A IDENTIFICATION

Elaboration de stratégies opératoires des méthaniseurs par approches méta-omiques

Les digesteurs anaérobies sont considérés comme insuffisamment maîtrisés car le microbiome, qui est l'acteur clé du processus, reste encore largement méconnu. De nos jours, les méthodologies omiques permettent d'effectuer des diagnostics fonctionnels du microbiome utiles pour élaborer des stratégies de gestion.

Conception de nouvelles stratégies opératoires pour lever les verrous de la méthanisation et étendre ses champs d'application par des approches méta-omiques

La digestion anaérobie (DA) est un processus de dégradation de la matière organique qui produit à terme un biogaz riche en méthane pouvant être converti en énergie. La méthanisation est encore considérée comme insuffisamment maîtrisée du fait de l'insuffisance de gestion du moteur microbien des réacteurs anaérobies car ce dernier reste encore largement méconnu. De nos jours, les méthodologies d'écologie microbienne omique permettent d'effectuer des diagnostics fonctionnels du microbiome. Les objectifs industriels sont : i. Proposition de stratégies de gestion microbienne des digesteurs anaérobies ; ii. Définition d'indicateurs microbiens de performance optimale et d'indicateurs d'alerte précoce des défaillances du processus de digestion anaérobie ; Les objectifs scientifiques sont : i. Développement d'une approche méta-omique permettant de faire un diagnostic du microbiome ; ii. Développement de méthodes biostatistiques d'exploration de données permettant la fusion de données méta-omiques et de données opérationnelles; iii. Évaluation de l'importance des propriétés du moteur microbien pour maintenir la stabilité fonctionnelle et la robustesse des bioprocédés.

Méthodologies omiques d'écologie microbienne appliquées à des perturbations clés de la digestion anaérobie pouvant mener à une défaillance du procédé.

Afin d'atteindre les objectifs du projet, la stratégie a consisté non seulement à étudier le fonctionnement de la communauté microbienne en régime stable, mais également sa réaction aux perturbations opérationnelles. Dans le projet, nous avons appliqué des méthodologies omiques d'écologie microbienne (métataxonomie, métagénomique et métabolomique) à différentes perturbations clés connues pour entraîner une défaillance du processus de digestion anaérobie des boues d'épuration. Au cours de ce projet, trois types différents de perturbations de la digestion anaérobie des boues d'épuration (concentration en ammoniac (tâche 1), variation de la composition du co-substrat (tâche 2), modification de la température (tâche 3)) ont été étudiés. Cette approche innovante repose sur l'utilisation de méthodologies omiques pour obtenir des informations sur les microorganismes présents, les fonctions exprimées et les métabolites produits, ainsi que sur l'étude des variations de ces indicateurs en fonction des conditions opératoires. L'analyse de ces données par des approches biostatistiques innovantes a permis d'extraire les corrélations pertinentes entre les différents types de données.

Résultats majeurs du projet

Des approches innovantes utilisant des méthodologies omiques d'écologie microbienne et des méthodes statistiques pour l'analyse du microbiome ont été proposées pour aller plus loin dans la description du microbiome. Par exemple, des phylotypes clés spécifiquement sensibles à des inhibitions ont été identifiés. Certains pourraient être utilisés comme bio-indicateurs pour contrôler le fonctionnement des digesteurs. Certaines stratégies de gestion microbienne des digesteurs anaérobies ont également été proposées (utilisation de matériaux réactifs pour contrer l'inhibition due à l'ammoniaque, utilisation de la température comme levier pour améliorer le bilan énergétique des digesteurs…).

Perspectives

Certaines stratégies de gestion microbienne des digesteurs anaérobies pourraient être mises en oeuvre sur site (utilisation de matériaux réactifs pour lever des inhibitions, de la température comme levier pour améliorer le bilan énergétique). Une autre perspective serait de développer des outils de diagnostic rapide pour évaluer le bon fonctionnement des digesteurs et prévenir les défaillances. Les développements méthodologiques récents permettent désormais des approches permettant de capturer les particularités biologiques des systèmes de DA et de développer des outils de diagnostic rapides.

