thus on bigger aggregates. 

As was the case for nitrite reduction, this hypothesis could not be corroborated, since based 

on our data, a potentially N2O reducing community seems to also be situated on the surface of 

soils. 
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Conclusions 

Particle site fractionation intends to isolate compartments within soil that provide similar 

conditions for microbial communities. We found the biggest differences in community 

structures between fractions linked to inner aggregate communities and fractions where 

surface communities were collected. Bacterial communities on surfaces were found to be 

more diverse than the inside of aggregates. Fungal communities in aggregates were 

dominated by Agaricales, a group of filamentous fungi that is often found to degrade complex 

carbohydrate structures. In contrast, fungi on surfaces were dominated by Mucorales, also 

filamentous, but linked to a distinct strategy of carbon nutrition, as they are efficient users of 

easily consumed carbohydrates. Together these results suggest that I) bacterial surface 

communities might need to be more reactive to environmental changes and are thus more 

diverse and II) surface communities might be dependent on carbon cycling inside of 

aggregates, which is driven by a fungal community. We found nitrogen cycling potentials in 

all isolated fractions, but could not corroborate our hypothesis that denitrifying communities 

are linked to more anaerobic environments inside of aggregates. However, we found higher 

abundances of nitrogen cycling genes in fractions with high concentrations of organic carbon 

and nitrogen, suggesting a link between the carbon and nitrogen cycle. This might point to a 

dependence of bacterial and archaeal nitrogen cycling organisms on carbon degradation 

processes. Degradation of carbohydrates is driven by fungal community members, thus they 

might influence nitrogen cycling via organic matter decomposition. 
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Chapter 2: NO Release from sterile Nitrite Medium 
leads to Detection of False Positives in Screening for 

Denitrifying, N2O Producing Fungi 
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Abstract 

The potential roles for denitrifying fungi as big players in nitrous oxide (N2O) emissions from 

soil has been discussed for years, although many questions remain about fungal N-cycling 

processes in anoxic environments and their related ecological significance. This study 

investigates the N2O production capacity of 24 nitrate-reducing fungal strains isolated from 

soil. Incubations were carried out in an automated gas sampling unit that allowed the 

continuous measurement of NO, N2O, O2 and CO2, providing high quality gas data through 

oxic and anoxic phases of culturing. Gas monitoring showed production of NO in sterile 

medium controls under anoxic conditions. This NO production could potentially distort 

outcomes from screening experiments on N2O producing fungi by leading to the detection of 

false positives among low N2O producers. When comparing N2O endpoint levels, 17 out of 

the 24 tested strains were found to produce more N2O than controls. However, this number 

decreased to 4 (all Fusarium related strains) when we corrected our data for estimated NO 

produced by the medium. Non-Fusarium strains increased N2O concentrations following the 

injection of NO into the culture vials, which confirmed that biological activity of fungi 

reduced NO. Based on our results, it is possible that many fungi that have been characterized 

as low N2O producers discovered by culturing in nitrite media might actually have been 

reducing NO derived from a chemical reduction of nitrite. In conclusion, we might have 

overestimated the number of denitrifying, N2O producing fungi by testing in culture 

conditions that are not suitable.  
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Introduction 

In chapter 1 we observed that fungal communities change when isolated from particle size 

fractions, suggesting a distinct ecological function in these compartments. We lack molecular 

tools to investigate whether fungi participate directly in nitrogen conversion processes in soil, 

which makes it difficult to include them in nitrogen cycling related studies. More data on 

fungi exposed to nitrogen and identification of nitrogen transforming organisms can help us to 

develop these tools and interpret data collected from environmental samples. In this chapter, 

we investigated nitrate assimilating fungal strains and their behavior when exposed to 

denitrifying conditions.  

Apart from the oxidative pathway of nitrification, N2O emissions from soil are linked to 

denitrification under oxygen limited conditions (Saggar et al., 2013; Németh et al., 2014; Z. 

Chen et al., 2015). Denitrification in bacteria is defined as the sequential reduction of nitrate 

(NO3
-) to nitrite (NO2

-), nitric oxide (NO), nitrous oxide (N2O) to dinitrogen gas (N2) and has 

been extensively studied (Mahne and Tiedje, 1995; Bakken et al., 2012). Current knowledge 

on fungal denitrification is mainly based on studies of Fusarium oxysporum (Shoun and 

Tanimoto, 1991; Zhemin Zhou et al., 2001; Shoun et al., 2012). So far, no nitrous-oxide 

reducing activity has been observed in fungi, supporting speculations on the significance of 

fungi in N2O emissions.  

To determine the relative contribution of either bacteria or fungi to N2O emissions, addition 

of antibiotics inhibiting either the one or the other in soil microcosms was used (Joergensen 

and Wichern, 2008). When cycloheximide, a eukaryotic protein synthesis inhibitor, was 

added to soil samples with various characteristics, a decrease in N2O production of over 50% 

was observed, suggesting a dominance of fungal activity in N2O production in these studies 

(Crenshaw et al., 2007; Laughlin et al., 2009; Marusenko et al., 2013; Wei et al., 2014; H. 



	 88	

Chen, Mothapo, and Shi, 2014a; 2014b). However, a direct or indirect contribution of fungi to 

N2O production and emission from soil is still under discussion. 

In an effort to identify denitrifying fungi, pure cultures are undergoing screening by 

measurement of N2O gas production (Jirout et al., 2012; Mothapo et al., 2013; Wei et al., 

2014; Maeda et al., 2015). Although the fungal N2O production rates reported are difficult to 

compare due to the use of different culture conditions and media, findings show that they are 

higher when nitrite is used as a terminal electron acceptor in contrast to nitrate (0.04 - 500 vs. 

0.002 - 14 µmol N2O-N d-1 gDW-1 respectively). In addition, the number of positive, N2O 

producing strains identified is higher in nitrite relative to nitrate medium. This led to the 

common practice of using high concentrations of nitrite in culture media (up to 10 mM) when 

screening for fungal denitrification (Mothapo et al., 2015). 

Nitrite is also involved in another, physiologically distinct process of nitrogen reduction. 

During nitrate assimilation, nitrate is reduced by an assimilatory nitrate reductase (aNar) to 

nitrite which is further reduced by an assimilatory nitrite reductase (aNir) to ammonium and 

ultimately incorporated in the amino acid pool of the cell via glutamate biosynthesis 

(Crawford and Arst, 1993; Caddick et al., 1994). Organisms have to invest considerable 

amounts of energy to carry out this pathway, which is therefore tightly regulated (Berger et 

al., 2008). Dissimilatory nitrite reductases (dNir) and nitric oxide reductase (P450nor) 

associated with denitrification in fungi are localized in mitochondria were they are linked to 

ATP production (Kobayashi et al., 1996). In Fusarium oxysporum, a dissimilatory nitrate 

reductase (dNar) is additionally active in mitochondria and allows the organism to generate 

energy from nitrate, but this enzyme is rarely found among fungi. A distinct denitrification 

pathway was found and described for Fusarium lichenicola (former Cylindrocarpon 

tonkinense) (Watsuji et al., 2003). Here, an assimilatory type nitrate reductase, located in the 

cytosol, was producing nitrite as a substrate for dNir and P450nor in mitochondria, showing 
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for the first time, that the two pathways might interact under certain conditions. Surprisingly 

the presence of ammonium, nitrate and a fermentable sugar was key for N2O production, 

whereas ammonium normally represses assimilatory nitrate reduction (Caddick et al., 1994; 

Marzluf, 1997).  

Assimilating nitrate is essential for plants and microbes in the competition for nitrogen in 

soils (Inselsbacher et al., 2008). In the fungal kingdom, nitrate reductases were found 

throughout members of Dikarya (Ascomycota and Basidiomycota) which represent the 

majority of terrestrial fungi (Slot and Hibbett, 2007; Gorfer et al., 2011) We speculated that a 

crossover of the assimilatory and dissimilatory nitrogen reduction system might be 

responsible for the preferred use of nitrite over nitrate observed for N2O production in fungi. 

A pool of nitrite produced by aNar could be used by dNir and P450nor for energy generation 

when oxygen levels decline. Thus we hypothesized that nitrate assimilating fungi show N2O 

production under anoxic conditions when nitrite and ammonium are present. We tested 22 

nitrate assimilating fungal cultures isolated from agricultural soils in Czapeck-Dox broth 

amended with nitrite. An incubation system performing automated headspace gas sampling 

and subsequent quantification was used to monitor concentrations of NO, N2O and O2 

throughout incubation. Measuring NO levels in cultures is crucial since it is a substrate for 

P450nor producing N2O, resulting in information about nitrite and NO reduction behaviour of 

the different strains. Monitoring of oxygen allowed us to determine time points when the 

cultures become anoxic and a production of NO and N2O can be expected.   
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Material and Methods 

Strain selection and pre-cultures 

Twenty-two fungal strains, 20 representing various classes within the Ascomycota and 2 

within Basidiomycota (Table 2, Figure S 4) were selected from the culture collection of the 

Fungal Genomics Group (University of Life Sciences Vienna, Tulln - Austria). Selection was 

based on phylogenetic variety and ability to assimilate nitrate. Fusarium oxysporum f.sp. 

lupini and Fusarium lichenicola  (CBS number: 483.96 and 100.97 respectively) were 

included in the study as positive controls for N2O production from nitrite (Shoun and 

Tanimoto, 1991; Watsuji et al., 2003). Strains were pre-cultured in Erlenmeyer flasks 

containing a teflon coated stirring bar and 100 mL of Czapeck-Dox broth (30 g L-1 Succrose; 

0.85 g L-1 NaNO3; 1 g L-1 K2HPO4; 0.5 g L-1 MgSO4; 0.5 g L-1 KCl; 0.01 g L-1 FeSO4) ) 

inoculated with agar plugs from the culture collection and incubated at room temperature on a 

magnetic stirring unit (500 rpm). 

Screening for N2O production of fungi 

Medical flasks (120 mL) were filled with 50 mL of phosphate buffered (pH 7) Czapeck-Dox 

broth (30 g L-1 Succrose; 4.15 g L-1 Na2HPO4; 2.9 g L-1 NaH2PO4; 1 g L-1 K2HPO4; 0.5 g L-1 

MgSO4; 0.5 g L-1 KCl; 0.16 g L-1 NH4Cl; 0.01 g L-1 FeSO4) and crimp-sealed with a gas tight 

butyl-rubber septum. Vials were autoclaved (120°C for 15 min) and He-washed with an 

alternated application of He-gas overpressure and vacuum (360 seconds vacuum followed by 

30 seconds of He-gas filling for 6 cycles) after cooling down. Before starting the screening 

incubations, He-overpressure was released from the vials and 2 mL O2 were injected (3% O2 

in headspace) followed by the injection of 500 µL of a sterile filtered, He-washed 1 M NaNO2 

solution (10 mM NaNO2 in vials). Culture vials containing oxygen and nitrite were inoculated 

in triplicate with 1 mL of pre-cultures containing mycelium flocks of the fungi. After 

overpressure release to ensure same conditions for gas sampling, culture vials were incubated 

at 27°C for 270 hours in an incubation system with automated gas sampling (Molstad et al., 
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2007) allowing for the continuous monitoring of headspace gas concentrations of O2, NO and 

N2O throughout the incubation. Cultures were stirred by teflon-coated stirring bars at 500 rpm 

to favour non-aggregated growth of mycelium and ensure proper gas exchange between the 

liquid and gas phase. Gas standards (25 ppm NO, 150 ppm N2O, air for O2, N2 and CO2) for 

calibration were run simultaneous with the cultures. 

Inhibition experiment 

To confirm that fungal activity caused a reduction of NO concentrations in non-Fusarium 

cultures, an inhibition experiment was designed where we injected cycloheximide (10 µg  

mL-1 medium) at the moment when vials turned anoxic. Protocols for the preparation of vials, 

medium used and measurements are the same as those described above for the screening 

experiment. 

NO reduction experiment 

To determine the NO reduction behaviour of fungi, a NO injection experiment was set up. 

Culture flasks were prepared as described above, with the exception of an injection of 100 µL 

of a sterile filtered, He-washed 1M NaNO2 solution resulting in a nitrite concentration of 2 

mM. At this nitrite concentration, no abiotic production of NO was observed in sterile 

medium. The NO injected in the vials was produced in He-washed vials containing acetic acid 

and NaI solution where KNO2 was added, which is reduced to NO. The reaction was stopped 

by injection of 1 M NaOH (for details see (Hassan et al., 2015)). Small doses were injected in 

vials containing fungi when anoxic conditions were reached. He-washed sterile medium vials 

were also injected with NO and monitored for autoxidation. Since the NO reaction occurs in 

liquid, but we are measuring headspace concentrations of the gas, we calculated NO 

concentrations in the liquid ([NO]liquid) according to Molstad et al. (Molstad et al., 2007). Km 

and vmax was estimated by a Michalist-Menten curve fit in GraphPad Prism© 6.0e. 
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Detection of nirK and P450nor sequences 

Two primer sets amplifying fungal nirK and one set specific to P450nor coding sequences 

were used to detect nitrogen reducing genes in tested strains. DNA of pure cultures was 

extracted from mycelia taken from cultures grown on malt extract agar plates using Quaigen 

DNeasy Plant Mini Kit. Primers and conditions for PCR reactions used were described 

previously (Wei et al., 2015; Long et al., 2015; Higgins et al., 2016). PCR products were run 

on an agarose gel and bands in the expected size ranges were cut out, purified (illustra GFX 

PCR DNA and Gel Band Purification Kit; GE Healthcare Life Sciences) and sent for Sanger 

sequencing (GATC-Biotech AG, Cologne-Germany).  

Chemical analyses 

For measuring nitrite and ammonium concentrations, culture medium was sampled (~500 µL) 

by hand using sterile syringes and needles avoiding gas exchange between vials and the 

atmosphere.  Samples were injected into a saturated triiodide solution in acetic acid where 

nitrite is reduced to NO, which is subsequently quantified in a NOx-analyzer (Sievers 280i, 

GE Analytical Instruments) (Cox, 1980; MacArthur et al., 2007). For ammonium 

measurements, liquid samples were stored at -20°C and quantified colorimetrically in 96-well 

plates (Thermoscientific; MultiscanTM FC Microplate Photometer) based on the Berthelot 

reaction  (Hood-Nowotny et al., 2010). To exclude chemodenitrification at low pH caused by 

organic acid production of fermenting strains, pH was measured at the end of experiment 

using a standard pH meter. 

Biomass quantification and quality control 

To estimate biomass of fungi in the screening experiment, medium with mycelium was spun 

down in 50 mL tubes, clear supernatant discarded and remaining mycelium dried at 80°C. In 

the NO-injection experiment, mycelium or cells were filtered (Merck Millipore Ltd; 

IsoporeTM Membrane Filters 0.2 µm) and weighed after drying. To estimate the amount of 
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nitrogen incorporated in biomass, we used average elemental stoichiometry determined for 

various fungal species (Mouginot et al., 2014). At the end of the incubation periods, we 

sampled 2 mL of culture broth for DNA extractions (PowerWater® DNA isolation kit, Mo 

Bio Laboratories, Inc.) in order exclude bacterial contamination of cultures. Amplification of 

bacterial 16S rRNA gene sequences via PCR (primers used: 341f/534r (Watanabe et al., 

2001)) resulted in no bands on agarose gel for all fungal strains tested, with the exception of 

E.coli that was used as a positive control DNA. 

