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relative abundance of top-20 most abundant taxa within the PE and EE reactors, and b) 
the least discriminant analysis of the reactors depicted at steady state and performance 
decline �S�K�D�V�H�V���R�I���W�K�H���U�H�D�F�W�R�U���W�U�L�D�O�����)�L�J�X�U�H���O�H�J�H�Q�G�V���D�U�H���D�V�����3�(�����µ�3�U�R�S�L�R�Q�D�W�H���H�Q�U�L�F�K�P�H�Q�W�¶���D�Q�G��
���(�(�����µ�(�O�H�F�W�U�R�D�F�W�L�Y�H���H�Q�U�L�F�K�P�H�Q�W�¶�����*�U�R�X�S�V���S�U�H�V�H�Q�W�H�G���D�W���S�K�D�V�H�V���R�I���W�K�H���W�U�L�D�O�����$�����V�W�H�D�G�\���V�W�D�W�H����
(B) Fe, Ni, Co dosing; (C) Takedown; (CTR) Inoculum. 

Figure 4-14. Microbial community diversity measured alpha diversity metrics Chao1 
richness and Shannon diversity index A) Taxonomic abundance, B) KEGG module hit, 
and C) dbCAN. Figure legend indicate Electroactive enrichment (EE) and Propionate 
enrichment (PE).  Groups presented at various phases of the trial (A) steady state; (B) Fe, 
Ni, Co dosing; (C) Takedown. 

Figure 4-15. Microbial community diversity measured beta diversity metrics using Bray 
Curtis dissimilarity metric A) Taxonomic abundance, B) KEGG module hit, and C) 
dbCAN. Figure legend indicate Electroactive enrichment (EE) and Propionate enrichment 
(PE).  Groups presented at various phases of the trial (A) steady state; (B) Fe, Ni, Co 
dosing; (C) Takedown. 

Figure 4-16. Taxonomic abundance bar plot of metagenome assembled genomes 

(MAGs) enriched during the reactor trial. Categorised on the basis of reactor groups 

Electroactive enrichment (EE) and Propionate enrichment (PE).  Groups presented at 

various phases of the trial (A) steady state; (B) Fe, Ni, Co dosing; (C) Takedown. 

Figure 4-17. Signature plots based on CODA GLLMNET model for positive or negative 
associations of taxonomy and the presence of Ethanol for all the isolated MAGs 
Figure 4-18. Signature plots based on CODA GLLMNET model for positive or negative 
associations of taxonomy and the presence of Propionate for all the isolated MAGs 

Figure 4-19. ggTree plot of the phylogenetic relationships within enriched MAGs 
expressed in a normalized measure TSS (Total Sum Scaling) and CLR (Centered Log-
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Ratio) to depict bias free changes in relative abundances within enriched MAGs across 
various reactor groups and phases.  

Figure 4-20. Carbon cycling pathway present in the microbiome. Red arrows indicate the 
enriched carbon metabolism steps based on number of MAGs with complete KEGG 
modules and coverage of the metabolic step in the community. 

Figure 4-21. Sulfur cycling pathway present in the microbiome. Red arrows indicate the 
enriched sulfur metabolism steps based on number of MAGs with complete KEGG 
modules and coverage of the metabolic step in the community.  

Figure 4-22. Metal cycling pathway present in the microbiome. Red arrows indicate the 
enriched iron, arsenic and selenate metabolism steps based on number of MAGs with 
complete KEGG modules and coverage of the metabolic step in the community 

Figure 4-23. Functional completeness of KEGG modules within the highly abundant 
(<1%) methanogenic archea within archeal MAGs. M number represent KEGG modules 
accessible from https://www.genome.jp/kegg/module.html. K numbers represent KEGG 
Orthologs accessible from https://www.genome.jp/kegg/ko.html. KEGG mapper 
depicting the enriched metabolic pathways putatively supporting methanogenesis in the 
biomass. 

Figure 4-24. Functional completeness of KEGG modules within the highly abundant 
(<1%) bacterial MAGs. M number represent KEGG modules accessible from 
https://www.genome.jp/kegg/module.html. K numbers represent KEGG Orthologs 
accessible from https://www.genome.jp/kegg/ko.html a) Positively associated taxa within 
electroactive enrichments and b) Positively associated taxa within propionate 
enrichments c) KEGG mapper depicting the enriched metabolic pathways supporting 
methanogenesis in the biomass. 

Figure 5-1. Bioreactor trial configuration, phases and time points of microbial 
community abundance assessment using qPCR metabolic gene panel. 

Figure 5-2. (a) sCOD removal (%) and (b) methane production (mL CH4 h�í1) from three 
UASB reactors across four operational phases. Moving window average (n = 2) as trend 
line presented for each reactor. Each phase is represented distinctly; black line represents 
shift to Phase 2, dark blue dashed line represents shift to Phase 3, green dotted line 
represents shift to Phase 4.  

Figure 5-3. a) Absolute abundance of 16SrRNA gene b) Absolute abundance of mcrA 
gene during steady state (day 80 and 117) and disturbed state (day 157 and 168) of reactor 
trial. Quantification using qPCR and concentration of gene copy expressed as number of 
copies per gram volatile solid biomass (n=4; per reactor per phase) 

Figure 5-4. Ratio of a) mcrA/16S rRNA copies representing the abundance of 
methanogenic archea within total microbial community and b) 16S rRNA/mcrA copies 
representing abundance of total bacteria with respect to methanogens. 

Figure 5-5. a) Absolute abundance of pilA during steady state (day 80 and 117) and 
disturbed state (day 157 and 168) during reactor trial. Quantification using qPCR and 
concentration of gene copy expressed as number of copies per gram volatile solid biomass 
(n=4; per reactor per phase) b) 16S/ pilA ratio to represent difference between steady and 
disturbed state. 

Figure 5-6. Absolute abundance of hgtR during steady state (day 80 and 117) and 
disturbed state (day 157 and 168) during reactor trial. Quantification using qPCR and 
concentration of gene copy expressed as number of copies per gram volatile solid biomass 
(n=4; per reactor per phase) 
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Abstract 

In current times, anaerobic digestion is a relevant technology to push the bio economy 

into its phase of high productivity, and to support a just transition. The sustainable 

production of biogas is centrally a microbial process. These processes are amenable to 

instability caused by disturbances and perturbations. For example, trace element 

imbalance and organic rate overload. In attempts to improve the methane yields while 

encountering complex process challenges, stability boosting strategies have been 

extensively studied. While, trace element dosing is essential for anaerobic digestion, the 

synergistic and antagonistic effects are not well understood. Additionally, the 

involvement of electroactive taxa in methanogen resilience and molecular markers 

underpinning microbial adaptation to stressed conditions remain mostly unexplored. This 

thesis aims to uncover the functional role of trace element mixtures, electroactive 

microbes and molecular markers in raising methanogen resilience when exposed to stress. 

Major microbial community members have been identified, yet the main microbes arising 

to the occasion of process disruptions are syntrophic propionate oxidising bacteria 

(SPOB). The bipartite syntrophic breakdown of propionate to hydrogen, CO2 and, 

methane, takes place at the brink of thermodynamic equilibrium, consequently leading to 

low energy gains. Since, the resilience of this process relies heavily on enhanced 

interspecies electron transfer (IET) between the partners. The key to strengthening 

methanogen resilience identified were improving routes of IET, bio-augmentation of 

microbes, addition of conductive materials and process adjustments (low organic loading 

rates, metal supplementation). Three main effectors of methanogenic resilience were 

selected and individually scrutinised in this thesis.  

The first experimental chapter examined the exposure of methanogenic granules to a trace 

element (TE) mixture alongside molybdenum (Mo), tungsten (W) or selenium (Se) would 

impact (i) extracellular polymeric substances (EPS) protein and carbohydrate content, (ii) 

microbial composition, and (iii) putative metabolic function. The results showed that, Mo 

and W increased the concentration of soluble Fe in abiotic controls, enhancing Fe 

retention. The presence of W, Mo, W+Se, and Se had a positive effect on methane 

production, with W+Se and W enhancing acetoclastic and hydrogenotrophic 

methanogenesis. Additionally, Se increased EPS protein and carbohydrate contents in the 

biomass. Shifts in the microbiome composition were mainly driven by Mo and Se, which 

typically enriched Capriciproducens, Macelibacteroides and Clostridium sensu stricto 5 

taxa. Functional analysis suggested an enrichment of nucleotide metabolism and, 

importantly, Vitamin (B12, B6 and B9) metabolic potential. The main takeaway was that 
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Fe dynamics dictates the retained concentration of Mo, W, and W+Se, this is essential to 

optimize methane production through tailored metal supplementation combinations. 

The second experimental chapter assessed the stress mitigation capacity electroactive taxa 

provides to propionate oxidation and methanogenesis processes after trace element 

overdoses. Duplicate reactors from propionate enrichment (PE) and electroactive 

enrichment (EE) group after 62-day trail time, showed that EE reactors improved faster 

from TE-induced performance decline, achieving higher propionate elimination (75% vs 

57%) and superior specific methanogenic activity after 33 days. Notably, EE biomass 

retained significantly more tungsten (290 vs 45.7 mg W kg-1) than PE. The basis for this 

was linked to the (i) differential enrichment of Uncultured Geobacteracea, (ii) enhanced 

mcrA expression (iii) putative cytochrome-based respiration, and (iv) putative heme and 

co-factor biosynthesis. This demonstrated that ethanol-fed Geobacteracae can 

significantly enhance W and Co retention and stabilise propionate oxidation and 

methanogenesis under severe TE stress. Given longer recovery time, complete rescue of 

reactor would be possible. The indication that electroactive taxa aided methanogen 

robustness was critical. However, since the reactor biomass deteriorated, it would prove 

difficult to identify the responsible modules. 

The third experimental chapter attempted to identify how electroactive taxa & direct 

interspecies electron transfer (DIET) specific genes propel propionate oxidisers & 

methanogens under pulsed metal dosing conditions. Duplicate reactor set up in groups 

named; propionate enrichment (PE) and electroactive enrichment (EE). The results 

showed that after 49 days, 8 metal pulses (2 mg L-1/week), and test reactors 

maintained optimal sCOD removal and methane production with increased methyl-

dependent methanogenesis. W, Mn, Se dosing increased W retention (52 vs 30 mg W kg-

1, p>0.01). EE reactor biomass produced methane even when exposed to 80X metal 

dosing concentration, while PE failed to do so. Key metagenome-assemebled genomes 

identified were Smithellaceae, Syntrophobacter (propionate oxidizer), Methanothrix, 

Methanospirillum (methanogen), and Geobacteraceae (electroactive). Metagenomes 

revealed the presence of type 4 secretion system, type 4 pili (two-component system) 

TCS, CO2 reduction genes and EPS/ Lipopolysacchride (LPS) modification modules. 

Geobacteraceae facilitated, W-based promotion of methanogenesis, IC50 elevation, 

through probable mechanisms that retrofit existing methanogens as DIET capable were 

observed in chapter 3 and 4.  