Production scientifique

Le projet a été valorisé sous la forme de 9 publications (7 publiées, 2 soumises) dans des journaux internationaux à comité de lecture (Waste Management, Chemosphere, Journal of Proteome Research, Bioresource Technology, Chemometrics and Intelligent Laboratory Systems). Les résultats ont fait l'objet de 10 présentations dans des conférences internationales et 3 dans des conférences nationales.

Illustration

Légende : Concept du projet digestomic

Informations factuelles

Le projet DIGESTOMIC est un projet de recherche industrielle coordonné par INRAE. Il associe aussi AgroParisTech et SUEZ. Le projet a commencé en octobre 2016 et a duré 58 mois. Il a bénéficié d'une aide ANR de 446 565 € pour un coût global de l'ordre de 1 700 000 €

B.2 RESUME CONSOLIDE PUBLIC EN ANGLAIS

Design of anaerobic digestion new operational strategies using meta-omic approaches

Anaerobic digesters are considered as not being sufficiently controllable because the microbiome, which is the key player of the process, still remains largely unknown. Nowadays omic methodologies allow to perform functional microbiome diagnostics which can be useful to develop microbial-based management strategies.

Design of new operational strategies to overcome anaerobic digestion technical barriers and extend its fields of application using meta-omic approaches

Anaerobic digestion (AD) is a process of degradation of the organic matter which ultimately produces biogas rich in methane that can be converted to electrical and thermal energy. Methanization is still considered as not being sufficiently controllable due to the limitation of microbial-based management of anaerobic reactors. Indeed, the microbiome, which is the key player of the AD process, still remains largely unknown. Nowadays omic microbial ecology methodologies allow to perform functional microbiome diagnostics. The industrial goals of the Digestomic project are: (i) Proposal of microbial management strategies of anaerobic digesters, (ii) Definition of microbial indicators of optimal performance and early warning indicators of anaerobic digestion process failures. The scientific goals of the Digestomic project are: (i) Development of a meta-omic approach in order to make a microbiome diagnostic, (ii) Development of biostatistics data mining methods for the fusion of meta-omic data and process parameters, (iii) Assessment of the importance of the properties of the microbiome to maintain the functional stability and robustness of the process.

Omic microbial ecology methodologies applied to different known key anaerobic digestion perturbations that could lead to some process failures

To achieve the project goals, the strategy was not only to study the microbial community during steady state functioning but also its reaction to operational and environmental disturbances. We applied the omic microbial ecology methodologies (metataxonomics, metagenomics, metabolomics) to different known key perturbations that could lead to some process failures during sewage sludge anaerobic digestion. Three different types of anaerobic digestion perturbations have been studied (i.e., ammonia concentration (task 1), co-substrate composition variation (task 2) and temperature modification (task 3)). This innovative approach of the project is based on the use of omics methodologies to obtain information on the microorganisms present, the functions expressed and the metabolites produced, and also on the study of the variations of these indicators according to the operating conditions. The analysis of these data by innovative biostatistics approaches has allowed the extraction of the relevant correlations between the various types of data.

Major results of the project

Innovative approaches using omic microbial ecology methodologies and statistical frameworks for the analysis of the microbiome were proposed to go further in the description of the microbiome. For example, key phylotypes specifically sensitive to inhibition were identified. Some of them could be used as bio-indicators to control digester functioning. Some microbial management strategies of anaerobic digesters have also been proposed (use of reactive materials to counteract ammonia inhibition, using temperature as a level to improve plant energy balance…)

Perspectives

Based on the results obtained, some microbial management strategies of anaerobic digesters could be investigated and implemented on-site, such as using reactive material to overcome ammonia inhibition or using temperature as a lever to improve plant energy balance. One other important perspective would be to develop biological diagnostic tools to rapidly assess the correct functioning of the digesters and prevent strong inhibitions or failures. Methodological developments now allow more feasible and faster approaches capable of capturing the biological peculiarities of the AD systems and to develop fast diagnostic tools.