Calculations and statistical analysis 

MS Excel was used for calculations, for statistical analysis MS Excel and GraphPad Prism© 

6.0e were used. Gas data were corrected for sample dilutions and concentrations were 

calculated based on peak areas from standards. We analysed N2O production from fungi by 

comparing endpoint N2O values as well as using the following formula to take also the 

potential N2O derived from reduction of abiotically produced NO into account: 

["#$]&'()*+,-.	01'2,- > ["#$]+(-1'(4 + (["$]+(-1'(4 − ["$]4891	,-	+*41*'8	:,240) 
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Results 

Abiotic NO production 

Sterile Czapeck-Dox broth (10 mM nitrite, 3 mM ammonium) was monitored over 300 h for 

production of NO and N2O under oxic (3% O2 in headspace) and anoxic conditions (He-

washed) (Figure 15). An increase in N2O could be measured in both conditions, but it was 

slightly higher in anoxic than oxic conditions (2.5 nmol h-1 vial-1 , R2 = 0.947 and 1.3 nmol h-1 

vial-1, R2 = 0.915 respectively). NO, in contrast, was not detected when oxygen was present, 

but a NO production of 12 nmol h-1 vial-1 (R2= 0.988; measured over 300 h) could be 

measured under anoxia.  

 

Figure 15: Abiotic NO (a) and N2O-N (b) production from sterile Czapeck-Dox medium controls in oxic and 
anoxic conditions. Butyl-rubber sealed vials (120 mL) containing 50 mL sterile, He-washed Czapeck-Dox 
medium (3mM ammonium; 10mM nitrite; 50 mM phosphate buffer (pH 7); 3 % O2 in headspace for oxic vials, 
anoxic vials just He-washed) were incubated at 27°C for 270 h for headspace gas sampling. Open symbols show 
gas concentrations in anoxic, closed symbols in oxic vials. Grey dotted lines show linear regression used to 
estimate abiotic NO (12 nmol h-1 vial-1) and N2O-N (2.5 nmol h-1 vial-1) production in anoxic fungal cultures. 
Data points show mean, error bars the standard deviation (n=3). 

	

Conditions for abiotic NO production 

In order to correct for abiotically produced NO in our screening analysis, we estimated the 

NO increase from the medium in the culture vials during the anoxic phase of culturing. Tested 

fungi consumed the O2 initially present in vials, thus turning conditions from oxic to anoxic 

during incubation. Using cultures that consumed O2 at low rates, we defined an oxygen



	 	  
Table 2: Endpoint gas concentration in headspace of tested strains for N2O-N, NO and estimated abiotic NO produced by medium. Butyl-rubber 
sealed vials (120 mL) containing 50 mL sterile, He-washed Czapeck-Dox medium (3mM ammonium; 10mM nitrite; 50 mM phosphate buffer (pH 7); 
3 % O2 in headspace of vials, 10mM nitrite) were inoculated with 1 mL of pre-cultures and subsequently incubated at 27°C for 270 h for headspace 
gas sampling. Values show the mean and standard deviation (n=3) - T.test (alpha = 0.05) with Welch correction for unequal standard deviation was 
used to test for significant differences.  

 Endpoint 
N2O-N 

Endpoint 
NO 

Time abiotic 
NO 

productiona 

estimated 
abiotic 

NO 

abiotic NO 
reduced by 

fungib 
nirKc P450norc 

[µmol vial-1] [µmol vial-1] [h] [µmol vial-1] [µmol vial-1]   
01_Cladosporium cladosporioides 0.6 ± 0.07 0.35 ± 0.09 210 2.52 2.17 - (0.86)   
02_Aspergillus creber 1.1 ± 0.01* 0.84 ± 0.01 201 2.41 1.57 - (0.65) +  
03_Coniothyrium carteri 0.6 ± 0.08 1.02 ± 0.15 170 2.04 1.02 - (0.50)   
05_Solicoccozyma terricola 0.2 ± 0.05 0.25 ± 0.18 108 1.30 1.05 - (0.80)   
08_Chaetomiaceae 2.1 ± 0.59* 0.17 ± 0.03 220 2.64 2.47 - (0.93)   
10_Gibellulopsis nigrescens 0.1 ± 0.01 0.00 ± 0.00 - - -   
14_Fusarium oxysporum f.sp. lupini CBS 100.97) 73.2 ± 26.9* 0.19 ± 0.01 220 - - + + 
15_Fusarium lichenicola  (CBS 483.96) 382.5 ± 71.0* 0.02 ± 0.03 217 - - + + 
18_Paraphoma chrysanthemicola 1.4 ± 0.29* 0.50 ± 0.10 172 2.06 1.56 - (0.75)  + 
23_Talaromyces purpurogenus 1.1 ± 0.14* 0.17 ± 0.06 215 2.58 2.41 - (0.93) +  
26_Clavicipitaceae 1.1 ± 0.02* 0.01 ± 0.00 215 2.58 2.57 - (0.99) +  
27_Penicillium canescens 1.3 ± 0.17* 0.44 ± 0.13 213 2.56 2.11 - (0.82)   
28_Talaromyces rugulosus related 0.7 ± 0.05 0.63 ± 0.10 200 2.41 1.78 - (0.74)   
30_Pyrenochaeta cava 1.8 ± 0.33* 0.03 ± 0.01 215 2.58 2.55 - (0.98)  + 
31_Hypocreales 2.2 ± 0.40* 0.06 ± 0.02 215 2.58 2.53 - (0.97)   
32_Talaromyces purpurogenus related 2.2 ± 0.48* 0.13 ± 0.12 213 2.56 2.43 - (0.95)   
33_Penicillium sp. 1.2 ± 0.17* 0.94 ± 0.49 224 2.69 1.74 - (0.64)   
35_Clavicipitaceae 0.6 ± 0.05 0.01 ± 0.00 213 2.55 2.54 - (0.99)   
36_Cordyceps bassiana 0.9 ± 0.14* 0.29 ± 0.10 212 2.55 2.25 - (0.88)   
37_Solicoccozyma aeria 0.9 ± 0.15* 0.05 ± 0.02 213 2.55 2.50 - (0.98)   
38_Oidiodendron cerealis 0.1 ± 0.02 0.00 ± 0.00 - - -   
40_Fusarium solani species complex 0.9 ± 0.07* 0.20 ± 0.05 218 2.62 2.42 - (0.92)   
41_Fusarium solani species complex 93.0 ± 29.6* 0.06 ± 0.02 221 - -   
43_Fusarium solani species complex 249.3 ± 82.4* 0.04 ± 0.01 230 - -   
Sterile Medium Control 0.68 ± 0.15 3.24 ± -- 270 3.24 -   
* significant higher N2O production at the end of incubation compared to N2O in sterile medium  
Bold names: significantly higher N2O production compared to N2O in sterile medium plus estimated amount of abiotic NO reduced by fungi  
a calculated at time when O2 falls below 5 µmol vial-1 for the first time until end of experiment 
b endpoint values NO measured substracted from estimated abiotic NO production – values in brackets estimate the ratio of reduced abiotic NO 
c positive cultures were nirK or P450nor amplicons matched with sequences form the database (bit score > 100; blast searches vs. Ncbi NT/NR); primers: (Long et al., 2015; Wei et al., 
2015; Higgins et al., 2016) 



	 	  

threshold for abiotic NO production. We compared O2 and NO data from two slow growing 

strains (38_Oidiodendron cerealis, 05_Solicoccozyma terricola), which also showed a high 

variability in oxygen consumption among their replicates (n=3) (Figure S 3).  Only in vials 

where O2 concentrations dropped below 5 µmol vial-1 could we also measure NO in 

headspace. Consequently, we assumed NO production in all other culture vials when O2 

dropped below that threshold. Estimated abiotic NO increases throughout the incubation were 

2 – 2.6 µmol vial-1 (Table 2). Knowing the NO left in vials at end of incubations, we could 

estimate the amount of NO that was potentially reduced to N2O by the fungus (1 - 2.6 µmol 

vial-1). 

N2O production from fungi: endpoint vs.  abiotic NO-corrected 

By comparing endpoint N2O values, we found 17 strains that produced significantly higher 

amounts of N2O than the control vials (Table 2; strains marked with an asterisk*). When these 

data are corrected for abiotic NO production, only 4 tested Fusarium strains showed 

significantly higher N2O concentrations as calculated by the addition of N2O from controls 

and the NO reduced by the culture which potentially ends up as N2O as well (bold names in 

Table 2). NO and N2O-N concentrations throughout incubation are shown for two Fusarium 

and two non-Fusarium strains in Figure 16. N2O production was observed for most Fusarium 

cultures (culture 14, 15, 41 and 43) and NO concentrations never exceeded 0.3 µmol vial-1. In 

non-Fusarium cultures, a different behaviour in NO reduction  was observed. NO increased at 

similar rates (12 nmol h-1 vial-1) as those observed for the anoxic controls initially when O2 

concentrations dropped below 5 µmol vial-1. This initial increase in NO was followed by a 

decrease in cultures and NO concentration in headspace never exceeded 1 µmol vial-1 (Figure 

S 5). Cultures 40_Fusarium solani species complex and 33_Penicillium sp. allowed higher 

NO concentrations in the headspace (up to 3 µmol vial-1). 
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Figure 16: NO, N2O-N and O2 concentrations in headspace of Fusarium and non-Fusarium cultures. Butyl-
rubber sealed vials (120 mL) containing 50 mL sterile, He-washed Czapeck-Dox medium (3mM ammonium; 
10mM nitrite; 50 mM phosphate buffer (pH 7); 3 % O2 in headspace of vials) were inoculated with 1 mL of pre-
cultures and subsequently incubated at 27°C for 270 h for headspace gas sampling. Grey dotted lines show 
estimated abiotic NO (12 nmol h-1 vial-1) and N2O-N (2.5 mol h-1 vial-1) production when vials get anoxic 
(O2 < 5 µmol vial-1); black dotted line indicates O2 concentrations in headspace of vials. Data points show 
mean, error bars the standard deviation (n=3). 

 

N2O curves in vials could also be clearly distinguished between Fusarium and non-Fusarium 

strains. In Fusarium cultures, N2O was found to increase earlier in the transition from oxic to 

anoxic conditions than in non-Fusarium cultures (Figure S 6).  

Use of nitrite and ammonium and biomass increase 

Fusarium strains were able to reduce nitrite efficiently and produce significant amounts of 

N2O, unlike the other tested strains in the screening. Whereas nitrite dropped between 257 and 

469 µmol vial-1in Fusarium vials, non-Fusarium strains only used between 23 and 60 µmol 

vial-1 (50 - 96 % and 4 - 16 % of initially present nitrite, respectively). Figure 17 shows 

decrease of nitrite concentrations in the cultures versus N2O-N production in the headspace. 

Ammonium decreased between 91 and 120 µmol vial-1 (60 – 90 % of initial present 

ammonium) in the cultures of Fusarium strains. Non-Fusarium strains used ammonium with 

a broad range of efficiency (0 – 109 µmol vial-1 representing 0 – 75 % of initial present 

ammonium). Fungal biomass increase during cultivation was estimated to be between 7 and 

17 mg dry weight. We estimated the amount of nitrogen incorporated in biomass between 27 

and 70 µmol N vial-1 for tested strains. 
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Figure 17: Decrease in nitrite vs. increase in N2O-N for cultures and sterile nitrite medium vials. – control: sterile 
nitirite medium controls; + control: 14_Fusarium oxysporum f.sp. lupini (CBS 100.97), 15 Fusarium lichenicola 
(CBS 483.96); 41/43: 41_ and 43_Fusarium solani species complex; 40: 40_Fusarium solani species complex; 
neg. samples: data from cultures found to prodcuce not significantly more N2O than sterile nitrite medium (Table 
2); pos. samples: data from cultures found to produces significantly more N2O-N than sterile nitrite medium 
without consideration of abiotic produced NO (Table 2). Data points show values from single vials.   

 

Inhibition experiment 

To confirm that NO curves were derived from biologically active fungi and not due to 

chemical reactions with fungal biomass, we repeated the experiment with Solicoccozyma 

aeria cultures, but injected cycloheximide in the culture vials at the beginning of anoxic 

conditions to inhibit fungal activity. In vials containing cycloheximide, NO concentration 

increased as expected from data of anoxic controls with an approximate rate of 12 nmol h-1 

vial-1 (Figure 18).  
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Figure 18: NO concentrations in headspace of Solicoccozyma aeria cultures without (a) and with (b) 
injection of cycloheximide into vials throughout incubation. Butyl-rubber sealed vials (120 mL) containing 50 
mL sterile, He-washed Czapeck-Dox medium (3mM ammonium; 10mM nitrite; 50 mM phosphate buffer (pH 
7); 3 % O2 in headspace of vials, 10mM nitrite) were inoculated with 1 mL of pre-culture of Solicoccozyma 
aeria and subsequently incubated at 27°C for 270 (a) and 300 (b) hours for headspace gas sampling. Grey 
dotted lines show estimated abiotic NO (12 nmol h-1 vial-1) production when vials get anoxic (O2 < 5 µmol 
vial-1); black dotted line indicates O2 concentrations in headspace of vials; open symbols show NO 
concentrations in headspace. Arrow indicates time point of cycloheximide (10 µg mL-1 medium) injection 
in (b). Data points show the mean, error bars standard deviation (n=3). 

 

NO reduction experiment 

No increases in NO concentrations were observed in fungal culture vials, in contrast to the 

sterile medium control (Table 2, Figure S 5). To determine if these cultures could reduce this 

abiotic NO to N2O, we injected NO gas in increasing concentrations into Fusarium 

lichenicola (CBS 483.96) (positive control), Solicoccozyma aeria cultures and sterile medium 

controls and monitored NO and N2O concentrations in the headspace of vials. The results 

shown in Figure 19 confirmed the capability of Fusarium lichenicola (CBS 483.96) (a) to 
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convert NO to N2O. Injection of NO in Solicoccozyma aeria cultures was also followed by an 

immediate increase in N2O concentrations (b). We calculated NO reduction rates in liquid 

phase after NO injections and estimated vmax and Km values for both organisms under culture 

conditions (Figure 19 (c) and (d); Table 3). Estimated vmax of Fusarium lichenicola (CBS 483.96) 

was two orders of magnitude higher than for Solicoccozyma aeria and three orders of 

magnitude higher than vmax estimated for sterile medium controls.  

 

 

Figure 19: Cumulative NO reduction vs. N2O-N production and NO reduction rates of Fusarium 
lichenicola (CBS 483.96)  (a, c) and Solicoccozyma aeria (b, d) cultures in anoxia after NO injection. 
Butyl-rubber sealed vials (120 mL) containing 50 mL sterile, He-washed Czapeck-Dox medium (3 mM 
ammonium; 2 mM nitrite; 50 mM phosphate buffer (pH 7); 3 % O2 in headspace of vials, 10mM nitrite) were 
inoculated with 1 mL of pre-culture of tested strain and subsequently incubated at 27°C for for 50 (a,c) and 80 
(b,d) hours for headspace gas sampling. (a) and (b) show NO to N2O-N concentrations in headspace plotted 
as cumulative reduction of NO and cumulative production of N2O-N in vials. Arrows indicate time points 
of NO injections of increasing concentrations. Data points show values of a single vial out of 3 replicates. 
(c) and (d) show Michaelis-Menten curve fit to NO reduction rates calculated from NO injections in same 
vials as (a) and (b). NO concentrations in liquid phase were calculated based on measured headspace 
concentrations. 
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Table 3: NO reduction after NO injection kinetic parameters for Fusarium lichenicola, Solicoccozyma aeria	and 
sterile medium control. Values derived from Michaelis-Menten curve fitting over NO reduction rates in liquid 
calculated by measured NO in headspace (n=3). T.tests with Welch correction for unequal standard deviation 
were performed on Km and vmax values of single vial data. Letters in the table indicate a significant difference 
(alpha = 0.05) of the group. 