Finally, in the fourth experimental chapter, the utility of selected DIET-related genes 

(pilA and hgtR) was tested against established markers (16S rRNA and mcrA), to 

determine their responses. To our knowledge, this chapter investigates for the first time 

the response of a metabolic gene panel to organic loading rate (OLR) stress in propionate-
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degrading methanogenic consortia in lab-scale upflow anaerobic sludge blanket (UASB) 

reactors. The experimental phases included stabilisation (1.4�±2.8 g COD/L/day), 

electroactive enrichment, OLR shock (6 g COD/L/day), and early recovery. Quantitative 

PCR was used to assess the abundance of key functional genes (16S rRNA, mcrA, pilA, 

and hgtR). During stabilisation, ~200 mL CH4/h was produced, the mcrA/16S rRNA ratio 

was 0.78�±2.64, and pilA and hgtR abundances were 1.29�±2.27 × 105 and 2.12�±4.37 × 104 

copies/gVS. Following the OLR shock, methane production ceased entirely, accompanied 

by a sharp decline in the mcrA/16S ratio (0.08�±0.24) and significant reductions in pilA 

(1.43-log) and hgtR (1.34-log) abundance. Partial recovery of pilA and hgtR abundance 

(1.19 × 105 and 8.57 × 104) was observed in the control reactor after the early recovery 

phase. The results highlight the utility of mcrA, 16S rRNA, pilA, and associated ratios, 

as reliable indicators of OLR stress in lab-scale UASB reactors. This chapter advanced 

the understanding of molecular stress responses in propionate-degrading methanogenic 

consortia and mainly focused on DIET in recognising process stability and recovery. 

In summary, this PhD thesis provided theoretical and practical insights to the potential 

routes of augmenting methanogenic resilience and stability, thereyby leading to stronger, 

robust and resilient AD processes.
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Resumen (In Spanish) 

En la actualidad, la digestión anaerobia está demostrando ser una tecnología clave para 

impulsar la bioeconomía hacia su fase de alta productividad y apoyar una transición justa. 

La producción sostenible de biogás es un proceso microbiano. Estos procesos son 

propensos a la inestabilidad causada por alteraciones y perturbaciones, como las 

producidas porel desequilibrio de oligoelementos y la sobrecarga de la tasa orgánica. En 

un intento de mejorar la producción de metano en este complejo proceso, se han estudiado 

diversas estrategias para aumentar la estabilidad en los digestores. Sin embargo, aunque 

la dosificación de oligoelementos es esencial para el correcto funcionamiento de la 

digestión anaerobia, los efectos sinérgicos y antagónicos no se conocen en profundidad. 

Además, los taxones electroactivos que intervienen en la resistencia de los metanógenos 

y los marcadores moleculares que sustentan la adaptación microbiana a condiciones de 

estrés permanecen en su mayor parte inexplorados. El objetivo de esta tesis es descubrir 

el papel funcional de las interacciones de los oligoelementos, los microbios electroactivos 

y los marcadores moleculares en el aumento de la resiliencia de los metanógenos cuando 

se exponen al estrés. 

Se han identificado los principales miembros de la comunidad microbiana y se ha 

observado que los microorganismopredominantes en fallos o interrupciones del proceso 

son los oxidantes sintróficos de propionato y acetato. La descomposición sintrófica 

bipartita de propionato o acetato en hidrógeno y CO2 y metano, tiene lugar al borde del 

equilibrio termodinámico, lo que conlleva una baja ganancia de energía. La resistencia de 

este proceso depende en gran medida de una mayor transferencia de electrones entre las 

especies (IET). Las claves para reforzar la resiliencia de los metanógenos identificados 

en el capítulo introductorio fueron: mejora de las rutas de IET, bioaumentación de los 

microbios, adición de materiales conductores y ajustes del proceso (bajas tasas de carga 

orgánica, suplementación con metales). De ellos, se identificaron tres efectores 

principales de la resistencia metanogénica para ser analizados individualmente.  

En el primer capítulo experimental se examinó si la exposición de gránulos 

metanogénicos a una mezcla de oligoelementos (TE) junto con molibdeno (Mo), 

wolframio (W) o selenio (Se) repercutiría en (i) el contenido de proteínas y carbohidratos 

de las sustancias poliméricas extracelulares (EPS), (ii) la composición microbiana y (iii) 

el potencial funcional. Los resultados mostraron que, Mo y W aumentaron la 

concentración de Fe soluble en los controles abióticos, potenciando la retención de Fe. 

La presencia de W, Mo, W+Se y Se tuvo un efecto positivo sobre la producción de 

metano, con W+Se y W potenciando la metanogénesis acetoclástica e hidrogenotrófica. 
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Además, el Se aumentó el contenido de proteínas y carbohidratos del EPS en la biomasa. 

Los cambios en la composición microbiana del granulo se debieron principalmente al Mo 

y al Se, que enriquecieron los taxones Capriciproducens, Macelibacteroides y 

Clostridium sensu stricto 5. El análisis funcional sugirió un enriquecimiento del 

metabolismo de nucleótidos y, lo que es más importante, del potencial metabólico de las 

vitaminas (B12, B6 y B9). La principal conclusión fue que la dinámica del Fe dicta la 

concentración retenida de Mo, W y W+Se, lo que resulta esencial para optimizar la 

producción de metano mediante combinaciones de suplementos metálicos a medida. 

El segundo capítulo experimental evaluó la capacidad de mitigación del estrés que los 

taxones electroactivos proporcionan a los procesos de oxidación de propionato y 

metanogénesis tras sobredosis de oligoelementos. Para esto se utilizarón reactores 

enriquecidos en propionato (PE) y los de enriquecimiento electroactivo (EE). Los 

resultados mostraron que después de 62 días de operación, los reactores EE se 

recuperarón más rápidamente del estrés y por tanto de la bajada del rendimiento,  inducida 

por TE, logrando una mayor eliminación de propionato (75% vs 57%) y una actividad 

metanogénica específica superior después de 33 días. En particular, la biomasa de EE 

retuvo significativamente más tungsteno (290 frente a 45,7 mg W kg-1) que la de PE. La 

base de esto se relacionó con (i) el enriquecimiento diferencial de Geobacteracea no 

cultivadas, (ii) la expresión mejorada de mcrA (iii) la respiración putativa basada en 

citocromos y (iv) la biosíntesis putativa de hemo y cofactores. Esto demostró que las 

Geobacteráceas alimentadas con etanol pueden mejorar significativamente la retención 

de W y Co y estabilizar la oxidación del propionato y la metanogénesis bajo estrés TE 

severo. Con un mayor tiempo de recuperación, sería posible el rescate completo del 

reactor. La indicación de que los taxones electroactivos ayudaron a la robustez del 

metanógeno fue crítica. Sin embargo, dado que la biomasa del reactor se deterioró, la 

identificación de los módulos responsables resultaría compleja. 

El tercero capítulo experimental trató de identificar los medios por los que los taxones 

electroactivos y los genes específicos transferencia directa de electrones entre especies 

(DIET) impulsan a los oxidantes de propionato y a los metanógenos en condiciones de 

dosificación pulsátil de metales Reactor duplicado establecido en grupos denominados; 

enriquecimiento con propionato (PE) y enriquecimiento electroactivo (EE). Los 

resultados mostraron que después de 49 días, 8 pulsos de (2 ppm/semana), los reactores 

de prueba mantuvieron la eliminación óptima de sCOD y la producción de metano con 

un aumento de la metanogénesis dependiente de metilo. La dosificación de W, Mn y Se 

aumentó la retención de W (52 frente a 30 mgW/kg-1, p>0,05). La biomasa del reactor 

EE produjo metano incluso cuando se expuso a una concentración de dosificación de 

metales 80X, mientras que el PE no lo hizo. Los principales genomas ensamblados del 
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metagenoma (MAG) identificados fueron Smithellaceae, Syntrophobacter (oxidante de 

propionato), Methanothrix, Methanospirillum (metanógeno) y Geobacteraceae 

(electroactivo). Los metagenomas revelaron la presencia de un sistema de secreción de 

tipo 4, pili sistema de dos componentes (TCS) de tipo 4, genes de reducción de CO2 y 

módulos de modificación de EPS/ lipopolisacárido (LPS). En los capítulos 3 y 4 se 

observó que las Geobacteraceae facilitan la promoción de la metanogénesis basada en 

W, elevando el IC50, mediante mecanismos que probablemente retroadapten a los 

metanógenos existentes como capaces de DIET. 

Por último, en el cuarto capítulo experimental, se probó la utilidad de genes seleccionados 

relacionados con DIET (pilA y hgtR) frente a marcadores establecidos (16SrRNA y 

mcrA), para determinar sus respuestas. Hasta donde sabemos, este capítulo investiga por 

primera vez la respuesta de un panel de genes metabólicos al estrés por tasa de carga 

orgánica (OLR) en consorcios metanogénicos degradadores de propionato en reactores 

anaerobio de flujo ascendente (UASB) a escala de laboratorio. Las fases experimentales 

incluyeron estabilización (1,4-2,8 g DQO/L/día), enriquecimiento electroactivo, choque 

OLR (6 g DQO/L/día) y recuperación temprana. Durante la estabilización, se produjeron 

~200 mL CH4/h, la relación mcrA/16SrRNA fue de 0,78-2,64, y las abundancias de pilA 

y hgtR fueron de 1,29-2,27 × 105 y 2,12-4,37 × 104 copias/gVS, respectivamente. Tras el 

choque OLR, la producción de metano cesó por completo, acompañada de un fuerte 

descenso en la relación mcrA/16S (0,08-0,24) y de reducciones significativas en la 

abundancia de pilA (1,43-log) y hgtR (1,34-log). En la fase de recuperación temprana del 

reactor control se observó una recuperación parcial de la abundancia de pilA y hgtR (1,19 

× 105 y 8,57 × 104). Los resultados destacan la utilidad de mcrA, 16SrRNA, pilA, y sus 

ratios relativas, como indicadores fiables del estrés por sobrecarga en reactores UASB a 

escala de laboratorio. Este capítulo avanzó la comprensión de las respuestas moleculares 

al estrés en consorcios metanogénicos degradadores de propionato, centrándose en DIET, 

en la estabilidad y recuperación del proceso.  

En resumen, esta tesis doctoral aportó conocimientos teóricos y prácticos sobre las 

posibles vías para aumentar la capacidad de recuperación y la estabilidad de los 

metanógenos, así como en la propuesta de nuevos indicadores de estabilidad y estrés en 

digestores anaerobios, lo que conduciría a procesos de AD más sólidos y resistentes
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1. Research Background 

1.1 Anaerobic digestion  

Anaerobic digestion (AD) is the process of fermentation where degradation of organic 

material produces biogas, largely composing of methane among other gases. Anaerobic 

digestion occurs daily in environments such as marshes, sediments, landfills and ruminant 

guts. This process requires low redox potential, circumneutral pH and biodegradable 

organic matter (Zhu et al., 2022). AD is also widely applied to industrial wastewater 

treatment processes for degradation of organic food or agricultural residues and sludge 

removal. The core advantages of AD are reduced maintenance costs, process scalability, 

high sludge retention, organic waste valorisation, high quality digestate, and energy 

production via bio-methane or biogas. Reducing energy inputs ultimately leading to a 

self-sustaining process that overtime provides a good return on investment for 

stakeholders in the current global energy crisis (Weinrich and Nelles, 2021). 

The current crisis pushes nations to move their sources of energy from fossil fuels to 

renewable energies. Biomass to energy serves as a potent source of bioenergy and a 

suitable alternative that utilises waste streams. AD on these grounds respond to multiple 

sustainable development goals (SDGs), mainly SDG 7 (Affordable and Clean energy), 

SDG 12 (Responsible Consumption and Production), and SDG 13 (Climate action). 

AD serves SDG 7, by offering a renewable and decentralized alternative source of energy 

as biogas, which can be upgraded to bio-methane and used as a substitute of natural gas. 

This bio-methane can power vehicles or be injected into the natural gas grid (Zhu et al., 

2022). By utilizing organic residues, AD supports SDG 12 enforcing responsible 

consumption and production. Instead of discarding organic waste, AD facilities repurpose 

it to produce energy, create value added products, and nutrient-rich digestate (Sorooshian, 

2024).This shift reduces landfill use, waste treatment costs, and provides eco-friendly 

alternative to synthetic fertilizers. The application of digestate, supports sustainable 

agriculture improving soil health, thereby completing a nutrient loop in agricultural 

systems. Moreover, AD aligns with SDG 13 (Sorooshian, 2024) by mitigating climate 

change impacts through its significant Greenhouse gas (GHG) reduction potential. 