Scientific production

The project was valorized in the form of 9 publications (7 published, 2 submitted) in international peer-reviewed journals (Waste Management, Chemosphere, Journal of Proteome Research, Bioresource Technology, Chemometrics and Intelligent Laboratory Systems). The results were presented in 10 international conferences and 3 national conferences.

C MEMOIRE SCIENTIFIQUE

Mémoire scientifique confidentiel : non

C.1 RESUME DU MEMOIRE

Anaerobic digestion (AD) is a process of degradation of the organic matter which ultimately produces biogas rich in methane that can be converted to electrical and thermal energy. Methanization is still considered as not being sufficiently controllable due to the limitation of microbial-based management of anaerobic reactors. Indeed, the microbiome, which is the key player of the AD process, still remains largely unknown. Nowadays omic microbial ecology methodologies allow to perform functional microbiome diagnostics.Innovative approaches using omic microbial ecology methodologies and statistical frameworks for the analysis of the microbiome were proposed to go further in the description of the microbiome. For example, key phylotypes specifically sensitive to inhibition were identified. Some of them could be used as bio-indicators to control digester functioning. Some microbial management strategies of anaerobic digesters have also been proposed (use of reactive materials to counteract ammonia inhibition, using temperature as a level to improve plant energy balance…)

C.2 ENJEUX ET PROBLEMATIQUE, ETAT DE L'ART

Anaerobic digestion (AD) is a process of degradation of the organic matter which ultimately produces biogas rich in methane that can be converted to electrical and thermal energy. In a context of environmental protection and research for increasing energy efficiency, methanization arouses a renewed interest because it allows converting waste into both an energy resource and an organic amendment that can be used for manure spreading on soil. The number of organic matter deposits is continuously increasing, making anaerobic digestion an important potential source of energy. Over the last years, numerous studies were carried out to optimize the management of reactors and maximize their efficiency. However experience feedback shows that digesters remain poorly instrumented and that their operation mainly relies on the know-how of the developer. Furthermore, the dynamics of the populations and industries can cause sudden and unpredictable changes of quantity and composition of the waste to be treated. Until recently, methanization was considered as not being sufficiently controllable to confront these changes and to present the required flexibility. Such a situation was mainly due to the limitation of microbial-based management of anaerobic reactors. Indeed, the microbiome, which is the key player of the AD process, still remains largely unknown. Nowadays omic microbial ecology methodologies allow to perform functional microbiome diagnostics [START_REF] Vanwonterghem | Linking microbial community structure, interactions and function in anaerobic digesters using new molecular techniques[END_REF] which could help (i) to build real microbial management strategies of anaerobic digestion and (ii) to set microbial indicators of optimal performance and warning indicators of process failures [START_REF] Koch | Microbiomes in bioenergy production: From analysis to management[END_REF]. During the project other research teams have confirmed the interest of omic approaches for AD diagnostic purposes [START_REF] Venkiteshwaran | Correlating methane production to microbiota in anaerobic digesters fed synthetic wastewater[END_REF][START_REF] References De Vrieze | The active microbial community more accurately reflects the anaerobic digestion process: 16S rRNA (gene) sequencing as a predictive tool[END_REF]. The industrial goals of the Digestomic project are: (i) Proposal of microbial management strategies of anaerobic digesters, (ii) Definition of microbial indicators of optimal performance and early warning indicators of anaerobic digestion process failures. The scientific goals of the Digestomic project are: (i) Development of a meta-omic approach in order to make a microbiome diagnostic, (ii) Development of biostatistics data mining methods for the fusion of meta-omic data and process parameters, (iii) Assessment of the importance of the properties of the microbiome to maintain the functional stability and robustness of the process.