 νmax[mol s-1vial-1] νmax[mol s-1gDW
-1] Km[nM] R2 

Fusarium lichenicola (CBS 483.96) 1.7*10-9  a 2.2*10-7 1878 a 0.855 

Solicoccozyma aeria 4.5*10-11 b 2.7*10-9 116 b 0.763 

Sterile medium control 4.5*10-12 c - 7.9 c 0.535 

	

 

Nitrite and nitric oxide reductases 

Sanger sequencing of nirK and P450nor amplicons was used to detect presence of key 

enzymes of the investigated nitrogen reduction processes encoded in the genomes fungal 

cultures. Tested strains where targeted genes were found are indicated in Table 2. The two sets 

of nirK specific primers used resulted in distinct bands for most cultures (Figure S 8). Presence 

of a nitrite and nitric oxide reductase could only be confirmed for the two positives control 

strains (14_Fusarium oxysporum f.sp lupini (CBS 100.97); 15_Fusarium lichenicola (CBS 

483.96)). Furthermore, nirK could be amplified from culture 2, 23 and 26 and P450nor from 

culture 18 and 30. Surprisingly, we could not find any of the two sequences by this approach 

in the two Fusarium solani cultures (41 and 43) which showed high nitrite reduction and 

N2O-N production.  
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Discussion 

Fungal denitrification came into focus over the last two decades as a potent and important 

source for N2O production in soil environments. Screenings on fungal cultures for N2O 

production led to an agreement that denitrifying fungi prefer nitrite over nitrate in their 

dissimilatory nitrogen reduction system, since higher N2O concentrations (up to one order of 

magnitude) were produced in nitrite media (Jirout et al., 2012; Wei et al., 2014; Maeda et al., 

2015). Consequently, the majority of N2O producing fungi were identified in studies using 

culture media amended with nitrite (Mothapo et al., 2015). In the attempt to compare our 

results to previous studies, we decided to use a chemically defined culture medium (Czapeck-

Dox) amended with high concentrations of nitrite (10 mM) to test nitrate assimilating strains 

on the ability to denitrify and produce N2O. The greenhouse gas was detected in all tested 

cultures and two main groups could be distinguished by the amount of N2O produced: 

Fusarium related strains, where one to two orders of magnitude more N2O was measured than 

in non-Fusarium strains (Table 2). 

To identify fungi that are capable of producing N2O by the sequential reduction of nitrite and 

NO, N2O concentrations measured at the end of incubation experiments were compared to 

values reached in controls and tested for significance. In our study, we monitored NO and 

N2O throughout the entire cultivation of fungal strains while the cultures underwent a 

transition from oxic to anoxic conditions. Anoxic sterile media controls showed an 

unexpected NO production (Figure 15). NO was also produced at the same rates when the 

oxygen was consumed by fungal cultures and biological activity was inhibited by the addition 

of cycloheximide once anoxia was reached (Figure 16). This supported our hypothesis that all 

tested cultures were disturbed and affected under anoxia by an abiotic NO production from 

the medium, a condition which might have been overlooked in culture studies using nitrite 

media. As a precursor molecule, abiotically produced NO could be potentially reduced to 
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non-toxic N2O by fungi, thus leading to false positives in N2O endpoint comparisons, 

especially if low N2O concentrations are measured, as was the case for non-Fusarium stains 

in our study. 

Fifteen studies were published so far investigating N2O production from fungal isolates and 

results from 14 studies were recently reviewed (Maeda et al., 2015; Mothapo et al., 2015). 

Twelve of these 15 studies used nitrite media and over 120 different fungal species were 

identified as N2O producing. In order to compare production rates from the studies, Mothapo 

et al. converted results to a comparable unit (nmol N2O-N mL-1 medium day-1), due to 

differences in protocols and data representation. The range of production rates reported in the 

review is < 0.1 - 2476 nmol N2O mL-1 medium day-1, which is comparable to our data (0.1 - 

1.9 and 65 -330 nmol N2O mL-1 medium day-1 for non-Fusarium and Fusarium strains 

respectively). About 25 % of reported species show similar values as we found for non-

Fusarium strains, although exact comparison is difficult due to major differences or no data 

on fungal biomass in culture vials. Nevertheless, as all studies, including ours, found 

comparable values of N2O production, our findings on an abiotic NO production from nitrite 

media raises questions on whether low- N2O producers among fungi truly reduce nitrite over 

NO to N2O.  

This is supported by a comparison of nitrite usage and N2O-N production in our study, which 

showed that except Fusarium strains producing high amounts of N2O and used nitrite 

efficiently, all stains decreased nitrite at levels also found in the sterile medium control (Figure 

17). Thus low level N2O producers might not use nitrite at all and response to the presence of 

NO by detoxifying it to N2O. Altogether, it will be inevitable in future culturing studies to 

thoroughly test the nitrite media used for abiotic NO production as well as measuring NO in 

the headspace during incubation to exclude possible error sources. 
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Abiotic NO release from the medium under anoxic conditions is probably caused by the 

versatile chemical nature of nitrite (Nelson and Bremner, 1969; 1970b; Van Cleemput and 

Samater, 1995). Knowledge about the behaviour of nitrite in solutions and its chemical 

reaction to NO and N2O is scarce. Chemodenitrification, a source of abiotic NO and N2O 

production appearing at low pH, could be excluded in our study since pH 7 was maintained 

throughout the entire experiment by a buffered culture medium (Pilegaard, 2013). However, 

this process can also be induced in the presence of Fe2+, which is a component of Czapeck-

Dox broth we used (Nelson and Bremner, 1969; Kampschreur et al., 2011). Under these 

conditions, the thermodynamically unfavourable red-ox reaction of nitrite reduction to NO 

and coupled iron oxidation is catalyzed under anoxia by a biological reduction of the built-up 

Fe3+. Ferric iron reduction by fungi has been related to nitrate reducing strains, the same 

group of fungi we chose for our study (Ottow and Klopotek, 1969). However, NO production 

as we observed in the sterile media under anoxia cannot be explained by an iron-coupled 

reaction which would require the presence of a biologically active organism.  

Physiological effects of NO on fungi are ambiguous. Low concentrations of NO promote cell 

survival and proliferation in higher organisms (Thomas et al., 2008). At higher concentrations 

(> 1 µM) NO can react with oxygen species, thiol-containing proteins and metaloproteins 

causing nitrosative stress to organisms (Tillmann et al., 2011). Nitrosative stress on fungi was 

investigated in the context of host-pathogen interactions, where yeasts showed a response to 

NO concentrations (1 – 2 µM) similar to peak levels reached in our study (0.3 – 2 µM in the 

headspace corresponding to 0.2 – 1.3 µM in the liquid for non-Fusarium strains) (Liu et al., 

2000; Ullmann et al., 2004). All fungi in our study were able to deal with the nitrosative stress  

under anoxia derived from abiotic NO release from the medium (12 nmol h-1 vial-1). An 

efficient NO reduction under anoxia in Fusarium strains was expected since NO reductase 

P450nor has been well described in this group (Shoun et al., 2012). Here, we observed the 

lowest NO concentrations in the headspace of culture vials throughout incubation, which 
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confirms the presence of an active NO reductase (Figure 16; Figure S 5). All other tested strains 

allowed accumulation of NO at higher concentrations before they decreased again. This 

accumulation and decrease of NO was observed several times for non-Fusarium strains, 

resulting in wave-shaped NO curves. NO curves appeared to be almost identical among five 

of the tested strains (02_Aspergillus creber, 27_Penicillium canescens, 28_Talaromyces 

rugulosus realted, 32_Talaromyces purpurogenus related, 23_Talaromyces purpureogenus). 

In a comparison of the phylogenetic relationships between all tested strains, these 5 

candidates were found to be closely related representing the Eurotiales order (Figure S 4). A 

similar pattern in NO concentrations over approximately 210 hours of anoxic culturing among 

phylogenetically closely related strains could point to a common defense system against NO 

stress.  

Sequenced amplicons of P450nor and nirK amplicons could not be linked to N2O production 

or nitrite reduction in this study. Although nirK was present in 02_Aspergillus creber we 

could not see a efficient reduction of nitrite of this strain compared to decrease of nitrite in 

sterile medium controls. Also for 18_Paraphoma chrysanthemicola and 30_Pyrenochaeta 

cava where P450nor sequences could be identified no N2O production originated from the 

fungus can be confirmed. These results together with the partly unspecific amplification of the 

current primers (Figure S 8) suggest that we need to improve primers detecting fungal nitrogen 

reducing gene sequences. The successful amplification and identification of both genes in the 

two positive controls, but not in the two also N2O producing Fusarium strains indicate that 

primers might be too specific to the sequences now available. Sequences of nirK and P450nor 

genes of efficient N2O producing fungi need to be identified in order to improve primer 

sequences for their detection. However, the lack of P450nor involved in fungal denitrification 

suggests that the observed NO reduction by the non-Fusarium strains might not be based on 

P450nor activity alone, but also distinct enzymatic pathways partly producing N2O.  
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Globin-like proteins, widespread in living organisms, possess a heme centre as prosthetic 

group that can bind various gases such as CO, NO and O2, thus playing an important role in 

NO formation and decay (Tejero and Gladwin, 2014). We lack information about their 

functional role under anoxia for many of these proteins (Barker et al., 2012; Hillmann et al., 

2014). NO detoxification by flavohemoglobin has been intensively studied in oxic conditions, 

where it acts as a nitric oxide dioxygenase in bacteria (P. R. Gardner et al., 1998; P. R. 

Gardner, 2005). Nevertheless, in anoxia flavohemoglobin can mediate the reduction of NO to 

N2O in E.coli, even though reduction rates were found to be approximately 1% compared to 

oxic reduction (S. O. Kim et al., 1999; Forrester and Foster, 2012). This anoxic feature of 

flavohemoglobin was found to be essential in Bacillus subtilis for long-term survival under 

anoxic conditions (Nakano, 2006). Flavohemoglobin was also found to detoxify NO in 

phylogenetically distinct fungi (Liu et al., 2000; de Jesús-Berríos et al., 2003; Ullmann et al., 

2004; Shengmin Zhou et al., 2009; Biesebeke et al., 2010). Flavohemoglobin coding 

sequences were found in fully sequenced genomes available for Aspergillus creber, Nectria 

heamatococca and Penicillium canescens as well as Fusarium oxysporum.  

Besides flavohemoglobin, flavorubredoxin reduces NO to N2O under anoxia in bacteria at 

similar rates as determined from purified enzyme essays as heme b3-FeB nor from Paracoccus 

denitrificans (A. M. Gardner et al., 2002; Gomes et al., 2002). However, it has as yet not been 

described in fungi and BLAST searches we carried out found rubredoxin motifs conserved in 

bacteria. It should be mentioned that P450nor was upregulated in response to NO-stress in 

Histoplasma capsulatum, a human pathogen (Nittler et al., 2005; Chao et al., 2008) showing 

that this enzyme is also used to detoxify NO by fungi instead of being involved in an energy 

generating denitrification process. 

 All non-Fusarium strains in this study could scavenge abiotically produced NO from the 

medium over approximately 210 h of anoxic incubation. If we assume no NO production by 
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an active nitrite reductase, NO to N2O conversion efficiency was 12 - 90% for non-Fusarium 

strains. Efficiency in N2O production from NO by Solicoccozyma aeria calculated this way 

was 35±5% (Table 2), ratios we also observed for Solicoccozyma aeria after NO injection (20-

35%) (Figure 19b). The genome of this strain has yet to be sequenced to confirm the presence 

of candidate genes that mediate N2O production. A distinct behavior in NO reduction in the 

screening experiment (Figure S 5) as well as N2O production at significantly lower rates after 

NO injection compared to Fusarium lichenicola (CBS 483.96) but higher than sterile controls 

(Table 3; Figure S 7) suggest a NO reduction distinct from the P450nor system. However, this 

still needs to be confirmed by molecular methods and further tests.  

In conclusion, our data showed an unexpected, abiotic NO production from Czapeck-Dox 

broth in anoxia amended with nitrite at high concentrations as is often used in fungal 

screening studies. Abiotic NO production in anoxia was also induced when O2 was consumed 

by fungi, which was confirmed by injection of cycloheximide in cultures. Injecting NO in 

Solicoccozyma aeria culture resulted in a partial conversion to N2O. Efficient reduction of 

nitrite and production of N2O could be confirmed for all four Fusarium strains tested, while 

low concentrations of N2O measured in non-Fusarium vials is most likely derived from an 

anoxic NO defense mechanism against abiotic NO produced from the medium. Similarity and 

comparability of experimental design and of ranges of detected N2O levels with previous 

studies suggest that we might have overestimated the number of nitrite reducing, N2O 

producing fungi by including low level N2O producers identified in nitrite medium.  
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Chapter 3: Bacterial and fungal response to organic 
matter addition of distinct carbon chemistries 
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Abstract 

Nitrous-oxide (N2O) gas concentrations are currently increasing in the atmosphere and are an 

environmental concern because of their contribution to global warming through the 

degradation of the ozone layer. Soil microbes, such as bacteria and fungi, were found to 

potentially produce this greenhouse gas, leading to elevated emissions. The contribution of 

fungi to N2O emissions from soils remains unclear, but inhibition experiments suggested their 

importance. We hypothesized that fungi play an indirect role in N2O production processes by 

providing nutrients through organic matter decomposition for nitrogen cycling bacterial 

communities. We incubated soil in microcosms with different organic matter additions (paper 

pulp, compost and sewage sludge) for 30 days, analyzed bacterial and fungal community 

development by sampling a time series of metagenomes and metatranscriptomes and 

quantified ammonium and nitrate concentrations as well as N2O, CO2 and CH4 in the 

headspace of the microcosm bottles. We observed distinct responses of bacterial and fungal 

communities to different treatments and could link carbon degrading and nitrogen cycling 

activity to fungal and bacterial community members. N2O production after organic matter 

addition was inhibited by the suppression of fungal activity. Altogether, our data suggests and 

indirect involvement of fungi via the carbon cycle to N2O emissions rather than a direct 

contribution to N-cycling related processes.  
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Introduction 

In chapter 2 we suggested that the number of N2O producing fungi might have been 

overestimated. Furthermore, the N2O production rates we found were comparable to previous 

studies (Mothapo et al., 2015), which were orders of magnitude lower than those reported for 

bacteria (I. C. Anderson and Levine, 1986; Zumft, 1997) and so far, no study could show a 

correlation between N2O production potential and fungal denitrification activity through 

molecular approaches (H. Chen et al., 2015; Higgins et al., 2016). However, several studies 

have shown that inhibiting fungal communities caused a decrease in N2O emitted from soil 

(Crenshaw et al., 2007; Laughlin et al., 2009; Marusenko et al., 2013; Wei et al., 2014; H. 

Chen, Mothapo, and Shi, 2014a; 2014b), which fuels the discussion on the participation of 

fungi in these processes.  