Methane, a potent GHG, is captured and used as biogas rather than being released into 

the atmosphere, which would otherwise exacerbate global warming.  

The importance of AD in the green transition is highlighted by its ability to integrate 

seamlessly with other renewable energy technologies and waste management systems. 

AD systems can operate alongside solar, wind and hydropower technologies, providing a 
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reliable source of energy during periods when these intermittent renewables are less 

effective. AD also complements other waste treatment systems, such as composting, 

providing a more efficient solution for high moisture organic wastes, which are difficult 

to manage through conventional composting or incineration (Zhu et al., 2022). 

�)�X�U�W�K�H�U�P�R�U�H���� �$�'�¶�V�� �U�R�O�H�� �L�Q�� �F�R�Q�Y�H�U�W�L�Q�J�� �R�U�J�D�Q�L�F�� �Z�D�V�W�H�� �L�Q�W�R�� �Y�D�O�X�D�E�O�H�� �U�H�V�R�X�U�F�H�V��shows the 

principles of a circular economy, a model essential for long-term environmental 

sustainability.  

AD follows a multistep process where organic polymers are degraded to methane (CH4) 

and carbon dioxide (CO2) with traces of ammonia (NH3), hydrogen sulphide (H2S), 

hydrogen (H2), and water (H2O) through a combination of reactions. The process involves 

four sequential stages �± hydrolysis, acidogenesis, acetogenesis and methanogenesis 

(Figure 1-1). These processes are mediated by a complex mix of microbial communities. 

Each microbial guild performs one degradation task. 

Hydrolysis is the first step of AD, where hydrolytic bacteria breakdown large complex 

particulate or dissolved organic matter into smaller soluble polymers for further bacterial 

degradation. Hydrolytic bacteria perform this by secreting exogenous enzymes which 

carry out degradation of complex polymers, for example: protein to amino acids, 

polysaccharides to sugars and lipids into long chain fatty acids (LCFA). Hydrolysis is 

often the rate limiting step, particularly for substrates with high suspended solids 

concentration. This warrants pre-treatment (chemical, physical or biological) to make the 

process efficient (Weinrich and Nelles, 2021). 

Hydrolytic products are utilised as substrates for acidogenesis process. Amino acids, 

sugars and LCFA diffuse through the cell wall of acidogenic bacteria, here these 

marcomolecules are degraded anaerobically or fermented (Weinrich and Nelles, 2021). 

This process results in the production of organic compounds such as volatile fatty acids 

(acetate, propionate, and butyrate), CO2, H2, ammonia, ethanol and lactic acids. Presence 

of VFAs determines the end products, usually H2. At low H2 partial pressures (pH2) VFAs 

are degraded to acetate. However, high pH2 due to inhibited hydrogenotrophic 

methanogens cause the generation of propionate, butyrate, lactate and alcohol.  

Acetogenesis is carried out by acetogenic bacteria. This process is thermodynamically 

non-favourable, as the Gibbs free energy change for the reactions are positive. Implying 

that acetogenic taxa on their own cannot degrade propionate, butyrate and acetate, as the 

amounts of hydrogen generated increases positive Gibbs free energy of the reaction. To 

remediate this bottleneck, syntrophic association (Figure 1-2) with methanogenic archea 
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is vital for maintaining stable operation of this stage. Due to their rapid growth, 

hydrogenotrophs stabilize syntrophic associations (Westerholm et al., 2011). 

Methanogenesis is the ultimate AD step, utilizing mainly two main substrates, 

decarboxylated acetate and H2 (electron donor) with CO2 (electron acceptor) to CH4 by 

methanogenic archea. Methanogens utilising acetate are called (acetoclastic methanogens 

or acetoclasts), whereas methanogens utilising hydrogen and carbon-di-oxide 

(hydrogenotrophic methanogens or hydrogenotrophs) (Weinrich and Nelles, 2021). 

Dominant stable methane production (~70%) is attributed to fermentation of acetate by 

acetoclasts. There are two main species of acetoclastic methanogens �± Methanosarcina 

sps and Methanothrix (formerly Methanosaeta). Methanosarcina is a facultative 

acetoclast, displaying metabolic adaptability in terms of substrate usage. Substrates like 

acetate, H2, CO2, methylamine, methanol and formate can all be converted to methane. 

Methanothrix sp is a strict acetoclast only converting acetate to methane (Ali et al., 2022).  

 
Figure 1-1. Steps of Anaerobic digestion with each metabolic reaction. Adapted from (Paglini 
et al., 2022) 

1.2 Microbial Members and their functional roles 

The AD microbiome is complex, and is characterized by intricate interdependencies, 

functional diversity and metabolic specialisation among hydrolytic, fermentative, 

syntrophic bacteria, and methanogenic archaea. These guilds operate synergistically to 
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achieve stepwise degradation of macromolecules. Notably, versatile metabolic pathways, 

intricate interaction between microbes and environment, interspecies interactions and 

functional redundancy are the most critical factors in degradation of organic matter in 

AD. Therefore, understanding the microbial members and their interaction is important 

for the direct conversion of biomass to energy.  

The hydrolytic step of AD takes place independently as the enzymes required for the 

breakdown of large biomolecules is through extracellularly secreted enzymes specific to 

the type of polymer to breakdown, for example various enzymes such as cellulase, 

proteases and lipases (Insam et al., 2010). This guild is commonly bacterial and has high 

metabolic rates. The guild members are as such:  

- Fimicutes: Clostridium, Bacillus, Butyrivibrio, Staphylococcus 

- Proteobacteria: Pseudomonas, Acinetobacter 

- Bacteroidetes: Bacteroides, Prevotella, Proteiniphilum 

- Chloroflexi: Anaerolinea, Bellilinea 

- Actinobacteria: Bifidobacterium, Micrococcus 

- Fungi (less common, high significance): Mucor, Cladisporium 

These taxa have diverse substrate specificity and are highly functionally redundant. This 

ensures stability and resilience of AD despite loss of certain species. This functional 

redundancy provides adaptability mainly during pH or temperature fluctuations and is 

one of the principles of complex microbiomes (Khanal, 2008). 

Acidogenesis is the next step in the AD biochemical cascade, VFA compounds are 

generated by fermentation of hydrolysed products. The main compounds generated are 

acetate, propionate, butyrate, ethanol, methanol, H2 and CO2 gases. Pyruvate and 

specifically, phosphoenol pyruvate (PEP) is regarded as the central intermediate for this 

process, from which various products through mixed acids fermentation pathway. The 

main taxa involved in acidogenesis are as such:  

Firmicutes: Lactobacillus, Clostridium, Eubacterium 

Bacteroidetes: Bacteroides, Prevotella 

Proteobacteria: Pseudomonas, Selenomonas 

Chloroflexi: Anaerolinea 

Actinobacteria: Bifidobacterium, Corynebacterium 

Acidogens largely overlap with hydrolysers in AD systems. These taxa are also, highly 

functionally redundant and have metabolic flexibility. They are adapted to survive at 

lower or fluctuating pH (5.0 to 8.2), both mesophilic and thermophilic temperatures, 

tolerant to microaerophilic zones within the AD microenvironment and, highly tolerant 
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to organic loading rate fluctuations (Korres et al., 2013). Based on substrate availability, 

VFA producers have fast growth rates leading to overproduction and process 

destabilisation. Lactate accumulation is particularly problematic as this implies 

Lactobacillus dominance which are fast growers and inhibit growth of other acidogens, 

severely affecting the ratio of VFA produced. This ratio is critical as certain VFAs have 

higher market value, a large body of research is focused on optimizing the microbiome to 

shift the VFA ratio towards increasing a specific output from fermentation reactors 

(Nzeteu et al., 2018). 

Acetogenic bacteria convert propionate, butyrate, alcohols into acetate, H2 and CO2 which 

are substrates for methanogenesis (Khanal, 2008). The reaction faces certain 

thermodynamic hurdles, this process occurs only when pH2 are low or high cellular 

juxtaposition is in place (Westerholm et al., 2022). Many pathways that occur are 

homoacetogenesis, ethanol fermentation, lactate conversion and, syntrophic butyrate, 

propionate and acetate oxidation. The main genera involved in this process are as such:  

Firmicutes: Syntrophomonas, Desulfofundulus, Pelotomaculum 

Proteobacteria: Syntrophobacter, Smithella, Syntrophobacterium 

Chloroflexi: Levilinea 

Actinobacteria: Corynebacterium 

Acetogenic stage of AD is exceptional. This step cannot take place indepenently, i.e. it 

has several constraints. They are sensitive to temperature and thrive at a narrow pH (6.8-

7.2). Major thermodynamic limitations as high pH2 causes the propionate oxidation 

process to become endergonic and therefore unfavourable. For this reason, the 

establishment of a relationship with a hydrogen-consuming methanogen is essential to 

make this process thermodynamically feasible. Additionally, sulphate reducing bacteria 

(SRB) may competitively inhibit methanogens. SRB also limit micronutrient availability 

(for eg.  iron, nickel and cobalt) which could extend this inhibition. These taxa also have 

slow growth rates that limits their adaptability to rapid changes in feedstock composition 

or organic loading rates, making them vulnerable to process imbalances (Müller et al., 

2010). The synergistic relationships with methanogens is essential to overcome these 

constraints, specifically electron transfer hold significant capacity to maintain this step of 

AD.  

�7�K�L�V���V�\�Q�H�U�J�L�V�W�L�F���U�H�O�D�W�L�R�Q�V�K�L�S���K�D�V���E�H�H�Q���W�H�U�P�H�G���D�V���µ�6�\�Q�W�U�R�S�K�\�¶���� �D�Q���R�E�O�L�J�D�W�H�O�\�� �P�X�W�X�D�O�L�V�W�L�F��

metabolism (Morris et al., 2013), where two or more microbes combine their metabolic 

capacities to catabolise a substrate that cannot be catabolised by either one of them on 

their own (Stams and Plugge, 2009). Syntrophy can be termed as a type of metabolic 
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symbiotic relationship, specifically a resource-service type symbiosis (Bronstein, 1994), 

the cost for performing this metabolic process is slow growth rates and low ATP yields. 

 
Figure 1-2. Metabolic reactions and associated Gibbs free energy gains from (1)-(4) syntrophic 
propionate oxidation and (5)-(6) methanogenic biochemical steps adapted from (Westerholm 
et.al, 2022) 
 

From reactions 1-6 (Figure 1-2) it is noted that butyrate, propionate and acetate 

degradation (Figure 1-2; reactions 1-4) along with the methanogenic part of the reaction 

(reaction 5-6) have a very low difference of Gibbs free energy. This difference is at the 

minimum for ATP generation (30.5 kJ/mol), the syntrophic coupling at best can generate 

1.8 ATP molecules, and such low return means strict electronic transfer conditions for 

this process to function ideally (Morris et al., 2013).  

Syntrophic interactions are heavily reliant on the movement of reducing equivalents to 

electron acceptors within the bioreactor microenvironment. The electronic movement 

occuring between bacteria and archea are called interspecies electron transfer (IET). 

These transfers are the heart of syntrophic interactions and are primarily carried out by 

shuttle molecules such as H2 and formate. 