C.3 APPROCHE SCIENTIFIQUE ET TECHNIQUE

To achieve the project goals, the strategy was not only to study the microbial community steady state functioning during but also its reaction to operational and environmental disturbances. In the project we applied the omic microbial ecology methodologies to different known key perturbations that could lead to some process failures during sewage sludge anaerobic digestion. During this project, three different types of sewage sludge anaerobic digestion perturbations were studied (i.e., ammonia concentration (task 1), co-substrate composition variation (task 2), temperature modification (task 3)). This innovative approach is based on the use of omics methodologies to obtain information on the microorganisms present, the functions expressed and the metabolites produced, and also on the study of the variations of these indicators according to the operating conditions. The analysis of these data by innovative biostatistics approaches has allowed the extraction of the relevant correlations between the various types of data. The experimental design, omic methodologies and statistical analysis used were as follows :

Experimental design

For task 1 on the effect on ammonia during AD, we decided to study the microbiome dynamics alongside the ammonia accumulation speed. We then compared the effect of different speeds of ammonia addition in semi-continuous bioreactors. Six semi-continuous stirred tank reactors (Bioprocess Control) with a working volume of 5 L (7 L total) were used.

For task 2, batch digesters were used to study the influence of different mixtures of substrates and to determine the most appropriate ratio. Batch experiments were carried out in 1L glass bottles under mesophilic conditions, in the dark and without agitation. A second experiment in semi-continuous bioreactors was performed to study the effect of the modification of the feedstock composition during AD.

It is to note that for task 3 on the evaluation of temperature as an operational lever, we did a full-scale experiment on a 190,000 people equivalent French WasteWater Treatment Plan (WWTP). Two 3,000 m 3 digesters handling the same sludge were operated in parallel, under the exact same operating conditions. During a first period of 4 months, both digesters were operated under mesophilic conditions (35°C) and monitored to verify that they behaved in the same way. Then Digester A was kept running in the mesophilic mode during the entire experiment (control reactor : 35°C) while the temperature of digester B was abruptly decreased from 35°C to 30°C, and after 2 Hydraulic Retention Time (HRT) of stable operation , it was abruptly decreased from 30°C to 25°C (experimental reactor). After 3 HRT at 25°C, the temperature of digester B was restored to 35°C until the end of the experiment.

Analytical methodologies

-Metataxonomics (16S metabarcoding) V4-V5 region of the 16S rRNA gene was amplified by PCR. Sequencing was performed on Ion Torrent Personal Genome Machine using Ion 316 Chip V2 (Life Technologies) and Ion PGM Hi-Q View Sequencing Kit (Life Technologies) according to the manufacturer's instructions. Sequencing data was processed by the Torrent Suite Software.

-Metagenomics Libraries were prepared with the TruSeq NGS Library Prep Kit from Westburg (WB9024). The sequencing of the genomic DNA was done using the Illumina NextSeq 500.

-Metabolomics As the objective during this specific work was to study the metabolome as a whole, untargeted methodologies were used. Liquid-chromatography mass spectrometry (LTQ-Orbitrap) and Fourier-transform ion cyclotron resonance (FTICR) with direct infusion were used to analysis the supernatant, that is the dissolved extracellular metabolites.

Statistical analysis

Different statistical approaches were employed to integrate and analyze the data. Classical methods such as PCA (Principal Component Analysis), ICA (Independent Component Analysis) were used to extract relevant information from the different data sets. More refined approaches, such as ComDim (Common Components and Specific Weights Analysis), or specifically designed correlation approaches were employed to draw links between different types of omics. Finally we also developed specific frameworks for the time course analysis of data.