Fungi and bacteria respond differently to various environmental factors including pH 

(Pennanen et al., 1998; Bååth and T. H. Anderson, 2003), substrate composition (Bittman et 

al., 2005; Boer et al., 2005; Georgieva et al., 2005; Engelking et al., 2007; Rousk and Bååth, 

2007; Barreiro et al., 2016), salinity (Sardinha et al., 2003; Rasul et al., 2006), temperature 

(Lipson et al., 2002; Schadt et al., 2003; Pietikäinen et al., 2005), heavy metals and pollutants 

(Ley and Schmidt, 2002; Rajapaksha et al., 2004; Fernández-Calviño and Bååth, 2016). Also, 

fungi and bacteria were shown to degrade organic matter differently (Strickland and Rousk, 

2010). Generally, as recalcitrance of organic matter increases, fungal dominance in 

decomposition processes is expected to increase. Carbon input to natural soil ecosystems is 

mainly comprised of dead plant material, thus difficult to break down polysaccharides such as 

cellulose, hemi-cellulose, lignin and pectin (Northcote, 1972; Keegstra, 2010). In addition, the 

application of organic material on agricultural soil to recycle nutrients previously removed 

from the system by crop production constitutes a widely used practice (Tilman, 1999; 
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Diacono and Montemurro, 2010). Consequently, the chemistry of the organic matter applied 

might influence the selection for distinct microbial communities.  

There is growing evidence on the co-occurrence and co-dependence of specific fungi and 

bacteria in soil (Boer et al., 2005; Kohlmeier et al., 2005; Artursson et al., 2006; Nazir et al., 

2010; Frey-Klett et al., 2011). For example, fungi were shown to excrete low molecular 

carbon molecules that can be used by bacteria that then proliferate in the immediate vicinity 

of fungal hyphae (Warmink and van Elsas, 2008; Warmink et al., 2009). These findings 

suggest that in order to understand microbial processes in soil knowledge  of complex food 

webs and interactions between various communities rather than simple dose-response models 

is required. 

Based on the concept of interspecies co-dependence combined with distinct strategies to 

access nutrients from organic matter by bacteria and fungi, we hypothesized that bacterial 

nitrogen cycling communities are dependent on nutrients provided by an organic matter 

degrading fungal community. This could explain the discrepancy between the observed N2O 

emission reduction through fungal inhibition in soil microcosm experiments and the lack of 

high N2O production rates found in fungal pure cultures.  

To test the relationships between fungal and bacterial communities, three types of organic 

matter (OM) with distinct C:N ratios and carbon chemistries (paper pulp, green compost and 

sewage sludge) were used as soil amendments to the same agricultural soil in a microcosm 

set-up. We sampled 8 times during an incubation period of 30 days to investigate 

development and response of communities to OM addition. Metatranscriptomic data derived 

from total RNA and poly-A-tail isolated mRNA provided insights on activity of organisms at 

distinct time points and resulted in taxonomic and functional information. By comparing 

metagenomic data derived from genomic DNA, we were able to see changes due to OM 

addition at the DNA level. Additionally, gas samples were taken from the headspace of 
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microcosms and analyzed for N2O, CO2 and CH4 concentrations. Ammonium, nitrate and 

nitrite concentrations were also quantified in the soil. Controls included 1) no addition of 

organic material and 2) added fungicides to the various treatments to inhibit fungal activity.   
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Material and Methods 

Soil microcosm set-up 

Soil microcosm bottles (330 mL) were filled with 80 g of dry soil (sandy loam from 

Wageningen – Netherlands for details see (Ho et al., 2015)). 8 mL of deionized water per 

microcosm was added to bring water content back to levels at the time of sampling (~10 % 

w/w). In order to inhibit fungal communities, cycloheximide, nystatin and captan were mixed 

with dry soil at 2, 2 and 4 mg g-1
dry soil, respectively, before being distributed to the respective 

microcosms. Microcosms were then closed with butyl-rubber stoppers and incubated at 20 °C 

for 20 days to ensure comparable conditions before the addition of organic matter and start of 

the actual experiment. During this time, microcosms were aerated every two days by opening 

butyl-rubber stoppers for 2 minutes.  

Paper pulp (PP), compost (C) and sewage sludge (SS) were chosen as organic material (OM) 

for addition. Paper pulp, a residue from paper producing industries, and compost were 

provided by Paul Bodelier’s group at the Netherlands Institute of Ecology and described in 

(Ho et al., 2015). Sewage sludge was collected from an anaerobic digester after sludge 

thickening from a wastewater treatment plant in Lyon (La Feyssine, Villeurbanne, France). 

Chemical properties of the used materials are summarized in Table S 4. Paper pulp and 

compost were ground and sieved at 2 mm to ensure equal distribution of different 

amendments when mixed with soil. Sewage sludge was added directly. For microcosms with 

added fungicides, OMs were sprayed with captan dissolved in deionized water and air-dried 

again to ensure inhibition of fungal communities on the additives. 

At the start of the incubation experiment, organic residues were mixed with soil at a ratio 

corresponding to 20 tons ha-1 typically used in agriculture amendments (Diacono and 

Montemurro, 2010). Control microcosms where no OM was added were also mixed to ensure 

similar conditions in all treatments. Microcosm bottles were closed gas-tight with butyl-
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rubber stoppers and incubated at 20 °C for subsequent sampling. Aerobic conditions were 

ensured throughout the experiment by aerating the microcosms every 2 days.  

Soil sampling and nucleic acid extractions 

Destructive sampling was carried out to avoid bias by mechanical disturbance of the soil 

ecosystem through repeated sampling of the same microcosm. Microcosms with no fungicides 

added were sampled after 20 days of equilibration and before addition of organic residues and 

0.25, 1, 2, 6, 12, 20, 30 and 55 days after addition. Samples from treatments with added 

fungicides were taken before addition, then 6 and 30 days after addition of substrates. Soil in 

microcosms was mixed thoroughly immediately before sampling and 2 g of soil were 

transferred to a clean 2 mL reaction tube, snap-frozen in liquid nitrogen and stored at -80 °C 

to preserve RNA molecules until nucleic acid extraction. Two times 1 g of soil were 

transferred to 15 mL reaction tubes for extraction of ammonium, nitrite and nitrate, and 

remaining soil was stored in plastic bags at -20 °C for further chemical analysis.  

RNA and DNA were extracted from the same frozen soil using the RNA PowerSoil® Total 

RNA Isolation Kit together with the RNA PowerSoil® DNA Elution Accessory Kit (MO BIO 

Laboratories, Inc; Carlsbad, CA). Concentrations of DNA and RNA were quantified directly 

after extraction with a Qubit® Fluorometer using Qubit® dsDNA BR Assay Kit and Qubit® 

RNA HS Assay Kit respectively (InvitrogenTM, Life Technologies). DNA samples were 

subsequently stored at -20 °C for further analysis. Following quantification, RNA samples 

were treated with DNase Max® Kit according to the manufacturer’s protocol to digest co-

extracted DNA (MO BIO Laboratories, Inc; Carlsbad, CA). Instead of using the resin from 

the DNase Max® Kit to remove the enzyme and tRNAs, DNase digestion reactions were 

cleaned up using the RNeasy MinElute Cleanup Kit and eluted in 60 µL of RNase free H2O 

(QIAGEN, Redwood City, CA). Absence of DNA in RNA samples was tested by PCR 

targeting bacterial 16S rRNA genes (primers used: 341F/534R (Ferris et al., 1996; Watanabe 
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et al., 2001)). Samples showing a band on agarose gel were treated again for DNA removal 

and purified as described above until no amplification from RNA samples was achieved by 

PCR. RNase inhibitor Murein (60 units) was added to the extracted and purified RNA 

samples and stored at -80 °C for subsequent analysis (New England BioLabs®
Inc.). 

Chemical analysis of soil samples 

All extractions for chemical analysis were carried out directly after sampling of the 

microcosms. Nitrite measurements were performed immediately after extraction, 

quantification of ammonium and nitrate was done at the end of the experiment with soil 

samples stored at -20 °C. Approximately 4 g of wet soil per sample was transferred to a 

weighing tray and dried at 60 °C in a soil drying oven to determine water content of soil at 

sampling time point.  Two times 1 g of wet soil was transferred to 15 mL reaction tubes and 6 

and 5 mL 1M KCl solution and deionized water were then added, respectively. After initial 

shaking by hand of the soil suspension, reaction tubes were put on a rotating wheel for 20 min 

to extract ammonium, nitrate and nitrite from the soil samples. Soil suspensions were 

centrifuged (2000 rpm, 10 min) and 2 mL of supernatant was transferred to 2 mL reaction 

tubes. Standard solutions were prepared in 1M KCl and deionized water from NaNO3, NaNO2 

and NH4Cl salts and further diluted to generate standard curves for quantification (Sigma-

Aldrich®). Colorimetric quantification of extracted nitrogen ions was performed as previously 

described (Hood-Nowotny et al., 2010). 

Sequencing library preparation 

Sequencing libraries of isolated genomic DNA and RNA were prepared following the 

protocols for NEBNext® Ultra™ II DNA Library Prep Kit for Illumina® and NEBNext® 

Ultra™ Directional RNA Library Prep Kit for Illumina®, respectively (New England 

BioLabs®
Inc.). For isolation of eukaryotic mRNAs, a poly-A-tail capture approach using 

magnetic beads was used prior to cDNA library preparation (NEBNext® Poly(A) mRNA 
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Magnetic Isolation Module; New England BioLabs®
Inc.). Size selection steps during the 

library preparation were performed using Agencourt® AMPure® XP beads with conditions 

retaining insert sizes between 400 and 500 bp, as suggested in the user manual. For indexing, 

NEBNext® Multiplex Oligos for Illumina® (Dual Index Primers Set 1) were used. After 6 

cycles of PCR with the indexed primers, sequencing libraries of individual samples were run 

on an Agilent 2100 Bioanalyzer system to determine size distribution curves of samples. 

Samples were pooled at equimolar concentration based on the area of bioanalyzer curves 

between 400 and 500 bp region and subsequently run on a 1.5% agarose gel. DNA between 

400 and 500 bp was excised from the gel and purified for a more stringent size selection 

(illustra GFX PCR DNA and Gel Band Purification Kit; GE Healthcare Life Sciences). 

Indexed and size selected library pool was loaded on a Illumina® flowcell for 618 cycles of 

paired-end sequencing on a MiSeq platform using MiSeq reagent kit v3 (Illumina® Inc.).  

Sequence analysis 

Adapter sequences of paired-end sequence reads were trimmed using the MiSeq built in 

program for demultiplexing and fastq-file generation. Forward and reverse reads were 

overlapped using pandaseq (Masella et al., 2012) with a minimum overlap of 10 bp and 

otherwise default settings and both assembled and unassembled reads were combined in one 

file. Quality filtering was carried out by running prinseq perl scripts (PRINSEQ-lite version 

0.20.4) (Schmieder and Edwards, 2011) to remove sequences with mean quality scores below 

20, more than 5 ambiguous bases and all but one exact duplicate per sample. Ribosomal RNA 

derived sequences were taxonomically assigned by MEGAN analysis of blastn files against a 

database of SSU and LSU sequences downloaded from SILVA (parameters: minimum bit 

score, 150; minimum support, 1; top percent, 10) (Quast et al., 2013; Huson et al., 2016). 

Sequences with bit scores < 100 were treated as putative mRNAs in further analysis. Putative 

mRNAs were functionally assigned by MEGAN analysis (parameters: minimum bit score, 50; 

minimum support, 1; best blast hit only) of diamond files against a custom database 
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containing protein sequences coding for carbohydrate transforming and nitrogen cycling 

involved enzymes (Buchfink et al., 2014). Protein sequences of the carbohydrate active 

enzyme database (CAZy) and sequences classified in the GO term “GO:0071941 nitrogen 

cycling metabolic processes” were downloaded from the NCBI protein database and 

dereplicated by running prinseq perl scripts to get a non-redundant database (Binns et al., 

2009; Lombard et al., 2013). Analysis of carbohydrate degrading and nitrogen cycling 

functional signatures was carried out with STAMP profiles exported from the 

INTERPRO2GO classification system available in MEGAN.  
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Results 

Soil pH and nitrogen chemistry in microcosms 

Changes in pH after addition of organic materials were measured over the incubation period 

(Table 4). In all three treatments where OM was added, an increase in pH was measured, in 

contrast to the control, where pH was stable over the whole incubation period. Increase in pH 

was found to be highest in the sewage sludge microcosms, followed by compost and paper 

pulp amended soil. In microcosms where fungicides were added to the control and paper pulp 

treatment, pH also stayed constant over 30 days of incubation. In soil amended with compost, 

we found a slightly higher pH than in the no-fungicide incubations after 30 days. Sewage 

sludge amended soil with added fungicide also showed an increase in pH, but this was found 

to be lower than in the no-fungicide microcosms. 

Extractable inorganic nitrogen forms were also quantified for sampled time points during 

incubation (Table 4). No ammonium could be measured before the addition of any OM when 

no fungicide was added. In soil with inhibitors, ammonium could be detected after the 20 

days of the equilibrium phase and before addition of OM. Of all treatments, ammonium 

concentrations were found to be lowest in the paper pulp microcosms and were within the 

range of control values when detectable. Higher ammonia levels were observed following the 

addition of compost, in which the highest values were measured right after the addition of 

compost followed by a decline until 12 and 20 days after incubation, when ammonium 

concentrations increased again. Overall, the highest concentrations of ammonium in soil 

extracts were measured after the addition of sewage sludge to microcosms. Values changed 

between 50 and 578 µg N g-1
dry soil over the incubation period, with peaks at 2, 12 and 55 days 

after start of the experiment. Microcosms with added fungicide were found to be generally 

higher in extractable ammonium than the no-fungicide treatment with the exception of the  
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Table 4: Summarized data of soil microcosms over the incubation period. Values show the mean and standard 
deviation (n=3). 