H2 is a main method of IET as it is a simple diffusible shuttle which needs enzymes with 

complex centers. However, the midpoint redox potential of the H2/H+ couple is -414 mV, 

which means coupling this reduction to ATP generation does not meet thermodynamic 

criteria. Therefore, multiple redox mediators are required to approach thermodynamic 

feasibility of the energy generation process, ferrodoxin, NADH, FADH are used to 

compensate for this deficiency in midpoint redox potential. This latent energetic problem 

is the key to syntrophy, since the endergonic/exergonic shift is dependent on the pH2, the 
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hydrogenotroph partner is mandated to continuously remove H2 and maintain reaction to 

be exergonic nature for both partners.  Most methanogens use cytochromes for CO2 

reduction, while others might use co-factor F420, quinones or ferrodoxin (as the midpoint 

redox potential is near that of hydrogen).  

Interspecies hydrogen transfer (IHT) is greatly accelerated by cell aggregation (Lettinga 

et al., 1988b), due to less cell-cell distances. Such densely packed aggregates are common 

in high-rate anaerobic digestion reactors and sediments (Jackson and McInerney, 2002). 

IHT is not the only form of IET.  

Interspecies formate transfer (IFT) was later discovered to take place when IHT could not 

explain the conversion of VFA to methane. It has been reported that a 100-fold conversion 

rate for formate transfer in propionate and butyrate degrading co-cultures, indicating that 

this route is highly effective at converting VFAs to methane. Formate dehydrogenases 

were identified in syntrophic co-cultures and their tungsten and not-molybdenum need is 

a requirement for high conversion efficiencies (Stams and Dong, 1995).  

The simultaneous utilisation of various redox mediators and therefore specific targets, 

effectors and regulators of this process are complex to identify. Researchers in the field 

tackle this problem by measuring electron transfer processes independently during reactor 

trials to establish if  shift in electron transfer processes has taken place.  

A novel electron transfer process was further identified to convert ethanol to methane by 

the association of electroactive taxa (Geobacter sps) and methanogens (Summers et al., 

2010). Rotaru et al, (2014a) identified this transfer route in anaerobic granular sludge 

from brewery wastewater treatment plants, as electron transfer rates were not sufficiently 

explained by IFT or IHT. This was verified in aggregating co-cultures of the two 

participants, and further demonstrated through FISH in the anaerobic methanogenic 

granules they were isolated from (Rotaru et al., 2014b). Over decades of research this 

electron transfer process was implied in facilitating the electron transfer between electron 

donating bacteria and electron accepting methanogen in suspended aggregates and named 

direct interspecies electron transfer (DIET). DIET is the predominant electron transfer 

process in Upflow anaerobic sludge blanket reactor (UASB) methanogenic granules with 

Methanothrix (formerly Methanosaeta) as its primary methanogen. This process has even 

been demonstrated to occur when syntrophic propionate oxidation takes place and is 

responsible for higher removal rates, tolerance to high pH2, this was shown by the 

presence of Geobacter sps enriched after ethanol addition in AD biomass (Lovley and 

Holmes, 2021). However, the actual cause of the improvement of propionate degradation 

is unknown. Since, Geobacter did not possess propionate utilisation pathways in 
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metatranscriptomes or isotope labelling experiments. The dominant conjecture is that 

Geobacter enrichment within granules act as a driver for the introduction of e-pilli 

networks that favour methanogens which are DIET-capable, which eventually benefit 

syntrophic propionate oxidising bacteria (SPOB). This ultimately increases the potential 

routes of IET within the propionate oxidiser and methanogen. The form, amount and 

genetic identity of these bacterial/ archeal features are currently being delineated. 

Recently, a variety of DIET based e-pilli were generated through genome-centric 

metagenomics and Foldseq, demonstrating candidates involved in supporting syntrophic 

interactions (Giangeri et al., 2024). 

This information is critical for the final two steps of methanogenesis as this process is 

highly critical for methane production. It is determined that disruption to methanogenesis, 

causes accumulation of VFAs, inhibiting methanogens further and destabilising the 

system (Novaes, 1986). The shift in carbon flow when microbes are exposed to VFA 

accumulation is paramount to the stability of AD. McDaniel et al., (2023) shows that the 

~70% of carbon is diverted through hydrogenotrophic methanogenesis during stressful 

conditions. Acetoclastic methanogenesis breaks down as it is weaker of both the 

pathways. The latest hypothesis is that IHT, IFT and DIET all occur simultaneously. 

Nevertheless, this has not been actively demonstrated in methanogenic systems. Various 

other mechanisms also facilitate IET processes, proximal space sharing by reduced cell-

cell distance, flagellum biosynthesis machinery upregulation, synchronising metabolic 

synthesis (eg. Amino acids), stimulating the pools of public goods (Vitamins/ Quorum 

sensing molecules) and may contribute to IET capacity (Westerholm et al., 2022). 

1.3 Trace Element dosing in anaerobic digestion 

Various forms of trace elements (TE) which exist in a system is its speciation. It is 

important to understand trace elements speciation, as TE behaviour is determined by its 

chemical form. For example, trivalent chromium is cationic, has low solubility and is 

beneficial, whereas hexavalent chromium is anionic and toxic (Katz, 1991). Hence, the 

information of total concentration of metal is not enough to understand response of 

microbes to TE.  

Though bioavailable metal is the form that can easily pass through cell membrane of an 

organism, it does not mean they are always removed from solution by the microbe. For 

instance, certain bacteria are known to tolerate high metal stress by binding the metals 

with proteins or extracellular polymeric substances (EPS) and reduce metal uptake 

(Mathivanan et al., 2021). �7�K�X�V���� �D�� �P�H�W�D�O�� �D�O�W�K�R�X�J�K�� �D�Y�D�L�O�D�E�O�H�� �Z�R�Q�¶�W�� �E�H�� �W�D�N�H�Q�� �X�S�� �E�\��



CHAPTER 1 
 
 

32 
 

microbes. According to Marcato et al. (2009)�����E�L�R�D�Y�D�L�O�D�E�L�O�L�W�\���L�V���G�H�I�L�Q�H�G���D�V���µ�W�K�H���G�H�J�U�H�H���W�R��

which elements are available for interaction with biological systems; According Siegel, 

(2002)�����µ�E�L�R�D�Y�D�L�O�D�E�L�O�L�W�\���L�V���W�K�H���D�P�R�X�Q�W���R�U���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���D���F�K�H�P�L�F�D�O���W�K�D�W���F�D�Q���E�H���D�E�V�R�U�E�H�G��

by an organism thereby creating the necessary concentration for survival or for toxicity�¶. 

Speciation effects are widely explored in aquatic toxicology and free metals are in general 

reported to be more bioavailable than other forms although there are exceptions. For 

example, in surface waters, hydrocomplex Cu(OH)2 and CuOH+ were found to be toxic 

to freshwater algae although their toxicity levels are lower than Cu2+, implying that 

hydroxyl complexes are bioavailable. Moreover, unlike aquatic media anaerobic 

digestion systems are quite complex, heterogenous and dynamic (Sepúlveda et al., 2024). 

A term lability was used later to assess bioavailability. In comparison to inert metal 

complexes, metals falling in labile fraction are more bioavailable. It essentially includes 

free metal ions, metal hydroxyl complexes, metal complexes with inorganic ligands and 

metal complexes with organic ligands having faster dissociation rates.  

Growth of microbes depends on optimal environmental conditions (pH, redox potential, 

temperature) and availability of substrate (COD), macronutrient (P, N2, S) and 

micronutrients (metals, halogens). Sub-optimal conditions of any of these factors can 

hinder metabolic activity of all or a specific group of microbes involved in AD process. 

Among all the microbes in AD, methanogens are reported to be the most sensitive group 

to perturbations. (Roussel, 2013) 

Given different group of microbes carry out different microbial process in the AD 

process. Each microbial guild carries out metabolic reactions which are driven by 

enzymes. The enzymes for its functionality need substrates, cofactors, activators, 

regulators and TE. Metal-dependent enzymes are involved in anaerobic processes, 

methanogenesis is being the most TE-enriched enzymes involving metabolic pathways 

(Thanh et al., 2016). Although exact requirement of TE depends on various factors, such 

as substrate and microbial diversity, most abundantly required TE is Fe, followed by 

elements such as iron (Fe), nickel (Ni), cobalt (Co), copper (Cu), manganese (Mn) and 

zinc (Zn). Vanadium (V), molybdenum (Mo), selenium (Se) and tungsten (W) are other 

trace elements that are required; however, their requirement is low compared to the 

previously mentioned TEs (Fermoso et al., 2008). Fe serves as a redox carrier and 

terminal electron accepters in an AD system and is as important structural component of 

majority of co-enzymes present in AD process. Dosing of Fe has been discovered to be 

useful in AD for reducing hydrogen sulphide (H2S) formation, increasing propionate 

conversion, accelerating hydrolysis and acidogenesis, and reducing VFA accumulation 
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(Choong et.al 2016). Methanogenic archea use Ni due to the presence of cofactor F420/ 

F430. Co is a cofactor in vitamin B12 used by methanogenic archea during methanol 

degradation. Cu is used for transference of electrons while Mn exists in co-factors, and 

Zn is found to ex�L�V�W���D�V���V�L�Q�J�O�H���V�W�U�X�F�W�X�U�D�O���D�W�R�P�V���L�Q���H�Q�]�\�P�H�V�����0�R���D�Q�G���:���D�U�H���I�R�X�Q�G���L�Q���µ�S�W�H�U�L�Q�¶��

cofactors (molybdopterin and tungstopterin). Se and V are also essential for 

methanogenesis. This thesis considers the effects of Fe, Ni, Co, Cu, Mo, W, Mn, and Se, 

as they are recurrently added TEs in AD.  

The influence of TE dosing on AD reactors is paramount and has been researched in depth 

previously (Molaey et al., 2018). Dosing strategies, forms, concentrations have been 

studied and validated as well (Fermoso et al., 2010). 

Dosing form of TEs is one major factor influencing the response of an anaerobic reactor. 

TEs are commonly dosed in form of metal ions (as chlorides), metal chelate complexes 

(EDTA, EDDS, NTA) or through feedstock containing trace metals. Supplementing 

chelates like EDTA to an AD system improved metal bioavailability by forming strong 

soluble TE-EDTA complexes. Moreover, further improvement in digester performance 

was observed when TEs were dosed as TE-ETA complexes instead of supplementing TEs 

and EDTS simultaneously. 

Another decision-making factor regarding dosing strategy that can influence metal 

requirements is the mode of dosing- continous, pulse or preloading. Continuous and pre-

loading of metals can result in loss of metals through the effluent of reactors (Zandvoort 

et al., 2004). Pulse metal dosing procedure requires a smaller number of metals and 

wastage is minimum compared to other forms of dosing (Fermoso et al., 2008). This 

makes dosing frequency a main factor to consider, optimal frequency and of TE dosing 

at low concentrations can simultaneously increase reactor performance and decrease 

sludge metal loss. Timing of dosing is another major factor to be considered. Fermoso et 

al (2008) observed that Co dosing both in form of pulse and continuous addition during 

high acetate concentrations stimulated acidification due to Co dependence of enzymes 

involved in acetogenesis.  
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Figure 1-3. Trace metal concentration range added to digestate for optimal process performance 
reprinted from (Weinrich and Nelles, 2021). 
 
Concentration of metals reported in literature vary significantly (Figure 1-3). This is 

because TE effects classified as stimulation, inhibition and toxicity depend on the 

bioavailable metal fraction. Absence of TE or presence below optimum levels can cause 

metal deprivation, whereas metal supplied in excess can cause toxicity. Hence, 

maintaining optimum TE concentration in the systems is significant, thereby adding 

another factor to decide during metal supplementation regimes (Thanh et al., 2016). 