C.4 RESULTATS OBTENUS

Task 1: Microbial management strategies to prevent ammonia inhibition during AD

The influence of ammonia accumulation on the microbial dynamics was evaluated. In semicontinuous reactors ammonia was added at different speeds. The results showed that the faster the speed of accumulation was, the more the digester performances were impacted. A longitudinal analysis was performed by carrying out a temporal sampling. This analysis allowed the assessment of the adaptation capacity of the microbes when subjected to different conditions of ammonia addition. Moreover, microorganisms specific to the ammonia accumulation were identified (Lachnospiraceae, Dysgonomonadaceae and Ruminococcaceae) and could be used as potential bio-indicators to forecast digester inhibition. In order to propose a strategy to prevent ammonia inhibition during AD, we decided to study the effect of Zeolite which is a mineral support able to counteract ammonia inhibition, although the mechanisms behind this mitigation ability remain unclear. In order to unravel them, different physical treatments were applied to the zeolite before it was added into digesters containing ammonia. In general, in absence of ammonia the zeolite did not influence the microbial composition and the digester performances, while a significant effect was observed in presence of ammonia. A discriminant analysis coupled to a sparse method allowed to highlight the impact of the zeolite on the microbial syntrophy needed for the propionate degradation. Additional data from the literature were included in order to evaluate the genericity of the results. The results showed that the addition of zeolite in presence of ammonia led to the modification of the microbial community, especially of microbes involved in a syntrophy for the degradation of volatile organic acids. This resulted in the decrease of the inhibition.

Task 2 Microbial management strategies to overcome dysfunction during co-digestion

The influence of the feedstock composition on the AD microbiome was studied. Digesters were fed with different mixtures of substrates (grass, fish, sludge). The results showed that the substrate composition played a significant role in the microbial diversity and specificity which could explain the different digester performances observed between the batch reactors. An integrative analytical framework was specifically used to link the microbial activity to the substrates degradation. It allowed the identification of potential degraders of specific molecules. The capacity of the microorganisms to adapt to a modification of the feedstock composition was also evaluated in semi-continuous reactors.

Task 3: Evaluation of temperature as an operational lever Low temperature anaerobic digestion (30°C and 25°C) was successfully performed at full-scale for several months. During the low temperature operation, the reactor remained stable but the specific biogas production decreased by 20%. Despite this significant decrease in biogas production, the energy balance is still positive, leading to an increase in the amount of biogas available for valorization. If some changes in the microbial structure have been observed during temperature decrease, after the mesophilic temperature was restored, no significant differences were highlighted between the microbial communities in the control digester and the ones in the test digester. Microbial dynamics were monitored with a multi-omics approaches (metataxonomics, metagenomics, metabolomics) to decipher the influence of temperature modifications.

C.5 EXPLOITATION DES RESULTATS

Concerning task 1, we have been able to show that Zeolite could be a strategy to prevent inhibition by ammonia and to understand the reasons behind this effect. This strategy could be tested at the industrial level. Concerning task 3, the results support the application of a low temperature AD strategy when it comes to the operation of under-loaded digesters to improve plant energy balance. Indeed, the biogas reduction induced by temperature decrease seems to be counterbalanced by an increase in the amount of biogas available for valorization, thus potentially increasing resulting income. The fact that no permanent detrimental effect was observed on the microbial communities shows that temperature can be seen as an operational lever.

C.6 DISCUSSION

The different initial objectives presented in C2 have been achieved. 1 st Scientific objective Different meta-omic approaches have been used (metataxonomics, metagenomics and metabolomics) to create an AD microbiome diagnostic as planned. 16S metabarcoding and metabolomics approaches were found to be the best suited methods to monitor anaerobic digesters, as they provide high-throughput data that can be used to rapidly create extensive databases and design AD diagnostic warning bioindicators.

2 nd Scientific objective Innovative biostatistics data mining methods have been employed (PLS-DA, ComDim, …) and developed (methods for integration of metabolomics and metataxonomics data, specific framework for the analysis of longitudinal data from high-throughput approaches that are not limited to but applied to metataxonomics and metabolomics) to analyze the generated data for operational purposes 3 rd Scientific objective Using the meta-omic approaches, we have been able to evaluate the importance of microbial ecological parameters to maintain functional stability and robustness of bioprocesses. For example in task 3, after restoring the initial mesophilic temperature, the bacterial community manifested resilience in terms of microbial structure and functional activity. This characteristic of the microbial community is essential for process stability.