 
Time after 

addition pH KCl pH H2O Ammonium 
[µg N g-1

dry soil] 
Nitrate 

[µg N g-1
dry soil] 

Nitrite 
[µg N g-1

dry soil] 
RNA 

[µg  g-1
dry soil] 

DNA 
[µg  g-1

dry soil] [days] 
         
         

PP 

BA 5.6 ± 0.03 6.3 ± 0.03 nd 26.9 ± 3.92 0.2 ± 0.04 1.0 ± 0.36 5.1 ± 1.00 
0.25 5.7 ± 0.01 6.5 ± 0.08 0.1 ± 0.79 26.7 ± 0.74 0.2 ± 0.03 1.1 ± 0.08 4.4 ± 0.28 

1 5.7 ± 0.02 6.4 ± 0.02 1.1 ± 0.51 31.1 ± 3.7 0.1 ± 0.01 1.2 ± 0.21 4.6 ± 1.14 
2 5.7 ± 0.02 6.5 ± 0.15 nd 26.8 ± 2.58 nd 0.8 ± 0.32 2.8 ± 1.01 
6 5.8 ± 0.01 6.7 ± 0.12 0.7 ± 0.48 nd 0.1 ± 0.01 1.3 ± 0.15 5.5 ± 0.40 

12 5.8 ± 0.03 6.6 ± 0.02 nd nd 0.1 ± 0.01 0.7 ± 0.70 5.9 ± 0.42 
20 5.8 ± 0.03 6.8 ± 0.13 0.6 ± 0.41 nd 0.1 ± 0.01 0.8 ± 0.40 6.1 ± 0.63 
30 5.8 ± 0.02 6.7 ± 0.08 0.7 ± 1.25 nd 0.0 ± 0.02 0.4 ± 0.24 4.6 ± 1.06 
55 5.7 ± 0.02 6.5 ± 0.07 1.1 ± 1.44 nd 0.2 ± 0.02 0.8 ± 0.05 4.0 ± 1.76 

         

C 

BA 5.6 ± 0.03 6.3 ± 0.03 nd 26.9 ± 3.92 0.2 ± 0.04 1.0 ± 0.36 5.1 ± 1.00 
0.25 5.8 ± 0.02 6.5 ± 0.02 8.1 ± 0.55 30.2 ± 4.77 0.2 ± 0.06 2.5 ± 1.55 4.6 ± 1.19 

1 5.8 ± 0.01 6.4 ± 0.02 6.3 ± 3.11 30.4 ± 3.50 0.1 ± 0.01 1.6 ± 0.28 5.2 ± 0.54 
2 5.8 ± 0.02 6.3 ± 0.03 4.1 ± 1.45 33.7 ± 1.50 0.1 ± 0.02 1.6 ± 0.40 4.8 ± 2.62 
6 5.8 ± 0.02 6.3 ± 0.02 1.7 ± 2.07 41.3 ± 3.24 0.3 ± 0.37 1.5 ± 0.26 5.4 ± 0.04 

12 5.8 ± 0.03 6.4 ± 0.06 3.1 ± 0.65 39.8 ± 2.47 0.1 ± 0.04 1.1 ± 0.85 6.3 ± 1.18 
20 5.9 ± 0.02 6.5 ± 0.05 4.8 ± 2.42 34.9 ± 3.64 0.1 ± 0.02 1.0 ± 0.04 4.4 ± 0.36 
30 5.9 ± 0.02 6.4 ± 0.03 1.9 ± 1.40 38.5 ± 7.05 0.0 ± 0.01 0.9 ± 0.22 3.5 ± 0.97 
55 5.8 ± 0.03 6.4 ± 0.04 1.7 ± 1.20 43.2 ± 4.03 0.2 ± 0.01 1.5 ± 0.25 6.3 ± 1.28 

         

SS 

BA 5.6 ± 0.03 6.3 ± 0.03 nd 26.9 ± 3.92 0.2 ± 0.04 1.0 ± 0.36 5.1 ± 1.00 
0.25 6.4 ± 0.04 7.2 ± 0.05 50.8 ± 6.45 26.3 ± 1.10 0.5 ± 0.09 2.2 ± 0.15 4.2 ± 0.01 

1 6.6 ± 0.03 7.5 ± 0.08 68.4 ± 9.23 25.3 ± 2.50 0.5 ± 0.06 3.4 ± 0.64 5.3 ± 0.30 
2 6.7 ± 0.24 7.7 ± 0.02 345.5 ± 31.74 2.2 ± 0.36 0.2 ± 0.01 3.8 ± 0.14 5.9 ± 0.81 
6 7.1 ± 0.03 7.8 ± 0.14 72.9 ± 6.56 nd 0.3 ± 0.03 4.5 ± 0.30 6.7 ± 0.32 

12 7.3 ± 0.05 8.2 ± 0.03 573.7 ± 18.6 nd 0.3 ± 0.06 >5.2* 9.9 ± 1.24 
20 7.6 ± 0.01 8.5 ± 0.09 79.0 ± 1.23 nd 0.3 ± 0.03 1.7 ± 1.38 15.3 ± 1.07 
30 7.5 ± 0.01 8.5 ± 0.01 67.5 ± 1.23 13.7 ± 4.27 2.7 ± 0.34 >5.2* 16.7 ± 3.99 
55 6.5 ± 0.17 7.2 ± 0.23 506.3 ± 62.81 68.8 ± 25.82 13.2 ± 4.1 4.6 ± 0.29 17.3 ± 2.00 

         

CON 

BA 5.6 ± 0.03 6.3 ± 0.03 nd 26.9 ± 3.92 0.2 ± 0.04 1.0 ± 0.36 5.1 ± 1.00 
0.25 5.6 ± 0.02 6.3 ± 0.08 1.3 ± 1.27 35.1 ± 3.74 0.2 ± 0.02 0.8 ± 0.02 3.5 ± 0.26 

1 5.6 ± 0.00 6.3 ± 0.06 0.7 ± 0.39 24.3 ± 1.46 0.1 ± 0.00 1.2 ± 0.15 5.4 ± 0.78 
2 5.6 ± 0.01 6.2 ± 0.03 0.4 ± 1.15 29.1 ± 1.77 0.1 ± 0.03 1.3 ± 0.56 5.7 ± 0.94 
6 5.6 ± 0.00 6.2 ± 0.05 0.6 ± 0.09 31.0 ± 1.89 0.1 ± 0.00 1.0 ± 0.11 4.7 ± 0.10 

12 5.6 ± 0.00 6.3 ± 0.02 0.7 ± 0.24 32.8 ± 1.92 0.1 ± 0.04 0.9 ± 0.34 5.2 ± 0.27 
20 5.6 ± 0.01 6.3 ± 0.03 2.5 ± 0.78 37.7 ± 3.33 0.0 ± 0.01 0.5 ± 0.03 3.3 ± 0.77 
30 5.6 ± 0.02 6.3 ± 0.05 1.7 ± 0.71 40.6 ± 4.65 0.0 ± 0.01 0.6 ± 0.25 3.2 ± 0.49 
55 5.6 ± 0.01 6.2 ± 0.02 nd 45.1 ± 3.98 0.2 ± 0.01 0.9 ± 0.13 4.1 ± 0.85 

         
 Fungicide Treatment 

PP 
BA 5.8 ± 0.01 6.5 ± 0.02 10.1 ± 1.01 3.4 ± 0.28 0.1 ± 0.02 0.9 ± 0.11 2.7 ± 0.55 
6 5.8 ± 0.02 6.7 ± 0.09 13.6 ± 0.60 3.9 ± 0.68 0.1 ± 0.03 0.5 ± 0.30 1.3 ± 1.15 

30 5.8 ± 0.01 6.6 ± 0.08 17.3 ± 3.68 4.0 ± 0.92 0.2 ± 0.33 0.4 ± 0.05 2.8 ± 0.03 
        

C 
BA 5.8 ± 0.01 6.5 ± 0.02 10.1 ± 1.01 3.4 ± 0.28 0.1 ± 0.02 0.9 ± 0.11 2.7 ± 0.55 
6 6.0 ± 0.01 6.8 ± 0.05 16.3 ± 5.84 2.9 ± 0.30 0.1 ± 0.08 1.0 ± 0.08 2.4 ± 0.83 

30 6.0 ± 0.01 6.6 ± 0.03 27.1 ± 3.98 2.9 ± 1.47 0.0 ± 0.03 1.0 ± 0.19 4.1 ± 0.17 
         

SS 
BA 5.8 ± 0.01 6.5 ± 0.02 10.1 ± 1.01 3.4 ± 0.28 0.1 ± 0.02 0.9 ± 0.11 2.7 ± 0.55 
6 6.7 ± 0.06 7.5 ± 0.03 47.8 ± 4.57 0.4 ± 0.70 0.3 ± 0.03 3.9 ± 0.28 6.0 ± 0.57 

30 6.8 ± 0.06 7.6 ± 0.07 44.5 ± 1.85 nd 0.1 ± 0.02 3.0 ± 0.15 3.3 ± 0.40 
         

CON 
BA 5.8 ± 0.01 6.5 ± 0.02 10.1 ± 1.01 3.4 ± 0.28 0.1 ± 0.02 0.9 ± 0.11 2.7 ± 0.55 
6 5.8 ± 0.01 6.5 ± 0.02 11.5 ± 1.93 3.0 ± 0.78 nd 0.4 ± 0.15 1.9 ± 0.39 

30 5.8 ± 0.01 6.4 ± 0.03 15.2 ± 2.62 2.7 ± 0.62 0.0 ± 0.02 0.5 ± 0.05 2.4 ± 0.33 
pHKCl / pHH2O: pH measured in 1M KCl extract (1:5) and H2O extract (1:6) of 1 g amendment respectively 
Organic matter added to microcosms: SS: sewage sludge; PP: paper pulp; C: compost; CON: no addition 
BA: before addition; nd: not detectable; *obtained values over detection limit of method 
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sewage sludge amended soil. Ammonium in paper pulp, compost and control soils with added 

fungicide increased over 30 days, in contrast to no-fungicide incubations, where ammonium 

was found to decrease. Ammonium concentrations as high as those detected in the sewage 

sludge amended soil were not found in the fungicide treatment. 

Nitrate could be measured in soil extracts before addition of OM. Compost amended 

microcosms showed similar values as the control, with a slight increase in nitrate towards the 

end of the incubation. Nitrate in the paper pulp treatment was found to be stable during the 

first 2 days of the experiment, but could not be detected in any of the later time points. 

Sewage sludge amended microcosms showed a similar behavior in nitrate concentrations at 

the beginning of the incubation, although nitrate concentrations decreased after one day. After 

no nitrate was detected in samples of day 6, 12 and 20, we measured it again at 30 and 55 

days. In contrast to ammonium, nitrate was found to be lower in soil where fungicides were 

added before the addition of OM. In the presence of fungal inhibitors, nitrate levels stayed 

constant over 30 days for paper pulp, compost and control microcosms, but decreased in the 

sewage sludge amended soil.  

Nitrite could be measured at low concentrations in all OM and control microcosms with the 

exception of day 30 and 55 of the sewage sludge treatment, where an increase in nitrite was 

observed. Low concentrations of nitrite were also found in all samples derived from 

microcosms with added fungicide.  

Concentrations of extracted RNA and DNA over the incubation period 

Nucleic acid concentrations were measured right after extraction from soil samples (Table 4). 

RNA concentrations of the paper pulp treatment resembled those obtained from the control as 

they stayed constant with small increases and decreases over the incubation period. Neither an 

increase nor a decrease in DNA was observed for the control as well as the paper pulp 

amended microcosms. Compost amended microcosms showed an increase in extractable 



	 121	

RNA right after addition, which declined again and reached initial levels after 12 days of 

incubation. DNA concentrations for this treatment were found to be similar over the duration 

of the experiment. An increase in extractable RNA was measured in the sewage sludge 

amended microcosms. RNA increased constantly over 12 days, was found to be lower after 20 

days and increased again at days 30 and 55 of the experiment. DNA concentrations for this 

treatment were found to be comparable over the first 2 days of incubation, followed by an 

increase in samples from day 6 and 12 and reached a plateau at days 20, 30 and 55, with the 

highest concentrations of DNA measured of all samples. Overall, RNA and DNA 

concentrations were found to increase 4.5 and 3 times respectively in this treatment.  

Nucleic acid concentrations in soil with added fungicides were generally found to be lower 

than in no-fungicide ones. Before addition of OM, RNA concentrations were in the same 

range as no-fungicide samples, but DNA concentrations were found to decrease by about 50% 

after addition of fungicides. Extractable RNA decreased over 30 days in the paper pulp and 

control soils, whereas DNA levels stayed constant. In soil amended with compost and added 

fungicide, RNA levels stayed constant over 30 days and resembled no-fungicide incubations. 

DNA from these samples was found to be higher than at the beginning and resembled 

concentrations of no-fungicide treatments after 30 days of incubation. Microcosms amended 

with sewage sludge and added fungicide showed an increase in extractable RNA relative to 

the no-fungicide treatment (approximately 3 times). DNA also doubled when fungicide was 

present after 6 days and decreased again after 30 days to initial levels. DNA concentrations 

measured after 30 days were 5 times lower in the fungicide treatment than in the no-fungicide 

one.  
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Gas measurements in headspace of microcosms 

Carbon dioxide, methane and nitrous oxide were measured in the headspace of the soil 

microcosms (Table 5). Carbon dioxide production was higher in all OM amended soils than in 

the control. Compost amended soil showed the lowest production of CO2 among treatments, 

followed by paper pulp and sewage sludge. When fungicide was added, we observed a 

decrease in CO2 production of 90, 50 and 50% for paper pulp, compost and sewage sludge 

amended soil respectively, whereas CO2 production in control vials showed similar values 

than in the no-fungicide treatment.  

Nitrous-oxide in headspace of paper pulp treatments was not found to be higher than control 

concentrations, but soil amended with compost showed an elevated production of N2O. Soil 

amended with sewage sludge showed the highest concentrations of N2O, where 

concentrations increased right after addition of the amendment and stayed constant over the 

incubation period. The addition of fungicides decreased N2O production in the paper pulp and 

control to 27 and 41 % of levels reached in the no-fungicide treatments. For compost and 

sewage sludge treatments, these values were only found to be 2 and 7 % respectively. 

In contrast to N2O, which increased in compost amended soils, methane was found to 

resemble the values from the controls. This was not the case for paper pulp addition, where 

we measured the highest concentrations of methane (8.1 ppm) of all treatments after 30 days 

of incubation. In the sewage sludge amended microcosms, CH4 production was higher than in 

the control and resembled values derived from the paper pulp treatments. The addition of 

fungicide to the microcosms with added OM decreased CH4 production between 5 (compost 

and paper pulp) and 25 % (sewage sludge). We observed a 60% decrease in CH4 production 

in the control soils when fungicide was added.  
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Table 5: Cumulative concentrations of measured gases in headspace of microcosms with and without addition of 
fungicides over 30 days of incubation. Mean values and standard deviation were calculated from triplicate vials 
(n=3). 