TE effects of microbes depend on metal speciation, which is influenced by the 

equilibrium and kinetics of processes influencing metals. Metal bioavailability and dosing 

strategy are therefore dependent on factors like operational conditions, labile metal 

fraction and composition of microbial communities involved. Reactor operational 

conditions include operational pH, redox potential, ionic strength, operational 

temperature (mesophilic/ thermophilic), organic loading rate (OLR), metal retention 

capacity of the reactor which is dependent of factors like hydraulic retention time (HRT), 

sludge retention time (SRT) and background metal concentration in the reactor influenced 

by feedstock digestion operating mode (mono/co-digestion). 

�'�X�H�� �W�R�� �Y�D�U�L�D�W�L�R�Q�� �L�Q�� �H�Q�Y�L�U�R�Q�P�H�Q�W�D�O�� �F�R�Q�G�L�W�L�R�Q�V�� �I�R�U�� �W�K�H�� �P�L�F�U�R�E�H�V�¶�� �H�[�L�V�W�L�Q�J�� �L�Q�� �G�L�I�I�H�U�H�Q�W��

systems, metal requirements and dosing response shown by different systems vary. For 

instance, effect of EDTA on improving metal lability depends on reactor configuration 

and metal retention capacity. Supplementation of Co-EDTA2- to an UASB reactor 

reduced metal retention capacity from 90% (when dosed with CoCl2) to 8% as metal 
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EDTA complexes were highly soluble and were easily washed out (Fermoso et al., 2008). 

George et al. (2024) validated this through updated ADMI1 model, and found out the best 

strategies to dose TEs in anaerobic digesters. The model compared continuous, 

preloading, pulse dosing and in-situ loading. The results indicated that the best way to 

dose TEs is repeated pulse dosing at low concentration with high frequency. Preferable 

dosing forms depend on reactor configuration and retention times. Metal chlorides are the 

most favoured as compared to Metal-EDTA complexes. For batch or semi-continuous 

reactor, metal EDTA is ideal.  

1.4 Operational challenges and limitations of AD 

Agricultural residue, forestry waste are made up of lignocellulosic biomass, which is 

complex to degrade due to tightly packed lignin, showing recalcitrance to hydrolytic 

enzymes. Pre-treatment processes improve degradability, but also increase costs. Also, 

variations in feedstock quality and quantity upsets process stability, which is important 

for high yield and conversion efficiencies (Wang et al., 2024). 

VFA accumulation and reactor imbalance is the most recurrent challenge in AD, process 

imbalance due to inconsistent feed, overloading or similar situation. This imbalance 

results in high concentration of VFA, which reduces pH. The reduction of pH causes 

inhibition of sensitive microbial guilds. This can be caused even by trace element 

deficiencies or excess, resulting in process decline (Pan et al., 2023).  

Based on type of AD reactor type (Continously stirred tank reactor (CSTR) or UASB or 

Expanded granular sludge bed reactor (EGSB)), both reactors face different operational 

challenges. CSTR reactors need constant agitation and might result in foam formation or 

reactor upset during VFA accumulation or frequent substrate change. All these shifts to 

AD environments causes reactor microbial community dynamics to change rapidly 

(Khafipour et al., 2020). Certain physico-chemical parameters have been previously 

shown to increase relative abundances of certain taxa, which either rise to perturbed state 

in the reactor. It has been shown that process stability, is important for weathering 

disturbed states in EGSB reactors (Mills et al., 2023). The community dynamics of 

reactors are an understudied yet essential part of reactor operations. This begins with 

delineating the role of key microbes within each microbial guild to exactly determine the 

effectors and regulators within a complex ecosystem. Leading us to the area of microbial 

management for high strength feedstock and optimal output (Read et al., 2011). Stressed 

conditions for example, VFA accumulation and pH drop (Juste-Poinapen, 2014), LCFA 

accumulation (Sun et al., 2022), conductive material addition (Wu et al., 2019), 
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temperature increase or decrease and certain pre-treatment processes (Kang et al., 2021). 

All these conditions have been previously studied in literature, and enriches the presence 

of syntrophic taxa and hydrogenotrophic methanogens. This stands by the microbiome 

response during perturbed states, relies on the thermodynamically most weak interactions. 

Thus, directing the way for in-depth research to uncover the mechanisms which facilitate 

stronger robust, interaction between the pair of microbes responsible for converting all 

carbon flow into methane, during disturbed states. Further, we identify the key syntrophic 

choke points, microbial taxa, the biochemical pathways and conditions that aid a small 

thermodynamic return. 

1.4.1 Volatile fatty acid accumulation and reactor failure 

Organic loading rate refers to the amount of organic matter fed into an anaerobic reactor 

per unit volume per day.The OLR shock occur when the feed rate of organic material 

surpasses the systems microbial degradation capacity. This imbalance leads to a cascade 

of metabolic disruptions, including reduced pH and the accumulation of VFAs, 

particularly during industrial and agricultural waste processing (Braz et al., 2019). Main 

causes of reactor failure are: 

- Variability in feedstock quantity and quality: Mostly in industrial/ agricultural reactors, 

the inflow of organic material is not fixed and can vary in TS/VS and C/N ratios, this 

variability in carbon inflow contributes to instabilities in reactors. Specifically, the type 

of substrates for e.g. lignocellulosic and fat, oils and grease are challenging to degrade 

given their high calorific values alongside slow and complex degradability. This is 

attributed to low functional redundancy in AD biomass (Williams et al., 2015). 

- Sudden increase in OLR: Improper feedstock management and planning, seasonal 

surges or unexpected process changes lead to fluctuating OLR which impede reactor 

performance. These OLR shocks can be weathered by reactor biomass much frequently 

than expected, however process stability is observed in undisturbed reactors more than 

reactors which have been exposed to regular shocks (Pind et al., 2003). This reveals that 

our understanding of mechanisms that are responsible for reactor stability are insufficient. 

- This is dependent on the configuration of a reactor, mostly problems arise from CSTR 

reactors that have undergone feedstock change (Pind et al., 2003). 

- Inhibitory substances: Accumulation of toxic compounds like ammonia, heavy metals 

typically found in industrial streams further suppress microbial activity and compound 

VFA accumulation (Chen et al., 2007).   



CHAPTER 1 
 
 

37 
 

1.5 Microbial responses to process perturbations 

The microbiome responses of anaerobic digestion is complex and mechanisms associated 

with these microbes are investigated. These effects in the context of TE dosing are broadly 

categorised as: 

1. Deprivation effects: Trace element deficiency often leads to impaired enzymatic 

activity, specifically in hydrogenases, formate dehydrogenases, and methyl-coenzyme 

M reductases (MCR). For example, Co deprivation supresses the synthesis of 

cobalamin (Vitamin B12), which is essential for methanogenesis and acetogenesis 

(Fermoso et al., 2008). This leads to metabolic bottleneck, forcing microbiomes to 

adopt alternative pathways. The enrichment of syntrophs, such as Syntrophomonas 

spp., has been observed under Co-deficient conditions, as they oxidise acetate into H2 

and CO2, which are then utilized by hydrogenotrophic methanogens (Pan et al., 2020). 

2. Toxicity effects: Trace elements toxicity is primarily mediated by oxidative stress, 

protein denaturation, and the disruption of cell membrane integrity. For instance, 

excessive Ni concentrations destabilize the redox state of coenzyme F430, inhibiting 

methane formation (Wang et al., 2019). Microbial communities mitigate toxicity 

through mechanisms such as metallothionein-mediated sequestration, efflux pumps, 

and production of EPS to chelate excess metals (Mathivanan et al., 2021). 

Community succession is dynamic during stress, yielding to functionally redundant taxa 

(De Vrieze, 2020). These microbes possess metal resistance and efflux systems, TE 

sequestration/ chelation, biofilm formation and EPS based sequestration, adaptive gene 

and enzyme modulation, TE sharing and stimulating metabolic pool and horizontal gene 

transfer to pass on TE resistance traits are active in AD microbiomes. For instance, 

Desufovibrio tolerating Cu2+ through sulphate reduction (Li et al., 2024). Pseudomonads 

and Bacillots capacity to produce EPS that can sequester Cd and Pb or the Hg reduction 

pathway present in bacterial species are methods by which microbial consortia cope with 

metal related stress (Lian et al., 2022). 

The main microbial response to organic loading rate overloading are as follows: 

1. Acid tolerance mechanisms: Acidophilic and acidotolerant microbes employ adaptive 

strategies to survive low pH conditions. Methanogens such as Methanosarcina spp 

demonstrate superior VFA tolerance due to their ability to form cellular aggregates, 

which provide a localized buffering effect. Proton pumps, such as the ATPase system, 

actively expel protons to maintain intracellular pH. HSP (heat shock proteins) or 

chaperone proteins aid in the folding of denatured proteins (Du et al., 2021). 
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2. Metabolic Shifts: Organic overloading disrupts acetoclastic methanogenesis, 

favouring the dominance of hydrogenotrophic methanogens and SPOs. This shift, 

while stabilizing VFA levels, is energetically less efficient. For instance, 

Methanoculleus sp play critical role in converting accumulated H2 and CO2 into 

methane, partially restoring system functionality. The selective suite of VFA-

converting enzymes like acetate kinase and Propionate-CoA transferase are dominant. 

Hydrogenases become active to facilitate H2 uptake and shuttling. This leads to higher 

dependency on syntrophic interaction (McDaniel et al., 2023). 

3. Community succession: Overloading-induced acidification triggers a microbial 

succession pattern. Acidogenic bacteria, such as Clostridium spp, dominate in the early 

stages due to their ability to ferment organic matter into VFAs. Overtime, the 

proliferation of acid-tolerant methanogens and syntrophs enables recovery, provided 

pH conditions stabilize. This is true until the microbial tolerance threshold is 

approached, after this few species dominate the microbial landscape (Li et al., 2022). 

4. Biofilm formation and EPS production: Polymeric matrix spaces between cells are 

filled with EPS and soluble microbial products that target acid stress, stabilizing the 

cells in a protective niche. Increase the flocculation/ aggregation capacity of the 

biomass and tolerate consistent drop in pH (Hasani Zadeh et al., 2022). 

5. Use of alternative electron acceptors and metabolisms: Given, high chemical and 

microbial diversity, some taxa can shift to sulfate as electron acceptors, leading to the 

dominance of SRB activity which has been shown to outcompete methanogens for 

electron donor, producing toxic H2S (Fermoso et al., 2015).  

1.6 Current augmentation strategies for AD system stability 

Reactor operators have certain intervention to alleviate AD stress: Operator based 

(Buffering agents, real time proactive monitoring of TE, VFA, VFA:Alk, Free organic 

acids: Total inorganic carbon (FOS:TAC) metrics, co-digestion, high HRT, gradual 

loading, long adaptation times), additive based (TE, conductive materials, buffering 

agents), inducing biofilm formation, applying ecological theories to counter stress 

tolerance (deterministic or stochastic process) (Wu et al., 2022). 

Bioaugmentation: The introduction of specialized microbial consortia has been shown to 

enhance system resilience. For example, supplementation with Methanosarcina spp and 

Syntrophobacter consortia improved methane yields and accelerated recovery following 

organic shocks (Basak et al., 2022) 
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Trace element supplementation: Controlled addition of deficient trace can restore 

enzymatic activity. For example, studies demonstrate that supplementing Co at an 

optimized concentration (0.1 �± 0.2 ppm) significantly enhance acetoclastic methanogenic 

activity while avoiding toxicity. Continous trace element dosing is often coupled with 

chelating agents to improve bioavailability (Fermoso et al., 2015). 

Buffering and Operational Strategies: Alkalinity addition, typically using sodium 

bicarbonate or lime, is a common strategy to counteract acidification. This method 

stabilizes pH levels and prevents inhibitory conditions for methanogens. Gradual feeding 

protocols and dilutions of substrates have also proven effective in mitigating organic 

overloading shocks (Khanal, 2008). 