1 st Industrial objective The project gives (i) relevant indications for feeding strategies to overcome dysfunction during co-digestion process; (ii) promising results for the improvement of the plant energy balance by reducing the digester temperature without a permanent detrimental effect either on the microbial communities or the biogas production; (iii) better description of the relation between ammoniac concentration, digester microbiome and biogas production performances.

2 nd Industrial objective Several microbial indicators of optimal performance and early warning indicators have been proposed. For example, microorganisms specific to the ammonia accumulation were identified and could be used as potential bio-indicators to forecast digester inhibition. The results obtained during the Digestomic project open several perspectives both from a scientific and an industrial point of view. For example, based on the results obtained, some microbial management strategies of anaerobic digesters should be investigated and implemented on-site; for example, using reactive material to overcome ammonia inhibition or using temperature as a lever to improve plant energy balance. One other important perspective would be to develop biological diagnostic tools to rapidly assess the correct functioning of the digesters and prevent strong inhibitions or failures. Until recently, the use of high-throughput techniques was limited to selected lab studies as they were expensive, time-consuming and the results were not easy to use for operational purpose. Methodological developments now allow more feasible and faster approaches that are able to capture the biological particularities of the AD systems and to develop fast diagnostic tools. This is the objective of the methadiag project that we have submitted to the ANR AAPG.

C.7 CONCLUSIONS

The results of this project highlight the importance of the operational parameters, even at a small-scale, on the microbial activity. Innovative statistical frameworks for the analysis of the microbiome were proposed to go further into the description of the microbiome. For example, key phylotypes specifically sensitive to inhibition were identified. Some of them could be used as bio-indicators to monitor digester functioning. Moreover, this work highlights the value of developing metabolomic analysis in the bioprocess fields, as it enables monitoring the degradation of the organic matter and infers the potential role of the microorganisms in the degradation process. Some microbial management strategies of anaerobic digesters have also been proposed (use of reactive materials to counteract ammonia inhibition, using temperature as a lever to improve plant energy balance…) 
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extend its fields of application by using meta-omic approaches

Appel à projets générique 2016

Illustration

Legend: Digestomic project concept

Factual information

The DIGESTOMIC project is an industrial research project coordinated by INRAE. It also associates AgroParisTech and SUEZ. The project started in October 2016 and lasted 58 months. It received ANR aid of € 446,565 for a total cost of around € 1,700,000. 

E.3 LISTE DES ELEMENTS

E.4 IMPACT AU NIVEAU DES PARTENAIRES INDUSTRIELS (LE CAS ECHEANT)

Entreprise xxx SUEZ Xxx Gilberte GAVAL gilberte.gaval@suez.com SUEZ contribution to the project can be wrap-up in three main points: (i) industrial contact facilitating the access to full-scale digesters or substrate/inoculum samples; (ii) feedback on the alignment of the trials with on-field reality; (iii) management and realization of the full-scale trial for the assessment of the impact of low temperature on anaerobic digestion. For SUEZ, the main interest of the current project consists in the opportunity to get access to a deeper understanding of the anaerobic digestion microbiome and thus to be able to move from a "black-box" management towards a microbial-based management.

The project highlighted several relevant outcomes with potential industrial applications: (i) relevant indications for feeding strategies to overcome dysfunction during co-digestion process;
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(ii) promising results for the improvement of the plant energy balance by reducing the digester temperature without a permanent detrimental effect either on the microbial communities or the biogas production; (iii) better description of the relation between ammoniac concentration, digester microbiome and biogas production performances. On this basis, SUEZ intends, if be possible, to propose new operational strategies to overcome technical barriers in anaerobic digestion leading to an increase of biogas production flow rate, quality and stability. In addition, from an economical point of view, these new strategies could then be related either to augmented revenues or reduced capital expenditures by increasing the initial plant capacity.