 Time after 
addition 

without fungicide  with fungicide 

 CH4 CO2 N2O  CH4 CO2 N2O 

 
[days] ppm ‰ ppm 

 
ppm ‰ ppm 

         

PP 

2 1.1 ± 0.1 18.0 ± 1.4 0.6 ± 0.3  0.9 ± 0.5 15.0 ± 0.7 0.0 ± 0.0 
6 1.2 ± 0.1 189.6 ± 18.1 1.7 ± 0.8  2.2 ± 0.8 33.4 ± 1.0 0.4 ± 0.1 

12 2.2 ± 0.1 423.4 ± 16.5 1.8 ± 0.8  3.7 ± 0.8 53.7 ± 2.9 0.6 ± 0.3 
16 2.9 ± 0.3 528.0 ± 16.7 1.8 ± 0.8  4.7 ± 0.8 64.5 ± 3.9 0.8 ± 0.7 
20 3.7 ± 0.7 606.6 ± 17.6 1.8 ± 0.8  5.8 ± 1.1 73.3 ± 4.5 0.8 ± 0.7 
23 4.5 ± 1.1 665.1 ± 18.7 1.8 ± 0.8  6.5 ± 0.9 80.1 ± 4.8 0.8 ± 0.7 
27 6.2 ± 1.4 728.7 ± 21.2 1.9 ± 0.8  7.2 ± 1.1 87.8 ± 5.1 0.9 ± 0.7 
30 8.1 ± 1.6 781.3 ± 23.5 2.2 ± 0.5  7.7 ± 1.5 92.4 ± 5.1 0.9 ± 0.7 

         

C 

2 0.5 ± 0.2 30.1 ± 2.6 1.2 ± 0.3  0.1 ± 0.1 25.7 ± 1.7 0.0 ± 0.0 
6 0.7 ± 0.4 70.1 ± 7.7 2.3 ± 0.2  0.6 ± 0.3 54.0 ± 6.1 0.2 ± 0.1 

12 1.5 ± 0.7 124.7 ± 13.3 4.6 ± 0.6  1.1 ± 0.8 79.0 ± 6.2 0.3 ± 0.1 
16 1.8 ± 1.0 155.7 ± 15.8 6.5 ± 1.9  1.6 ± 0.9 90.9 ± 6.5 0.3 ± 0.1 
20 2.4 ± 0.8 183.8 ± 18.8 9.3 ± 3.3  1.7 ± 1.0 100.4 ± 7.0 0.3 ± 0.1 
23 2.4 ± 0.8 204.3 ± 21.1 12.1 ± 4.2  2.3 ± 0.8 106.6 ± 7.8 0.3 ± 0.1 
27 2.4 ± 0.8 224.4 ± 22.7 16.0 ± 4.9  2.3 ± 0.9 113.7 ± 8.0 0.3 ± 0.1 
30 2.4 ± 0.8 238.5 ± 23.1 20.0 ± 5.2  2.3 ± 0.9 117.9 ± 8.4 0.3 ± 0.1 

         

SS 

2 0.6 ± 0.3 198.5 ± 3.0 3879.4 ± 474.1  1.1 ± 0.3 161.6 ± 29.1 0.1 ± 0.2 
6 0.9 ± 0.4 421.7 ± 2.4 3879.4 ± 474.1  2.6 ± 1.5 358.6 ± 37.7 254.5 ± 255.1 

12 2.9 ± 0.6 650.2 ± 3.9 3879.4 ± 474.1  3.3 ± 1.7 528.1 ± 67.8 267.3 ± 274.4 
16 4.5 ± 0.2 836.0 ± 6.7 3879.4 ± 474.1  3.9 ± 1.6 592.0 ± 73.7 268.6 ± 275.0 
20 5.4 ± 0.2 1016.6 ± 9.1 3879.4 ± 474.1  4.0 ± 1.7 640.1 ± 74.8 268.8 ± 275.0 
23 6.0 ± 0.4 1192.2 ± 10.5 3879.4 ± 474.1  4.4 ± 1.8 676.6 ± 75.0 269.0 ± 275.0 
27 6.2 ± 0.4 1363.7 ± 11.4 3879.4 ± 474.1  4.7 ± 1.9 709.9 ± 73.7 269.3 ± 274.8 
30 6.4 ± 0.5 1485.8 ± 16.5 3971.5 ± 480.1  4.7 ± 1.9 730.5 ± 72.5 269.4 ± 274.8 

         

CON 

2 0.5 ± 0.3 6.7 ± 1.0 0.2 ± 0.0  0.1 ± 0.0 10.1 ± 1.6 0.0 ± 0.0 
6 0.7 ± 0.3 15.1 ± 2.0 0.6 ± 0.0  0.4 ± 0.0 23.1 ± 4.0 0.1 ± 0.0 

12 1.3 ± 0.3 26.7 ± 3.8 1.2 ± 0.6  0.7 ± 0.2 35.5 ± 4.6 0.2 ± 0.1 
16 1.4 ± 0.3 33.2 ± 4.3 1.3 ± 0.6  0.9 ± 0.2 42.0 ± 4.8 0.4 ± 0.3 
20 2.1 ± 0.4 39.4 ± 4.8 1.4 ± 0.6  0.9 ± 0.2 46.8 ± 5.3 0.4 ± 0.3 
23 2.4 ± 0.8 44.4 ± 6.0 1.4 ± 0.6  0.9 ± 0.2 49.9 ± 5.2 0.4 ± 0.3 
27 2.4 ± 0.8 48.9 ± 6.6 1.5 ± 0.6  0.9 ± 0.2 53.6 ± 5.7 0.4 ± 0.3 
30 2.4 ± 0.8 51.8 ± 7.0 1.5 ± 0.6  0.9 ± 0.2 55.4 ± 5.8 0.4 ± 0.3 

Organic matter added to microcosms: PP: paper pulp; C: compost; SS: sewage sludge; CON: no addition 

 

Fungal and bacterial  response to OM addition 

In order to quantify the stimulation of fungi and bacteria by the addition of organic matter of 

distinct qualities, we compared the change in relative abundance of rRNA molecules 

extracted from soil (Figure 20). Control soils showed no change in abundance of fungal or 

bacterial sequences, as the ratio between the two groups was found to be comparable over the 

incubation period. This was also the case for soil where compost was added. Different  
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Figure 20: Change in relative abundance of assigned bacterial and fungal reads of cDNA hits against SILVA 
database over incubation of 55 days. Data points show the mean, error bars the standard deviation of the mean 
(n=3). 

	

patterns were found in the paper pulp and sewage sludge treatment. After addition of paper 

pulp, we observed an immediate response (~3 % increase in relative abundance) of bacterial 

sequences over the first 2 days, which was followed by an increase in fungal derived rRNA 

sequences (up to 20 % increase in relative abundance) that stayed constant until the end of the 

experiment. Following the addition of sewage sludge, fungal derived rRNA sequences 

increased in relative abundance after 6 days and continued to increase over the duration of the 

experiment, resulting in a 15 % higher relative abundance of fungal rRNAs than at the 

beginning of the incubation.   
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Community development after OM addition 

Metagenomes derived from extracted DNA of time points 0.25, 6 and 30 days after addition 

of OM were compared in order to identify the development of distinct microbial communities 

over the incubation period. Genus assigned sequences were clustered to group similar 

metagenomic profiles (Figure 21). Metagenomes of samples with added fungicide were 

separated from the no-fungicide soils, regardless of the time point sampled.  

 

 

Figure 21: UPDMA tree based on DNA of soil microcosms sampled before addition, 0.25, 6 and 30 days after 
incubation. Sequences were blasted against NCBI_nt database and annotated in MEGAN. Colors indicate 
different treatments: blue (SS), sewage sludge; red (PP), paper pulp; green (C), compost; grey (CON), control – 
no addition of organic matter; light blue (S), pure sewage sludge; light green (C), pure compost. Shapes of 
symbols indicated timepoint of sampling: �, before addition of organic matter or pure organic matter; �, 0.25 
days; �, 6 days; �, 30 days after incubation. F: microcosms treated with fungicide. 



	 126	

Metagenomes after 30 days of incubation clustered for treatments where paper pulp, compost 

and sewage sludge were added. In contrast, control samples after 30 days of incubation were 

distributed over the no-fungicide part of the tree. Metagenomes sampled 6 days after OM 

addition clustered for the sewage sludge treatment, but paper pulp and compost samples could 

not be distinguished clearly. In microcosms with added fungicide, metagenomic profiles 

could not be distinguished by clustering for addition of different OM materials.  

Carbon degradation and N-cycling signatures of metagenomes 

Functional assignment of sequences derived from metatranscriptomes and metagenomes was 

used to identify occurrence of carbon degradation and nitrogen transformation signatures over 

the incubation period (Figure 22 and Figure 23). In analyzed metagenomes (Figure 22), we could 

not see changes in relative proportions of sequences assigned to glycoside hydrolases or 

nitrogen cycle processes for distinct treatments except where sewage sludge was added. Here, 

an increase in polysaccharide degrading signatures was observed while nitrogen cycle related 

sequences decreased in the isolated metagenomes. In microcosms with added paper pulp, an 

increase in glycoside hydrolase assigned sequences was observed after 6 days of incubation, 

but decreased again after 30 days. Other signatures related to carbon and nitrogen cycling did 

not change over the incubation period except in the sewage sludge treatment. Sequences 

assigned to nitrate transport of bacteria and archaea (represented by IPR005890 Nitrate 

transport ATP-binding subunit C/D) declined in this treatment, while peptidase assigned 

sequences increased (GO:0008233 peptidase activity). Other marker signatures (IPR016288 

1,4-beta cellobiohydrolase, IPR023644 nitrous-oxide reductase and IPR001287 nitrite 

reductase, copper-type) were not found to change in relative proportion in the metagenomes. 

Carbon degradation and N-cycling signatures of metatranscriptomes 

RNA sequences extracted from microcosms (with and without the addition of fungicides) as 

well as sequenced polyA-tail isolated RNA was assigned to carbon degrading and nitrogen  
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Figure 22: Proportion of sequences based on sequenced metagenomes assigned to polysaccharide degradation 
and nitrogen cycling related gene ontology terms and InterPro classes by MEGAN for different OM additions 
and control over 30 days. PP: paper pulp; C: compost; SS: sewage sludge; CON: no addition control. Sequences 
were assigned based on diamond searches versus a custom database including protein sequences from the CAZy 
database (carbohydrate active enzymes) and nitrogen cycling related entries from InterPro2Go. Data points and 
error bars show the mean and standard deviation (n=3).  
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cycling protein classes (Figure 23). When no OM was added to the microcosms, relative 

proportions of transcripts assigned to glycoside hydrolases represented between 0 and 0.5 % 

of the sequences. Slightly higher levels were found in the sewage sludge treatment, but these 

decreased 6 days after incubation. For the paper pulp and compost treatment, these signatures 

were found to be higher in relative proportion over the entire incubation period.  

We could identify different patterns of nitrogen cycling related mRNAs for the OM 

treatments. The relative proportion of N-cycling assigned sequences represented between 0 

and 0.5 % in the control treatments. The addition of paper pulp led to an increase in the 

relative abundance of these genes and two peaks were observed, the first at 1 day and the 

second at 12 days. This behavior was found to differ from the compost treatment, where an 

increase in N-cycling transcripts was detected after 6 days of incubation. The addition of 

sewage sludge led to an initial decrease of this marker for the first 6 days of incubation and a 

subsequent recovery to initial expression levels for the rest of the incubation.  

Nucleic acids were extracted from microcosms with added fungicides before addition, then 6 

and 30 days after addition of OM. Here, transcripts assigned to glycoside hydrolases 

decreased in all treatments after the first 6 days. In the compost and control treatment, relative 

proportions of these transcripts increased again after 30 days, whereas levels were constant in 

the sewage sludge and paper pulp treatment with added fungicide. Nitrogen cycle assigned 

transcripts were detected for all OM treatments when fungicide was added, but never reached 

the peak values (~1.5 % rel. proportion) observed in the no-fungicide microcosms.  

We sequenced and assigned poly-A-tail isolated mRNAs of 4 time points throughout the 

incubation to identify eukaryotic transcriptome signatures. Glycoside hydrolase  
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Figure 23: Proportion of sequences based on sequenced metatranscriptomes assigned to polysaccharide 
degradation and nitrogen cycling related gene ontology terms and InterPro classes by MEGAN for different OM 
additions and control over 30 days. Glycoside hydrolases (red) and nitrogen cycling related transcripts (black) 
are plotted on the left axis, β- 1,4 cellobiohydrolase transcripts are plotted on the right axis. PP: paper pulp; C: 
compost; SS: sewage sludge; CON: no addition control. Sequences were assigned based on diamond searches 
versus a custom database including protein sequences from the CAZy database (http://www.cazy.org) and 
nitrogen cycling related entries from InterPro2Go. Data points and error bars show the mean and standard 
deviation (n=3).  
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assigned transcripts increased in relative proportion for all treatments and also in the control. 

In the paper pulp and compost treatment, a constant increase was observed, and sewage 

sludge addition led to an initial decrease 0.25 days after OM addition followed by an increase. 

No addition of OM also led to an increase in polysaccharide degrading eukaryotic transcripts 

over the incubation period. Nitrogen cycling related eukaryotic transcript levels were found 

constant for the compost, sewage sludge and control microcosms, but decreased 6 days after 

paper pulp addition. Additionally, we looked for transcripts encoding 1,4-beta 

cellobiohydrolases in poly-A-tail isolated RNA. While we could not observe a response in the 

control, sewage sludge and compost treatment for this protein family, the addition of paper 

pulp triggered an increase of transcripts coding for cellulose degrading enzymes during 

incubation.	
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Discussion 

In this experiment, we added three different types of organic matter residues from various 

industrial processes that can be used as carbon and nitrogen additives for soil environments. 

We expected that fungal communities would respond faster than bacteria to the addition of 

OM with high C:N ratios , and that bacteria would outcompete fungi if low C:N substrates 

were available. Furthermore, we hypothesized that fungi are primary degraders of organic 

materials, thus providing substrates for a nitrogen cycling bacterial community and thereby 

fulfilling an indirect role in N2O production. We tested this by analyzing metatranscriptomic 

data in a time series of 30 days after the addition of OM. Metatranscriptomes from total 

isolated RNA and poly-A-tail isolated mRNA were sequenced to get information on a) the 

functional response of the complete soil biome and on b) the eukaryotic members of the 

biome. In the following paragraphs, the impact of the distinct additives on soil communities 

and changes in soil chemical parameters are discussed in order of decreasing C:N ratio of the 

additive.   

Addition of paper pulp 

We expected that the addition of paper pulp would provide the most advantageous conditions 

for fungal communities since this organic material is considered the most recalcitrant among 

those chosen for this experiment. Indeed, this treatment showed the strongest shift towards 

fungal rRNAs among all treatments and this shift happened abruptly between 2 and 6 days 

after the start of the experiment (Figure 20). This might be due to hyphal growth of fungi 

towards the additive at this time point to benefit from available nutrients. After 6 days of 

incubation, we could see an increase in transcripts of glycosidic hydrolases in total RNA 

transcripts, which stayed elevated for about 20 days. In the poly-A-tail isolated transcripts, we 

could see a transcriptional response in this class of enzymes as they increased constantly 

during the experiment (Figure 23). A constant increase in eukaryotic transcripts related to the 
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cleavage of carbohydrate bonds suggests that fungal members degrading OM were active 

throughout the experiment and might increase in relative abundance. This is supported by an 

increasing activity of  1,4-beta cellobiohydrolases throughout incubation in the eukaryotic 

signatures, which is a key enzyme in the degradation of cellulose (Bischof et al., 2016). 

Altogether, this supports our hypothesis that fungi are dominating the OM degradation in this 

treatment. 

Data on inorganic nitrogen extracted from this treatment also showed a change around 6 days 

after addition (Table 4). The addition of paper pulp provided low amounts of available 

ammonium and nitrate (Table S 4). Nitrate concentrations in the microcosms stayed constant 

for 2 to 6 days, after which nitrate could no longer be detected for the duration of the 

incubation. This suggests that fungal growth and activity in the initial phase were supported 

by available nitrate before the breakdown of organic matter occurred to provide further 

nutrients. The availability of nitrogen forms at the beginning of the experiment might also 

explain the increase in nitrogen cycling transcripts within the first 6 days, which then later 

decreased to initial levels after day 6 (Figure 20). A second peak of transcripts assigned to 

nitrogen cycling processes was observed between 12 and 30 days of incubation and followed 

the increase observed for glycoside hydrolase transcripts. At the same time, nitrogen cycling 

signatures in the poly-A-tail isolated mRNAs were found to decrease compared to initial 

levels. Altogether, metatranscriptomic data corroborates our hypothesis that bacterial nitrogen 

cycling communities might be dependent on organic matter degrading fungal members. 

However, no elevated N2O emissions were observed for the addition of paper pulp. 