Metabolic engineering: Advances in synthetic biology have enabled the design of 

microbial strains with enhances tolerance to stressors. Engineered Methanococcus 

maripaludis strains with overexpressed hydrogenases genes demonstrated improved 

methane productions under Ni deprivation (Xu et al., 2023). 

Several studies highlight the successful implementation of augmentation strategies. For 

example, bioaugmentation with a mixed culture of syntroph and hydrogenotrophic 

methanogens accelerated recovery from VFA-induced inhibition, reducing downtime by 

40% compared to non-augmented systems (Town and Dumonceaux, 2015). 

Bioelectrochemical systems also reduce VFA stress by stimulating DIET based 

mechanisms, also a study suggested that lignin degrading consortia have the capacity to 

increase AD output by 110-140% (Ozsefil et al., 2024). 

1.7 Knowledge gaps in microbial interactions within AD 

Chemical inhibitors such as ammonia, sulphides and VFA significantly affect AD 

performance by disrupting syntrophic relationships and metabolic processes. High 

ammonia concentrations, often stemming from proteinaceous substrates, impede 

methanogenesis by disrupting the proton motive force in methanogenic archea (Zhang et 

al., 2017). While some studies highlight the adaptability of Methanosarcina sp to 

ammonia, their dominance comes at the cost of metabolic diversity and process efficiency 

(Yi et al., 2023). 

Similarly, sulphides generated by SRB inhibit key enzymes in methanogens, shifting 

microbial balance away from methane production (Oremland and Polcin, 1982). 

Microbial Constraints: Syntrophic interactions between acetogens and methanogens are 

critical for AD stability, yet they remain poorly understood. Yet, the thresholds at which 

these interactions collapse are not clearly defined (Westerholm et al., 2022). Studies have 
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identified community shifts under stress as the proliferation of acid-tolerant methanogens, 

yet the metabolic trade-offs of these shifts require deeper investigations.  

Furthermore, the role of rare taxa in stress tolerance and adaptation remains unexplored, 

limiting the design of robust microbial consortia. 

Molecular constraints: Mechanistic insights into DIET have advanced, but the underlying 

molecular drivers remain elusive. DIET involves cytochromes and conductive pilli, yet 

functional validation of these proteins in natural consortia is sparse. While meta-omics 

studies have identified potential DIET-associated genes such as PilA and OmcS (Lv et 

al., 2024), these findings lack corroboration through in-situ functional assays (Van 

Steendam et al., 2019). Additionally, the variability in DIET efficiency across substrates, 

reactors and conditions suggest that our current understanding is not comprehensive.  

Technical and analytical Constraints: Analytical tools for real-time monitoring of 

microbial dynamics and electron transfer mechanisms remain inadequate. Cyclic 

voltammetry and bio electrochemical methods show promise for studying DIET but are 

limited by their ex situ application and lack of standardization. Current 16S rRNA 

sequencing and metagenomics provide community-level insights but fail to resolve 

functional interactions at the species level. This gap highlights the need for integrated 

approaches that combine spatial, metabolic, and electrochemical analyses (Van Steendam 

et al., 2019). Also, lack of robust molecular markers that can be used to monitor reactor 

process closely. 

Reactor Design and Operation: Reactor configurations frequently fail to accommodate 

the diverse environmental conditions required for microbial interactions. Single-stage 

reactors often promote inhibitory feedback loops, such as VFA accumulation and pH 

drops, while multi-stage systems introduce complexity and operational costs (Meegoda 

et al., 2018). Furthermore, scaling laboratory findings to industrial reactors faces 

challenges due to substrate variability and environmental fluctuations and lack of 

resources to carry out such studies. 

Bioinformatics and Modelling: Current computational models of AD focus on steady-

state conditions, failing to capture the dynamic interactions within microbial consortia, 

typically observed during stressed conditions. The inability to integrate omics data into 

predictive models limits their applicability in real-world systems. Moreover, the lack of 

high-resolution datasets hampers the development of robust models capable of simulating 

microbial responses to perturbations (Li et al., 2024). While, the inculcation of flux-

balance analysis is in its nascent stages (De Bernardini et al., 2022), its utility in lab-scale 

reactors appear to be promising. 
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Microbial interactions underpin the efficiency and stability of AD, yet the limited 

understanding of these dynamics constraints optimization efforts. For instance, studies 

have demonstrated that promoting DIET through conductive materials enhances methane 

production, but the variability in DIET efficacy across systems indicate incomplete 

mechanistic knowledge (Van Steendam et al., 2019). Similarly, stress-induced shifts in 

microbial communities, such as the dominance of hydrogenotrophic methanogens, often 

stabilize AD but at the cost of reduced methane yields and process robustness (Meegoda 

et al., 2018). 

Scalability challenges further underscore the need for a deeper understanding of microbial 

stress responses. Industrial systems frequently encounter substrate heterogeneity, 

inhibitory conditions, and operational fluctuations that exacerbate microbial imbalances. 

Addressing these issues requires tailored microbial consortia and reactor designs 

informed by precise knowledge of microbial interactions and stress tolerance mechanisms 

(Li et al., 2024). The exisiting knowledge gaps show that liminitations about TE 

supplementation, DIET mechanisms and organic loading shocks exist. These gaps 

directly, limit the strengths of methanogenic consortia ultimately hindering reactor 

biomass optimization. 
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2. Thesis objectives  

The aim of this thesis is to elaborate on the contributions of trace element interaction, 

electroactive microbes and molecular stress responses in building and tracking 

methanogen resilience under environmental and operational stress. The specific 

objectives of this thesis are as follows: 

a) To measure co-occurrence effect of a typical trace element mix when mutually 
present with tungsten, molybdenum and selenium on a methanogenic consortium. 

b) To compare the presence and absence of electroactive taxa to sustain propionate 
oxidation and methanogenesis after trace element overdoses. 

c) To compare the presence and absence of electroactive taxa during trace element 
pulse dosing and metal tolerance to propionate oxidation and methanogenesis. 

d) To measure the response of metabolic gene panel (16S rRNA, mcrA, pilA and 
hgtR) to organic loading stress in propionate degrading-methanogenic digesters. 

3. Research Approach and Thesis scope 

Gaps and opportunities of anaerobic digestion microbiomes were covered in Chapter 1. 
Based on this knowledge from literature, processes, microbial communities and factors 
that impact stress resilience of anaerobic digestion were critically identified. Response of 
biomass to trace metals were first recognised. Chapter 2 focused on a pertinent question 
in dosing combination of TE and if  co-occurrence impact on anaerobic bioprocess. It 
discussed how the presence of Mo, W, and Se with a routinely used TE mix (Fe, Ni, Co 
and Cu) impacted metal retention profiles. The chapter showed impact of Mo and W on 
Fe dynamic in batch reactors which drove a microbial enrichment in nutrient-sufficient 
methanogenic granules. Once the background metal concentrations, microbiome 
members and methanogenic activity of the biomass was established. Chapter 3 focused 
deeper on the microbial guild-specific to AD stress tolerance (SPOB and methanogens 
interactions). This chapter through lab-scale enrichments showed that electroactive taxa 
impact stress tolerance to continuous metal overdoses, largely by stimulating 
methanogenic capacity in barely surviving reactors. Chapter 4 focused on TE pulse dosing 
as a mode to fine-tune metal stress tolerance in lab-scale enrichments, this chapter 
demonstrated how and why electroactive taxa augment methanogenic granules to be 
highly tolerant to metal stress and the potential genomic features responsible for this 
phenotype. Genomic features can be used as process quantification tools. Chapter 5 
applied the information of select genomic features to measure change in active 
components of methanogenic granules as compared to established measures, ultimately 
detecting their utility as real-time monitoring tools for stable and stressed reactors. 
Chapter 6 summarised the outcomes and shared perspective on this thesis and provided 
context for future research that is needed to disrupt the field. 
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1. Introduction  

The increased implementation of anaerobic biotechnologies for the treatment of organic 

wastes provides pathways towards sustainable environmental management and underpins 

�W�K�H���8�1�¶�V���6�X�V�W�D�L�Q�D�E�O�H���'�H�Y�H�O�R�S�P�H�Q�W���*�R�D�O�V�����S�D�U�W�L�F�X�O�D�U�O�\���W�K�R�V�H���U�H�O�D�W�L�Q�J���W�R���F�O�H�D�Q���Z�D�W�H�U���D�Qd 

sanitation, and affordable and clean energy (Zhu et al., 2022). Anaerobic digestion (AD) 

provides wastewater treatment and resource recovery. The power of such biotechnologies 

is the microbial biomass (sludge). Granular sludge is composed of individual self-

aggregating and retentive methanogenic granules. Indeed, high-rate granular bioreactors 

are popular due to their capacity to treat a variety of high strength/ toxic wastewaters, 

complemented by high sludge retention within the bioreactor. Despite years of 

implementation, a key knowledge gap remains in the mechanistic understanding of sludge 

granulation and associated AD process improvements. Unravelling these fascinating 

biofilms is key to unlocking their capacity for resilience (Mills et al., 2024). 

AD functions are supported by four microbial guilds - hydrolysers, acidogens, acetogens, 

and methanogens (Weinrich and Nelles, 2021). Each of these guilds require macro- and 

micronutrients, involved in the maintenance of homeostatic function. Populations within 

each trophic group consistently require essential �± e.g., iron (Fe), nickel (Ni) and cobalt 

(Co) �± and trace elements, e.g., tungsten (W), molybdenum (Mo) and selenium (Se) for 

energy conservation, biosynthesis, and cellular maintenance (Choong et al., 2016, Garuti 

et al., 2018). The necessity of Fe, Ni and Co in AD systems has been heavily scrutinised, 

largely where industrial feedstocks are concerned (Glass and Orphan, 2012, Zhu et al., 

2022). While their interactions have been shown as essential for AD, as deficiency and 

overload have been linked to process decline, microbiome destabilisation and operational 

�S�U�R�E�O�H�P�V�����â�D�I�D�U�L�þ���H�W���D�O������������������ 

W, Mo and Se are routinely included in micronutrient mixtures for standard biomethane 

potential (BMP) tests (Angelidaki et al., 2009), synthetic (Worm et al., 2009) and 

industrial (Ali et al., 2022) feedstock. However, the mechanisms affected by metal 

supplementation have not been delineated in complex AD microbiomes. Rather, studies 

on metal addition have been constrained to pure and co-cultures (Chen et al., 2016, Li  et 

al., 2023). 

Literature establishes broad trace element (TE) dosing requirements for a variety of 

industrial feedstocks. However, these vary significantly with reactor scale and 

configuration, source and type of sludge, initial TE concentration, and substrate 
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characteristics. Insufficient TE level within feedstock or sludge biomass led to a decline 

in process performance, necessitating TE addition. (Weinrich and Nelles, 2021). 

Mo, W and Se have been used for specific purposes in AD before. For instance, Se has 

shown to stabilise performance in bioreactors under high ammonia stress treating chicken 

manure (Molaey et al., 2018), in thermophilic (Yirong et al., 2015) and mesophilic AD 

���â�D�I�D�U�L�þ���H�W���D�O�������������������Z�L�W�K���K�L�J�K���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���R�I���Y�R�O�D�W�L�O�H���I�D�W�W�\���D�F�L�G�V�����9�)�$�������6�H���D�G�G�L�W�L�R�Q��

increased nanoparticle precipitates of selenide causing higher total solids/ volatile solids 

(TS/VS), and settling velocity (Logan et al., 2023). Additionally, acetogens are known to 

respire using Se cofactors as terminal electron acceptor (Tan et al., 2016) through the 

Wood-Lunghdahl pathway, which support antioxidant defence mechanisms (Staicu and 

Barton, 2021). Additional Mo or Se resulted in 30-40% higher methane production from 

food waste (FW), even when combined with a metal mixture (Facchin et al., 2013). Mo 

also prevents the formation of toxic sulphides which can precipitate and deplete the 

microbiome of TE (Nemati et al., 2001). W and Mo act as enzymatic cores in metal based 

pterins, transcriptional regulators and regulators of FeMo cofactor biosynthesis (Aguilar-

Barajas et al., 2011, Iobbi-Nivol and Leimkühler, 2013, Hille et al., 2016). W, has been 

shown to improve biogas production efficiency from food waste (Das and Mondal, 2013), 

�D�O�O�H�Y�L�D�W�H���9�)�$���D�F�F�X�P�X�O�D�W�L�R�Q�����â�D�I�D�U�L�þ���H�W���D�O�������������������D�Q�G���H�Q�K�D�Q�F�H���P�H�W�K�D�Q�R�J�H�Q�L�F���D�F�W�L�Y�L�W�\���L�Q��

TE-deficient systems (Arthur et al., 2022).  

Since Mo, W and Se are central to anaerobic metabolism, Se-dependent enzymes require 

W for full functionality and SeO3- could interfere with Fe and S metabolism that impact 

Mo/W incorporation (Fermoso et al., 2015). Thus, presenting a unique biogeochemical 

interaction and potential synergy. It is imperative to understand the outcomes of such a 

co-occurrence in bioreactors. Additionally, as W and Se are mechanistically distinct i.e. 

W impacts redox enzymes, while Se impacts EPS, protein synthesis and stress protection. 

Therefore, a combined metabolic and structural co-operation is highly probable, such an 

approach has not been examined before. 

This study explores how simultaneous addition of a TE mix and either Mo, W, W + Se or 

Se influences methanogenic granules �± precisely in terms of (i) specific methanogenic 

activity rate (ii) extracellular polymeric substances (EPS) protein, carbohydrate levels, 

and (iii) changes in microbial composition and potential function. The goal is to 

understand how abiotic interactions of W, Mo and Se influences Fe, Ni, Co, Cu solubility 

and retention, and record synergistic or antagonistic impacts on the biotic components of 

AD such as methanogenic pathways, EPS production, and the overall microbiome. 
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2. Material and Methods 

2.1 Source of Biomass 

Anaerobic (methanogenic) sludge granules were sourced from a full-scale bioreactor 

(NVP Energy, Ireland) treating skimmed dairy milk wastewater at ambient temperatures 

(8-25°C). The sludge was stored at 4°C under N2-flushed conditions, and was 

characterised by determining TS/VS, concentration of all metals from sludge, and pH. 

2.2 Fed-batch incubations with Mo, W and Se exposure 

Preliminary experimental validation found that maximal methane production took place 

within three days, this was set as the incubation cycles residence time. Nitric acid bath 

(10%) was used to decontaminate all glassware and materials used in the experiment. 

Total forty-two anaerobic bioreactors were set up in 250 ml serum bottles, which were 

used to assess the effect of metal exposure on methanogenic granules. Reactors were 

separated into six conditions (Figure 2-1b and Table 2-1), each involved five test reactors 

and two abiotic controls. An abiotic control had fresh medium without biomass, it served 

as negative control, determination of true concentration of soluble TE available and 

blanks for tCOD removal calculations. 

Synthetic medium containing (gCOD l-1): lactose (3.6), ethanol (5.1), propionate (0.5) 

and butyrate (0.6) was prepared according to Mills et al., (2021). The buffer was modified 

from NaHCO3 to MOPS (3-(N-morpholino) propane sulfonic acid) (10 mM) due to non-

interactions with metal ions (Ferreira et al., 2015). 

The bioreactors were operated in fed-batch mode, with a cycle consisting of three stages; 

�µ�I�L�O�O�¶�����µ�U�H�D�F�W�¶���D�Q�G���µ�G�H�F�D�Q�W�¶�����7�K�H���)�L�O�O���V�W�D�J�H���L�Q�Y�R�O�Y�H�G���W�K�H���D�G�G�L�W�L�R�Q���R�I�����������P�O���I�U�H�V�K���P�H�G�L�X�P��

(9.8 gCOD l-1), respective trace metal solutions (Tab 1) to aliquoted biomass (20 gVS l-

1), reaching a substrate-to-inoculum ratio of ~1:2. The bottles were then sealed with butyl 

rubber stoppers, crimped with aluminium caps, and the headspace was exchanged five 

times with N2 gas. 

Next, the react stage comprised continuous stirring 150 rpm at 37°C. Headspace pressure 

(Keller LEO1 digital manometer) and biogas content were monitored regularly. After 

pressure readings, reactors were vented and pressure re-set values noted, thus obtaining a 

pressure difference. Methane volume was quantified from the pressure differences, using 

the Ideal gas law equation; then converted to standard temperature and pressure. For each 
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batch methane yield was calculated from total methane volume generated per gram 

carbon (gCOD). 

The decant stage involved overnight settling and removal of effluent medium. The 

effluent was used to determine pH, metal concentration, and total chemical oxygen 

demand (tCOD). 

In total, eight fed-batch cycles were performed. Batches 1-3 (Days 0-9) were considered 

the start-up period, where only synthetic medium was added. This facilitated 

acclimatisation of biomass to synthetic medium and environmental conditions. Batches 

4-8 (Days 9-24) represented the test period, when the effect of respective TE, and co-

occurrences, were determined (Figure 2-1).  
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Figure 2-1 Schematic illustration of the experimental layout for the fed batch trial. a) 
Representation of the fed-batch cycles. b) Conditions applied to the anaerobic bioreactors 
during metal addition/ test phase. c) Suite of techniques performed on sacrificially 
sampled biomass. This image was prepared in Biorender. 

 

Table 2-1 Concentrations of metals during the metal addition phase of the trial (day 9 to 
24) for each group of anaerobic reactors. Selected concentrations are average dosing 
values recommended for optimum AD process as per (Fermoso et al., 2015, Weinrich and 
Nelles, 2021). 

Groups Trace element mix Metals 
 Fe(µM) Co(µM) Ni(µM)  Cu(µM) Mo(µM) W(µM) Se(µM) 

Control conditions 
TE deplete - - - - - - - 
TE replete 157.8 77 38.6 37.2 - - - 

Test conditions 
TE+Mo 157.8 77 38.6 37.2 2 - - 
TE+W 157.8 77 38.6 37.2 - 1.7 - 

TE+W+Se 157.8 77 38.6 37.2 - 1.7 2.7 
TE+Se 157.8 77 38.6 37.2 - - 2.7 

Sacrificial sampling of one representative reactor from each condition was performed by 

taking down the reactor; then sampling and storing this biomass for EPS extraction, total 

metal extraction, DNA/ RNA co-extraction, and SEM-EDX analysis. Sacrificial samples 

were saved from batch 3 (Day 9; before metal exposure), and batch 8 (Day 24; after metal 

exposure). 

b) 

a) 

c) 
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2.3 Analytical Methods  

The methane content of biogas was measured in triplicate on a Gas chromatograph (GC; 

Varian) utilizing a flame ionization detector with Nitrogen as a carrier gas at a flow rate 

of 25 mlmin-1; 3 ml gas sampled from reactor headspace using syringes. COD was 

quantified using a kit (Reagcon, Shannon, Ireland) (0 �± 1500 mg l-1 range), following the 

�P�D�Q�X�I�D�F�W�X�U�H�U�¶�V�� �L�Q�V�W�U�X�F�W�L�R�Q�V���� �D�Q�G�� �X�V�L�Q�J�� �D�� �+�D�F�K�� �'�5���������� �/�D�E�R�U�D�W�R�U�\�� �9�,�6��

Spectrophotometer at OD 435 nm. MOPS increased COD measurement therefore the 

COD of abiotic controls were subtracted from test reactor. A portable (Thermo 

Scientific�Œ Eutech�Œ pH 150 Meter) was used to measure influent and effluent pH. 

APHA recommended loss on ignition technique used to estimate TS/VS of sludge 

samples (Telliard, 2001) before and after metal exposure. 

2.4 EPS extraction 

EPS was extracted using a gentle heating method according to Li and Yang (2007). 

Briefly, 5 g wet biomass (~0.2 gVS) was centrifuged at 3000 g for 15 min, and the 

supernatant was discarded. The biomass was suspended in 0.05% NaCl solution, 

immersed in a 70°C water bath for 30 min, centrifuged at 20,000 x g at 4°C for 30 min 

and the supernatant was collected. The protein and carbohydrate content of the EPS were 

measured from the supernatant using Bichonic Acid assay and Anthrone method with 

standard curves generated using bovine serum albumin (BSA) and glucose, respectively 

(Hasani Zadeh et al., 2022). The samples were measured on a UV spectrophotometer 

(BioRad iMark Microplate reader, USA) at 562 and 620 nm. Concentrations were 

expressed as mg of glucose equivalent l-1of carbohydrates and mg of BSA equivalent l-

1 of protein, then normalised to gVS biomass. 

2.5 Metal Quantification  

Concentration of soluble metals from effluent was obtained by filtration (0.22 µm filter) 

and acidification (~ 5% nitric acid). The filtrate was subjected to ICP-OES (inductively 

coupled plasma �± optical emission spectroscopy) 5110 synchronous vertical dual view 

(ICP-OES 5110, Agilent 7 Technologies, Santa Clara, USA). (Operating parameters: 

viewing mode: radial; viewing height: 8mm; radiofrequency power: 1.20 9 kW; plasma 

gas: 12 l min-1; nebulizer flow: 0.70 l min-1). 

Solid metals were extracted from sludge by microwave assisted digestion (CEM MARS 

5 Microwave Accelerated Reaction System, North Carolina, USA; US EPA Method 
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3051A, 2007). The aqua regia extracted fraction was then filtered with a 0.22 µm filter 

and subjected to inductively couple plasma�±Mass spectrometry (Operating conditions: 

viewing mode: radial; viewing height: 10mm; radiofrequency power: 1600 W; plasma 

gas: 15 l min-1; nebulizer flow: 0.61 l min-1). Certified reference material sludge (ERM® 

- CC144) was used as a positive control to validate extraction efficiency. For SEM-EDX, 

the biomass was stored in a sodium cacodylate and glutaraldehyde-based electron 

microscopy fixative for 2 h. The fixed biomass was then passed through an ethanol 

dehydration series (30, 50, 70, 90 and 100%). After air drying, samples were suspended 

in a paraffin embedding resin and sliced using cryostat microtome (Leica CM3050 S, 

Wetzler, Germany), to expose the internal surfaces of the spherical granules. The slices 

were mounted onto poly �±L- lysine coated glass slides and secured using double sided 

carbon tabs. Samples were then sputter-coated with gold (Emitech K550, East Sussex, 

UK). Imaging was performed using a scanning electron microscope (SEM Hitachi S4700, 

Tokyo, Japan) at an acceleration voltage of 15 kV and at 50 µA current. Energy dispersive 

X-ray (EDX) spectroscopy coupled with SEM was used for elemental analysis of granular 

sludge biomass. For each condition, 9-12 sections were subjected to EDX analysis; this 

provided EDX spectrums from which abundance (mass fraction) of metals were 

calculated. 

2.6 Specific Methanogenic activity 

Specific activity of methanogenic pathways in the biomass exposed to metal dosing was 

measured. For this, sodium acetate (30 mM), methanol (30 mM) or H2:CO2 (80:20 v/v; 

1.5 atm) was added to triplicate sets of 150 ml serum vials each containing 5 g wet 

biomass (~1 g VSl-1) and basic anaerobic medium as prepared by Collins et al., (2003) 

to quantify amount of methane produced. The maximum slope of exponential change in 

methane production was used to determine the rate of methanogenesis. 