 

Addition of compost 

A preferential use of OM by bacteria or fungi following the addition of compost was not 

apparent from the relative proportions of rRNA transcripts sequenced over the incubation 
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period (Figure 20). Nevertheless, in this treatment we observed sequential transcription of 

carbon degrading and nitrogen cycling genes over time in the metatranscriptomes of total 

mRNA, while in poly-A-tail isolated mRNAs, carbon degradation increased and nitrogen 

cycling related transcripts stayed constant for 30 days. As was observed with the addition of 

paper pulp, this suggests activity of a fungal carbon degrading community throughout the 

entire sampling period, while a nitrogen cycling related transcriptional response can be seen 

in total RNA derived data. Therefore, nitrogen cycling processes can be mainly assigned to 

bacterial activity. Surprisingly, almost no transcripts assigned to glycoside hydrolases could 

be detected after just 0.25 days of addition, which was not the case for any other treatment or 

control microcosms. The compost we used had undergone a controlled decomposition 

process, thus it might already contain low molecular weight carbon molecules (Benito et al., 

2003). If this is the case, then there is no need in degrading more complex carbon structures 

directly after addition. The breakdown of polysaccharides is considered to be energy 

intensive, thus it is expected to be tightly regulated in organisms depending on it (Leger and 

R. M. Cooper, 1986; Aro et al., 2005; van den Brink and R. P. de Vries, 2011a).  

Data on extracted ammonium and nitrate concentrations support the findings from the 

metatranscriptomic analysis. Compost provided the highest concentrations of available 

ammonium right after addition, which decreased within the first 6 days (Table S 4). After that, 

when we observed an increase in nitrogen cycling transcripts, we could also see an increase in 

ammonium. This could point to the release of nitrogen by polymer degradation or to a 

transformation of nitrogen towards ammonium through dissimilatory nitrogen reduction to 

ammonium (DNRA), since nitrate concentrations simultaneously decreased. However, a 

further analysis of isolated transcripts needs to be carried out to identify contributing nitrogen 

cycling pathways.  
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Only the addition of compost triggered the emission of considerable amounts of N2O among 

the tested organic materials (Table 5). N2O production after compost addition has already been 

shown before in sandy soils (Zhu-Barker et al., 2015). N2O emission rates measured were 

higher after 12 days of incubation when initial readily available ammonium was used up. 

Thus, the production of this greenhouse gas can be linked to the period where carbon 

degrading fungi and nitrogen cycling bacteria were found to be active. The addition of 

fungicides has been shown to reduce, or as in our case, even completely inhibit N2O 

emissions (Seo and DeLaune, 2010; Wei et al., 2014; H. Chen, Mothapo, and Shi, 2014b). 

Since we saw similar responses in the functional signatures of the compost and paper pulp 

treatment, we were interested in which fungal members were active. Figure 24 shows a 

comparison of assigned rRNAs of metatranscriptomes of the two treatments. The PCA plot 

shows that, over the entire incubation period, active fungal communities from compost and 

paper pulp addition could be distinguished. Already 6 hours after the addition, the two 

treatments could be distinguished from one another and this was also the case for all other 

time points. The y-axis representing differences between OM treatments in the plot accounts 

for only 8 % of the total inertia, while the x-axis that represents changes over time, explains 

72 %. This suggests that the communities were less different between each other and that they 

changed more significantly over time during the 55 days of incubation. This could mean that 

shifts in community structure are driven by the same members in both communities, but also 

that some distinct fungi able to respond specifically to the added type of organic material 

were active throughout. Figure 24 b shows active fungal genera that were found to be 

different in relative abundance in the two treatments throughout the experiment. Genera 

present in the compost treatment and not in paper pulp will serve as a basis for further 

analysis to explore their potential involvement in processes leading to N2O emissions as 

detected after compost, but not paper pulp addition. 
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Figure 24: Active fungal communities of compost and paper pulp treatment based on assigned 
metatranscriptomes in MEGAN. (a) PCA of samples from both treatments coloured according to sample time 
after addition. (b) Differences in assigned active fungal genera calculated from all sampled timpoints of compost 
and paper pulp treatments. Graphs plotted in STAMP from profile files exported from metatranscriptome 
comparison in MEGAN.   

	

However, the disappearance of N2O together with transcriptomic data of eukaryotic and total 

communities corroborates our hypothesis that fungi do not contribute directly, but indirectly 

to N2O emissions from soils via nutrient provision. 

 

Addition of sewage sludge 

We found the strongest response in biological activity after the addition of sewage sludge. 

This can be seen by the 3 to 5-fold increase in extractable DNA and RNA and the highest 

respiration measured by CO2 produced in the headspace of microcosms as compared to all 

other treatments. This might be related to the physical nature of sewage sludge. Since it was 

the finest material with respect to grain size among the tested substrates, it might also be more 

easily accessible due to scale reasons. Regardless of the physical nature of sewage sludge, we 

expected that this amendment would be preferentially used by bacteria given that it had the 

lowest C:N ratio. However, we could not confirm a preferential use of this substrate by 



	 136	

bacteria by comparing relative proportions of fungal and eukaryotic rRNAs in the 

metatranscriptomes  and instead observed a steady increase towards fungal derived rRNAs. 

Due to the easily accessible nutrient source, we expected no time shifted occurrence in carbon 

degrading and nitrogen cycling transcripts in this treatment. This was confirmed by the 

metatranscriptomic data, where carbon degradation and nitrogen cycling activities stayed 

constant over the incubation period.  

However, the addition of sewage sludge had a big effect on soil communities, inducing the 

biggest shifts in metagenomic and metatranscriptomic signatures (Figure 21). This suggests the 

presence of an easily accessible nutrient source that only certain members of the community 

able to outgrow their competitive rivals can use. In the first 6 days of incubation, Bacillus 

species were found to respond strongly to this treatment, but a shift to a dominance (> 50 % in 

relative abundance) of Arthrobacter species in the active community was observed by the end 

of incubation. We also observed the highest dynamics in ammonium and nitrate 

concentrations in this treatment, which highlights the need for investigating the nitrogen 

cycling pathways more closely in order to conclude on activity of distinct nitrogen cycling 

communities.  

Since CO2 production in these microcosms was found to be constant during incubation, the 

high N2O concentrations detected might be caused by interference from a compound derived 

from sewage sludge that can interfere with the N2O peak during gas-chromatography 

measurements. Consequently, these values have to be interpreted with care and no conclusive 

interpretation of N2O production was obtained from this treatment. 

 

Consequences of the addition of fungicides 

Eukaryotic sequences were found to account for between 10 and 40 % of the rRNAs in no-

fungicide treatments. This value decreased to less than 1 % in the fungicide treatments over 
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30 days, which suggests that we successfully inhibited eukaryotic community members in our 

experiment. Therefore, we can exclude an active fungal contribution to the processes 

investigated in these treatments.  

We compared rRNA sequences assigned at the order level of metatranscriptomes from the 

same organic matter treatments with and without added fungicide (Figure S 1). In all 

treatments and in the control, we found that Pseudomonadales dominated in the presence of 

fungicides while other members of the community decreased in relative abundance. The use 

of inhibitor addition in determining contribution ratios of soil communities to specific 

biochemical processes is a widely use practice (Land et al., 1993; Velvis, 1997; Castaldi and 

Smith, 1998; Susyan et al., 2005; Rousk, Demoling, and Bååth, 2008; Rousk, Demoling, 

Bahr, et al., 2008). As a consequence of the inhibition, the biomass of the inhibited organisms 

might become an easily available substrate for the remaining community. Pseudomonas 

strains are among the bacteria which were found to degrade and grow on fungal cell wall 

material (Lim et al., 1991; Chernin et al., 1995; Tolonen et al., 2014). The dominance of 

Pseudomonadales assigned sequences in the fungicide treatment could be a consequence of 

fungal biomass decay by this bacterial order. Samples from microcosms with added 

fungicides before the addition of organic material (20 days of incubation before the start of 

the experiment) already showed an increase in active Pseudomonadales, supporting the 

hypothesis that we unintentionally provide substrates for bacterial communities by inhibiting 

eukaryotic ones. Another possible reason for the dominance of this order could be the use of 

the inhibitor itself as a substrate by these organisms. A study using streptomycin and 

cycloheximide as inhibitors concluded that the initial killed community was used as substrate 

by the survivors before they started to use the biocidal molecules as energy and nutrient 

source themselves (Badalucco et al., 1994).  
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The addition of fungicides led to an accumulation of ammonium in all treatments (Table 4). 

This has already been observed when cycloheximide was added to soil (Ingham and Coleman, 

1984). The inhibitory effect of cycloheximide on ammonia oxidizing archaea might be an 

explanation for the increase in ammonia, since its oxidation would be prevented or at least 

slowed down (Vajrala et al., 2014).  

Another effect of fungicide addition was observed by comparing the development of soil 

communities over the experiment. When distinct organic materials were applied to the same 

soil, metagenomic signatures could be distinguished from each other after 30 days of 

incubation (Figure 21). Metagenomes from added communities of organic materials did not 

cluster with metagenomes 30 days after addition. This suggests that the material and not the 

added communities determined the development of community structure in the soil and thus 

might also have consequences on functions carried out. However, in the presence of 

fungicides, metagenomic signatures could not be clearly distinguished after 30 days. One 

reason for this is the dominance of Pseudomonadales, which also increased in relative 

abundance in extracted DNA as discussed previously. However, it might also point to the 

importance of fungal members for community development and adaptability  
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Conclusions 

Fungal and bacterial communities responded differently to the addition of different types of 

OM as observed by shifts in the relative abundance of active organisms and the timing of the 

response. Changes in extracted ammonium and nitrate concentrations over the incubation 

period could be linked to the occurrence of nitrogen cycling related transcripts in 

metatranscriptomes derived from total mRNA in the paper pulp and compost treatment. 

Furthermore, nitrogen cycling activity was found in transcripts of total mRNA but not in 

poly-A-tail isolated transcripts, suggesting that bacteria are dominating these processes. 

Conversely, carbon degrading activity was linked to fungal communities, which supports our 

hypothesis that nitrogen cycling bacteria are dependent on nutrients provided by a fungal 

community. The addition of fungicides had effects in all measured biological and chemical 

parameters and inhibited N2O production in the compost treatment. Although a successful 

inactivation of fungal members could be confirmed by transcriptomic analysis, conclusions on 

functional potentials in this treatment have to be drawn with care, since the inhibition of an 

important member of the soil community might also cause perturbations in the food web since 

their biomass becomes available as nutrients for survivors. However, the lack of N2O 

production after inhibition confirms once more the importance of fungi in processes leading 

to N2O emissions. Our data suggests that their role might be an indirect one, through the 

degradation of carbon rather than acting on nitrogen molecules directly themselves.  
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General conclusions and perspectives 

Nitous-oxide is currently accumulating in the atmosphere due to modern agriculture practices. 

Relative to this, the need for producing crops to feed an increasing world population stands 

against the impact of a trace gas on climate, which might seem irrelevant.  However, a 

changing climate would lead to a loss in arable land and thus increase the problem of 

sufficient nutrition for humanity to a probably unmanageable dimension. Therefore, we have 

to understand biological processes leading to elevated N2O production observed in soil in 

order to develop targeted and feasible mitigation strategies.  

The purpose to this thesis was to determine the role of bacteria and fungi in nitrogen cycling 

and N2O emissions. Nitrification, denitrification and N2O reducing potentials were found to 

be present throughout the soil and no micro environment could be specifically linked to a 

process. This could indicate that these processes occur in soils independent of location and 

thus no specific hotspot for the various processes involved in nitrogen cycling exists. That 

would mean that denitrification inside of an aggregate is as likely to happen as on surfaces of 

soil in pristine soils. This could be different in fertilized soils where nutrient inputs initially 

occur by transport and diffusion processes in water films. When trying to clarify the role of 

fungi in N cycling, we found that direct contribution to N2O production by fungi seems 

unlikely, since we did not measure high production rates even in strains that can take up 

nitrogen as NH4
+ and NO3

- . Findings of an abiotic NO production by nitrite media generally 

used in these screening studies could lead to reinvestigations of fungi for which low N2O 

production was reported, since its biological origin now seems questionable. In the discussion 

on whether nitrogen reduction in fungi is used for energy generation or as a detoxification 

mechanism, our results point to the latter. Sequencing the full genomes of the strains tested in 

this study would support our hypothesis that NO reduction mediated by NOR-activity distinct 

from P450nor in fungi is widespread. Based on our results, the suggested contribution of 
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fungi to N2O production in soils might be more related to their activity as decomposers in the 

carbon cycle. Fungal communities present in soil aggregates and on the surface of soil were 

found to differ in contrast to bacteria, suggesting that certain members find preferred 

conditions in different locations within soil. The dominating members found were described 

as having distinct strategies in carbohydrate usage. This might be an indication that 

carbohydrates are not equally distributed in soil. When exploring the role of carbon in more 

detail, we showed that the response of fungal and bacterial communities after organic matter 

addition to soil differs and that nitrogen cycling bacteria might be dependent on the 

decomposing function of fungi. This implies that we could influence nitrogen cyclers with the 

organic matter qualities that we add. A possible mitigation strategy for N2O emissions from 

agricultural soils would be management practices that promote an increased N2O reducing 

community in soils, since these bacteria are the only organisms known so far to reduce N2O 

further to N2. Studies on the mycorrhizal impact on bacterial communities and data presented 

in this thesis suggest that one way to influence bacterial communities could be through 

favoring specific fungal communities that support N2O reducing bacteria that are dependent 

on them. Potentially, organic matter addition could be a useful tool to achieve this. For 

example, a combination of organic matter addition and simultaneous use of fertilizer could be 

a way to ensure high yields and reduce ecosystem contamination by N2O at the same time. 

Another strategy to follow would be the implementation of these findings in crop breeding 

programs. Breeds which favor the symbiosis of mycorrhiza that show symbiotic relationships 

with N2O reducers could help to reduce negative effects of nitrogen fertilization. To achieve 

this goal, more research is needed to gain a deeper understanding of fungal-bacterial 

interactions. Targeted laboratory experiments with artificial communities combined with 

transcriptomic methods could be a feasible tool and the use of stable isotopes could help us to 

follow nutrient streams in these processes. Generally, a more integrated view of soil ecology 
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that includes the complete biome is needed in order to make a step towards unraveling 

mechanisms behind unbalanced biogeochemical cycling.   
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Appendix 

	

Supplemental Figures and Tables 

	

Chapter 1 

Table S 1: Summary of qPCR primers for SSU rRNA and N-cycling marker gene quantification used in this study. 

Target gene Names of primers Sequence (5’-3’) Reference 

16S rRNA bacteria 341F 
534R 

CCTACGGGAGGCAGCAG 
ATTACCGCGGCTGCTGGCA 

(Watanabe et al., 2001) 
(Ferris et al., 1996) 

16S rRNA archaea Crenar771F 
Crenar975R 

ACGGTGAGGGATGAAAGCT 
CGGCGTTGACTCCAATTG (Wessén et al., 2011) 

18S rRNA fungi FR1 
FF390 

AICCATTCAATCGGTAIT 
CGATAACGAACGAGACCT (Chemidlin Prévost-Bouré et al., 2011) 

amoA archaea crenamoA23F 
crenamoA616R 

ATCGTCTGGCTWAGACG 
GCCATCCATCTGTATGTCCA (Nicol et al., 2008) 

amoA bacteria amoA1F 
amoA2R 

GGGGTTTCTACTGGTGGT 
CCCCTCKGSAAAGCCTTCTTC (Nicol et al., 2008) 

nirK nirK876F 
nirK1040R 

ATYGGCGGVCAYGGCGA 
GCCTCGATCAGRTTRTGGTT (Henry et al., 2004) 

nirS nirS4QF 
nirS6QR 

GTSAACGYSAAGGARACSGG 
GASTTCGGRTGSGTCTTSAYGAA (Kandeler et al., 2006) 

nosZ clade 1 nosZ 1840F 
nosZ 2090R 

CGCRACGGCAASAAGGTSMSSGT 
CAKRTGCAKSGCRTGGCAGAA (Henry et al., 2006) 

nosZ clade 2 1153_nosZ8F 
1888_nosZ29R 

CTIGGICCIYTKCAYAC 
GCIGAICARAAITCBGTRC (Jones et al., 2013) 

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	 	  
	

Table S 2 Summary of physical and chemical characteristics for bulk soil and particle size fractions of Rothamsted Park Grass soil. pHw was measured in supernatants of fractions 
and bulk soil after fractionation with distilled water. Ammonium and nitrate concentrations were measured after extraction with 1 M KCl solution. 

 Mass 1 
pHw d50 Cu 

Tot. Corg Tot. Norg NH4
+ NO3

-    
 [%] [µm] [g C kg−1

dw] [g N kg−1
dw] [mg N kg-1

dw] [mg N kg-1
dw]    

>250 µm 46.03 5.84 ± 0.11 425.6 13.3 64.9 ± 3.5 4.77 ± 0.2 19.5 ± 3.2 0.01 ± 0.03     
250-63 µm 9.50 5.85 ± 0.13 119.7 2.3 86.5 ± 11.5 6.40 ± 0.8 35.7 ± 10.2 0.11 ± 0.21     
63-20 µm 25.87 5.95 ± 0.02 32.8 2.2 15.6 ± 0.8 1.19 ± 0.1 7.9 ± 1.7 0.00 ± 0.00     
20-2 µm 16.21 6.01 ± 0.08 9.5 4.3 53.5 ± 1.8 4.73 ± 0.0 32.8 ± 1.8 0.47 ± 0.95     
<2 µm 2.39 6.21 ± 0.15 3.1 3.3 67.1 ± 0.7 7.30 ± 0.0 224.6 ± 127.0 0.16 ± 0.31     
Bulk 100.00 5.59 ± 0.01 285.7 16.7 52.2 ± 0.7 4.10 ± 0.1 25.6 ± 1.3 4.60 ± 0.74     
Sum fractions a - 5.91b ±  - - - 52.4 b ±  - 4.05 b ±  - 25.1 b ±  - 0.10 ±  -     
             

Major cation Al Ca Fe K Mg Mn Na Ti     
[mg g-1] [mg g-1] [mg g-1] [mg g-1] [mg g-1] [mg g-1] [mg g-1] [mg g-1]     

>250 µm 24.39 ± 12.5 0.80 ± 0.25 30.50 ± 1.32 6.38 ± 3.20 0.51 ± 0.66 0.89 ± 0.03 2.58 ± 0.43 5.00 ± 0.12     
250-63 µm 30.31 ± 6.5 0.96 ± 0.12 31.96 ± 0.34 6.02 ± 0.91 0.54 ± 0.51 1.16 ± 0.10 1.62 ± 0.05 4.26 ± 0.19     
63-20 µm 13.79 ± 0.6 0.43 ± 0.05 10.49 ± 0.33 6.35 ± 0.93 0.08 ± 0.00 0.21 ± 0.01 3.16 ± 0.25 4.66 ± 0.04     
20-2 µm 37.58 ± 6.7 1.09 ± 0.11 33.60 ± 2.68 9.24 ± 1.37 0.41 ± 0.38 0.47 ± 0.06 3.19 ± 0.52 6.15 ± 0.01     
<2 µm 49.39 ± 2.3 1.05 ± 0.00 55.41 ± 1.31 5.92 ± 0.04 0.23 ± 0.04 0.89 ± 0.23 1.03 ± 0.14 5.11 ± 0.44     
Bulk 27.20 ± 1.5 0.71 ± 0.04 28.54 ± 0.80 6.87 ± 0.68 0.36 ± 0.10 0.68 ± 0.01 2.70 ± 0.04 5.01 ± 0.01     
Sum fractions a 24.95 b ±  - 0.77 b ±  - 26.56 b ±  - 6.79 b ±  - 0.38 b ±  - 0.67 b ±  - 2.70 b ±  - 5.03 b ±  -     
             

Trace elements As B Ba Co Cr Cu Ni Pb Sn Sr Tl Zn 
[µg g-1] [µg g-1] [µg g-1] [µg g-1] [µg g-1] [µg g-1] [µg g-1] [µg g-1] [µg g-1] [µg g-1] [µg g-1] [µg g-1] 

>250 µm 9.4 ± 0.6 92.1± 2.3 81.7 ± 73.8 11.2 ± 0.4 65.4 ± 2.5 26.9 ± 0.8 66.3 ± 58.9 71.7 ± 13.3 5.4 ± 1.4 11.6 ± 10.6 13.5 ± 0.3 118.2 ± 8.9 
250-63 µm 9.8 ± 0.4 79.7 ± 2.2 79.2 ± 66.2 13.7 ± 0.9 57.8 ± 1.4 45.7 ± 2.9 88.5 ±  11.1 86.2 ± 19.8 4.1 11.0 ± 6.8 11.2 ± 0.3 136.5 ± 6.2 
63-20 µm 3.8 ± 0.0 79.6 ± 2.6 162.5 ± 11.3 3.6 ± 0.1 47.6 ± 0.1 16.5 ± 0.2 19.4 ± 5.5 37.0 ± 1.1 nd 15.9 ± 0.8 14.0 ± 0.2 43.6 ± 1.5 
20-2 µm 8.8 ± 0.0 93.9 ± 3.0 56.2 ± 19.6 7.9 ± 0.7 71.4 ± 1.2 42.7 ± 0.7 26.5 ± 0.6 55.6 ± 9.9 3.3 ± 0.1 11.1 ± 0.9 16.8 ± 0.1 114.1 ± 8.9 
<2 µm 15.1 ± 0.9 110.3 ± 4.1 62.9 ± 12.1 13.1 ± 1.6 102.8 ± 1.4 64.7 ± 2.8 50.2 ± 19.4 82.7 ± 9.8 6.2 ± 0.3 10.5 ± 1.0 13.8 ± 0.7 199.3 ± 7.5 
Bulk 8.1 ± 0.2 97.5 ± 6.5 60.6 ± 1.9 8.8 ± 0.3 61.1 ± 0.5 28.5 ± 0.4 21.7 ± 0.9 61.5 ± 2.4 2.3 8.9 ± 0.1 13.9 ± 0.4 121.2 ± 23.6 
Sum fractions a 8.0 b ±  - 88.4 b ±  - 97.8 ±   - 9.0 b ±  - 62.0 b ±  - 29.5 b ±  - 49.4 ±  - 61.8 b ±  - 3.6 ±  - 12.55 ±  - 13.95 b ±  - 101.91 ±  - 
             
a: Sum of all fractions (> 250, 250-63, 63-20, 20-2 and < 2 µm) according to their mass contribution of bulk soil (1) 
b: values included in PCA on chemical properties of soil fractions (Figure 1); sum of fractions (a) represent 90 -110% of the analyte found in bulk soil samples 
Cu: coefficient of uniformity - d60/d10 
nd: not detectable 



	

Table S 3: Summary of cation and anion concentrations in supernatant of different particel size 
fractions and bulk soil after fractionation with distilled water 
	

 Al3+ Ca2+ Fe2+ K+ Mg2+ Mn Na+ Ti4+ 

 [mg L-1] [mg L-1] [mg L-1] [mg L-1] [mg L-1] [mg L-1] [mg L-1] [mg L-

1] 
>250 µm nd nd nd nd nd nd nd nd 

250-63 µm nd nd nd nd nd nd nd nd 

63-20 µm nd nd nd nd nd nd nd nd 

20-2 µm nd nd nd nd nd nd nd nd 

<2 µm nd nd nd nd nd nd nd nd 

Bulk soil 1.04 ± 0.04 2.13 ± 0.23 0.76 ± 0.01 4.59 ± 1.36 0.38 ± 0.05 nd 2.78 ± 0.02 nd 
         
 F- Cl- NO3

- PO4
2- SO4

2-    
 [mg L-1] [mg L-1] [mg L-1] [mg L-1] [mg L-1]    
>250 µm 0.05 0.74 ± 0.20 nd nd nd    
250-63 µm 0.05 0.41 ± 0.16 nd nd nd    
63-20 µm nd 1.21 ± 0.85 nd nd nd    
20-2 µm 0.16 ± 0.00 0.66 ± 0.56 0.11 nd 0.21    
<2 µm 0.07 0.52 ± 0.42 nd nd nd    
Bulk soil 0.12 ± 0.02 5.13 ± 1.59 4.08 ± 1.02 1.21 ± 1.44 5.43 ± 1.04    
nd: not detectable 



	

	
Figure S 1: Particle size distribution of Rothamsted Park Grass soil fractions and bulk soil obtained by laser 

granulometry (Mastersizer 2000, Malvern) with (red dots) and without (black dots) ultra-sonication. Data points 

represent the mean, error bars the standard deviation of the mean. 
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Figure S 2: Extracted DNA from Rothamsted Park Grass soil fractions (n=6).  
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Chapter 2 

 
 

 

Figure S 3: O2 threshold concentration at which an abiotic NO production from culture medium could be 

expected. Butyl-rubber sealed vials (120 mL) containing 50 mL sterile, He-washed Czapeck-Dox medium 

(3mM ammonium; 10mM nitrite; 50 mM phosphate buffer (pH 7); 3 % O2 in headspace of vials) were 

inoculated with 1 mL of pre-cultures and subsequently incubated at 27°C for 270 h for headspace gas 

sampling. Dotted lines show O2, open symbols NO concentrations in headspace of single vials (n=3); same 

color indicates data from the same vial) of 05_Solicoccozyma terricola and 38_Oidiodendron cerealis.  

Vials where O2 was consumed to concentrations below 5 µmol O2 vial-1 showed increase in NO 

concentrations. Consequently, this O2 concentration was chosen as threshold value for estimation of abiotic 

NO production in all other cultures incubated at same conditions. 
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Figure S 4: Phylogenetic tree of tested strains within SSU rRNA based tree dowloaded from SILVA 
database (Quast et al., 2013) and NO reduction of Eurotiales related strains. Representative sequences of 
tested strains were chosen based on names from SILVA database, strains which could not be found in the 
database were replaced by a close relative to include the phylogenetic group in the graph. Bottom graphs 
show the NO curves throughout incubation of Eurotiales related strains. Butyl-rubber sealed vials (120 mL) 
containing 50 mL sterile, He-washed Czapeck-Dox medium (3mM ammonium; 10mM nitrite; 50 mM 
phosphate buffer (pH 7); 3 % O2 in headspace of vials) were inoculated with 1 mL of pre-cultures and 
subsequently incubated at 27°C for 270 h for headspace gas sampling. Grey dotted lines show estimated 
abiotic NO (12 nmol h-1 vial-1) and N2O-N (2.5 mol h-1 vial-1) production when vials get anoxic (O2 < 5 
µmol vial-1); black dotted lines show O2 concentrations measured in headspace; open symbols show NO 
concentrations in headspace. Data points show mean of replicates (n=3), error bars standard deviation of 
mean. 



	
 
 

 

Figure S 5: NO concentrations in headspace of 24 tested fungal strains throughout incubation in Czapeck-Dox medium). Butyl-rubber sealed vials (120 mL) containing 50 mL 
sterile, He-washed Czapeck-Dox medium (3mM ammonium; 10mM nitrite; 50 mM phosphate buffer (pH 7); 3 % O2 in headspace of vials) were inoculated with 1 mL of pre-
cultures and subsequently incubated at 27°C for 270 h for headspace gas sampling.Grey dotted lines show estimated abiotic NO (12 nmol h-1 vial-1) production when vials get 
anoxic (O2 < 5 µmol vial-1); black dotted line indicates O2 concentrations in headspace of vials; open symbols show NO concentrations in headspace. Data points show mean of 
replicates (n=3), error bars standard deviation of mean. 
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Figure S 6: N2O-N concentrations in headspace of 24 tested fungal strains throughout incubation in Czapeck-Dox medium. Butyl-rubber sealed vials (120 mL) containing 
50 mL sterile, He-washed Czapeck-Dox medium (3mM ammonium; 10mM nitrite; 50 mM phosphate buffer (pH 7); 3 % O2 in headspace of vials) were inoculated with 1 mL of 
pre-cultures and subsequently incubated at 27°C for 270 h for headspace gas sampling. Grey dotted lines show estimated abiotic N2O-N (2.5 nmol h-1 vial-1) production when 
vials get anoxic (O2 < 5 µmol vial-1); black dotted line indicates O2 concentrations in headspace of vials; open symbols show NO concentrations in headspace. Data points 
show mean of replicates (n=3), error bars standard deviation of mean.



	

 
 

 

Figure S 7: Cumulative NO reduction vs. N2O-N production (a) and NO reduction rates (b) of sterile Czapeck-

Dox medium control in anoxia after NO injection. Butyl-rubber sealed vials (120 mL) containing 50 mL 

sterile, He-washed Czapeck-Dox medium (3 mM ammonium; 2 mM nitrite; 50 mM phosphate buffer (pH 7); 

3 % O2 in headspace of vials, 10mM nitrite) were inoculated with 1 mL of pre-culture of tested strain and 

subsequently incubated at 27°C for for 110 hours for headspace gas sampling.(a): NO to N2O-N 

concentrations in headspace plotted as cumulative reduction of NO and cumulative production of N2O-N in 

vials. Arrows indicate time points of NO injections of increasing concentrations. Lines show mean of 

replicates, error bars the standard deviation. (b) show Michaelis-Menten curve fit to NO reduction rates 

calculated from NO injections in 3 vials (Table 2). NO concentrations in liquid phase were calculated based 

on measured headspace concentrations. 
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Figure S 8: Gel bands of amplified nirK and P450nor gene sequences from genomic DNA of tested fungal isolates. Red marks indicate 
bands which were send out for Sanger sequencing.  
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Chapter 3 

	

	
Figure S 9: Comparison between active orders of metatranscriptomes from microcosms with (red) and without (green) added fungicides. C, 
compost; PP, paper pulp; SS, sewage sludge; CON, control. Graphs produced by STAMP after importing profiles from compared 
metatranscriptomes in MEGAN. Samples from 6 and 30 days after addition of various organic materials are compared together with and 
without added fungizdes. P-values from Welch’s t-test in STAMP (n=6).	 
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 pH KCl pH H2O Ammonium 

[µg N g-1
DM] 

Nitrate 
[µg N g-1

DM] 
Nitrite 

[µg N g-1
DM] 

RNA* 
[µg  g-1

DM] 
DNA 

[µg  g-1
DM] 

        
SS 7.1 ± 0.03 7.6 ± 0.05 0.3 ± 0.12 nd 0.4 ± 0.06 2.0 ± 0.29 1.8 ± 0.09 
PP 6.6 ± 0.03 7.3 ± 0.09 7.9 ± 4.03 0.7 ± 0.19 0.2 ± 0.03 nd 0.6 ± 0.07 
C 7.1 ± 0.02 7.5 ± 0.06 71.3 ± 6.51 0.0 ± 0.22 0.1 ± 0.01 5.2 ± 1.98 9.4 ± 3.62 
 
pHKCl / pHH2O: pH measured in 1M KCl extract (1:5) and H2O extract (1:6) of 1 g amendment respectively 
PP: paper pulp; C: compost; SS: sewage sludge;DM: dry matter 
*RNA measured after 2 days incubation of pure amendments under same conditions as microcosms  
nd: not detectable 

Table S 4: Summarized data of different organic matter classed added to the microcosms. Values show the mean and 
standard deviation (n=3). 
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