2.7 Nucleic acid extraction and sequencing  

Triplicate sludge samples (~5 ml) were sampled from the bioreactors on day 9, and day 

24: the liquid fraction was discarded, and approximately 250 mg (wet weight) of biomass 

was added to sterile, bead-beating tubes (Macherey-Nagel Bead Tubes Type A, 

Germany), flash-frozen in liquid nitrogen and stored at -80°C. DNA and RNA was co-

extracted from the biomass following a phenol-chloroform-isoamyl alcohol (25:24:1) 

protocol (Griffiths et al., 2000), incorporating a minor modification in the lysis buffer 

composition to include 4% polyvinylpyrrolidone (PVP), which facilitates removal of 
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humic acids and phenolics (Schrader et al., 2012). DNA and RNA quality and quantity 

were determined using a Nanodrop spectrophotometer (Thermo Fischer Scientific), 1% 

(w/v) agarose gel electrophoresis, and Qubit dsDNA BR and ssRNA BR assay kits 

(Thermo Fischer Scientific). Samples were normalised to (50 ng µl-1) and sent for 

sequencing of the V4 region of 16S rRNA gene amplicons using the 515F and 806R 

primer pair (Caporaso et al., 2011) on an Ilumina NovaSeq 6000 platform (Novogene, 

Cambridge, UK). 

To investigate the active prokaryotic community, aliquots of the DNA/RNA co-extracts 

�Z�H�U�H�� �W�U�H�D�W�H�G�� �Z�L�W�K�� �'�1�D�V�H�� ���1�=�<�W�H�F�K���� �/�L�V�E�R�Q���� �3�R�U�W�X�J�D�O������ �I�R�O�O�R�Z�L�Q�J�� �W�K�H�� �P�D�Q�X�I�D�F�W�X�U�H�U�¶�V��

instructions. DNase-treated samples were then cleaned using an NZY total RNA isolation 

kit, the absence of genomic DNA was validated by end-point PCR. cDNA was 

synthesized from purified RNA using a Luna Script cDNA synthesis kit (NEB, MA, 

�8�6�$�����Z�L�W�K���1�R���5�H�Y�H�U�V�H���W�U�D�Q�V�F�U�L�S�W�L�R�Q���F�R�Q�W�U�R�O�V�����I�R�O�O�R�Z�L�Q�J���W�K�H���P�D�Q�X�I�D�F�W�X�U�H�U�¶�V���J�X�L�G�H�O�L�Q�H�V����

Active bacterial community abundance was measured using qPCR assays with primers 

from Maeda et al., (2003). Controls and standards were included as recommended by 

MIQE guidelines (Bustin et al., 2009). 

2.8 Bioinformatics and Statistical Analysis 

Sequencing data analysis was carried out using a validated pipeline for 16SrRNA 

amplicon analysis called NG-Tax, with default parameters (Ramiro-Garcia et al., 2018). 

Taxonomy was assigned using SILVA 138 SSURef database (Quast et al., 2012). Alpha 

and beta diversity as measured using R package phyloseq 1.44.0 (McMurdie and Holmes, 

2013) and picante 1.8.2 (Kembel et al., 2010). Plots were generated using ggplot 2-3-5-1 

(Wickham, 2016) package. Putative functional analysis from assigned ASV were 

identified by PICRUSt 2 (Douglas et al., 2020). Differential analysis was performed using 

MicrobiotaProcess 1.13.1.992 package (Xu et al., 2023). 

Statistical analysis of the fed batch trial data sets was performed in Microsoft Excel. For 

this, a one-�Z�D�\�� �$�1�2�9�$�� ���.�� � �� ���������� �R�U�� �R�W�K�H�U�Z�L�V�H�� �P�H�Q�W�L�R�Q�H�G������ �Z�L�W�K�� �7�X�N�H�\�� �K�R�Q�H�V�W�O�\��

significant difference (HSD) post hoc test to categorise pairwise differences. All data 

points are provided as mean of triplicate measurements ± standard deviation or 

�U�H�S�U�H�V�H�Q�W�H�G�� �E�\�� �H�U�U�R�U�� �E�D�U�V���� �&�R�U�U�H�O�D�W�L�R�Q�� �Z�D�V�� �F�D�O�F�X�O�D�W�H�G�� �X�V�L�Q�J�� �3�H�D�U�V�R�Q�¶�V�� �F�R�U�U�H�O�D�W�L�R�Q��

coefficient and tested using one tailed t-test. 
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3. Results 

3.1 TE addition positively associated with methane production 

The theoretical methane production from the carbon substrates provided to each 

bioreactor (1.5 gCOD), calculated through conserved stoichiometry and the Buswell 

equation, was 0.51 l (Zulkifli et al., 2019). The actual production of methane by the 

bioreactors was in the range 0.23-0.43 1 i.e., 61-86% of the theoretical methane yield. 

The tCOD removal efficiency of the bioreactors was ~90%, implying low concentration 

of particulate matter (suspended biomass) in the aqueous phase and less interference with 

the measurement of COD; therefore, tCOD is used as a metric of carbon conversion and 

steady state condition. 
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Methane yield by day 15 (maximum methane production from the batch) was 

significantly (p<0.05) (10-36 %) higher in TE-replete bioreactors than in TE-deplete 

incubations. Furthermore, in the case of TE+Se (p<0.05) (33 �± 17 %) a higher rate than 

in TE-deplete conditions were noted, while revealing no other significant differences 

between groups (Figure 2-2). 

All the groups had a methane yield of more than 50 % after start up. Additionally, 

endpoint pH after each fed batch cycle was ~ 6.8 to 7.1 for all conditions. Both methane 

yield and pH indicated stable AD system. 

  

Figure 2-2. a) Methane yield from anaerobic reactors after React stage of each batch. The 
dashed line indicates start of metal exposure. 

3.2 W with Se increased methanogenic rate from acetate 

Acetate methanogenic rates were significantly higher (p> 0.01) when exposed to TE + W 

+ Se, even higher in TE + W (p> 0.05) and TE + Se groups. Methanogenic rates from H2: 

CO2 were highest in the TE+W group, compared to all other groups (Table 2-2). 

Methanogenesis from methanol as substrate demonstrated a longer lag phase of more than 

three days (data not provided), while the inoculum had the highest (p> 0.01) 

methanogenic rate compared to all the tested conditions. 

Table 2-2. Specific methanogenic activity (mlCH4 gVS-1 day-1) from acetate (30 mM), 
H2: CO2 (80:20 (v/v), 1.5 atm), or methanol (30 mM). Inoculum from full scale reactor. 
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Values are based on triplicate bottles and data provided as mean ± standard deviation. 
1Significance tab as footnote. 

Methanogen 
pathway 

  Conditions 

Inoculum TE -
deplete 

TE -
replete TE+Mo  TE+W  TE+W+Se TE+Se 

Acetate 218±7 183±12 207±7 200±32 187±7** 232±21* 203±5 
H2:  CO2 
(80:20%) 

28±7 27±16 33±1 40±6 49±6 47±15 37±5 

Methanol 25±6* 2±0 5±1 6±1 3±0 2.41±1 5±1 
 

3.3 Mo and W affected retained Fe concentrations 

3.3.1 Soluble metals in abiotic controls. 

The concentration of soluble metals to which the biomass was exposed, was determined 

by subtracting the metal concentrations from abiotic controls of TE-replete vs other 

groups (n=2). Effective concentrations during exposure were 1.7 �± 1.9 µM W, 1.3 �± 1.5 

µM Se, 1.9 µM Mo, 63.3 µM Co, 36.1 µM Ni and 27.6 µM Cu at each fed-batch cycle in 

metal addition phase. 

Markedly, the presence of W and Mo resulted in higher concentrations of soluble Fe (from 

58 - 61 µM to 134 µM) when both metals co-occurred in the abiotic control. The soluble 

metals present in the reactors were successfully removed. However, removal % for Fe 

and Cu reduced across batches. 

 

 

1 *: indicates statistically significant (p<0.01) difference between; Acetate (TE+W+Se and TE-deplete) and 
Methanol (Inoculum vs all groups) 
**: indicates statistically significant (p<0.05) difference between the groups tested. Acetate (TE+W and 
TE+W+Se) 
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3.3.2 Fe retention in the presence of Mo, W, and W+Se  

Prior to exposure, the concentration of Fe and Co were 9 �± 10 g Fe kg -1 dwt and 8-10 

mg Co kg -1dwt, respectively (Figure 2-3a). Moreover, under Mo, W, and W+Se dosing, 

retained Fe increased from 10.9 to >13.3 g Fe kg -1dwt. 

Here, co-dosing caused a substantial increase in total Co concentration compared to TE-

deplete conditions. Co concentration increased when W was present (1481 mg Co kg -1 

dwt), compared to TE replete group (1292 mg Co kg -1 dwt) (Fig 3b). Comparing all 

conditions, the concentration of Fe, Ni, Co, Cu and S are same on day 9 but follow a 

related retention trend on day 24 (higher for TE + Mo and TE + W groups). 

Cu and Ni accumulated in the TE-deplete group, from 65 and 41 after start up to 159 and 

309 after takedown respectively (Figure 2-3c and 2-3d). 

The co-occurrence of W and Mo also slightly increased Cu and Ni concentrations; within 

TE+W group, Cu increased from 475 to 647 mg Cu kg -1.dwt and in TE+Mo group from 

475 to 586 mg Cu kg -1.dwt. while within TE+W group, Ni increased from 923 to 1109 

mg Ni kg -1dwt and in TE+Mo group from 923 to 1130 mg Ni kg -1dwt (Figure 2-3c and 

2-3d). 

 

Figure 2-3 Solid metal concentration of a) Fe, b) Co, c) Ni, and d) Cu expressed as g or 
mg metal kg-1 dry weight biomass. Measure obtained during two time points; before 
metal exposure (white bar, day 9) (n=3) and after metal exposure (grey bar, day 24) (n=5); 
(*) i ndicates statistically significant difference (p<0.05) between TE+Mo and TE-deplete 
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groups, (**) indicates statistically significant difference (p<0.05) between TE-deplete and 
all groups. 

We observed the presence of Mo, W, Se and S metals, meanwhile verifying the absence 

of these metals in other groups (Figure 2-4). In regard to co-occurrence of W and Se, W 

was retained at a higher concentration when present on its own (100 mg W kg -1dwt), 

compared to when added with Se (83 mg W kg -1dwt) (Fig 4a). Despite no direct S 

addition, elevated levels in TE + Mo, TE + W and TE + W + Se group (Fig 4d) likely 

originating from S-containing feed compounds or degradation products of organic matter. 

  

Figure 2-4. Solid metal concentration of a) W b) Se c) Mo and d) S expressed as g/ mg 
metal kg -1 dry weight biomass measured at two time points. Before metal exposure 
(white bar, day 9) (n=3) and after metal exposure (grey bar, day 24) (n=5); (*) indicates 
statistically significant difference (p<0.05) between TE-deplete and all groups, (**) 
indicates statistically significant difference (p<0.05) between TE + Se and TE + Mo, TE 
+ W. 

3.3.3 SEM-EDX based validation of trace metal exposed biomass  

The measurement of metals in solid, soluble fraction, and SEM-EDX spectrums indicated 

that the added metals were present within dosing concentration and retained by the 

biomass through physico-chemical and microbial processes.  

W occurred at a higher frequency across slices of granular sludge (in 78% sections) 

exposed to W (n=9) and W+Se (n=12), when compared to TE-replete, TE-deplete and 

control EDX spectra (Figure 2-5). The Fe mass fraction increased slightly when W (1.4), 
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W+Se (1.5) and Se (1.5) compared to granule sections from TE-replete incubations (1.2). 

Sulphur (S) was found to be least abundant when Se was present. Se was observed in 

EDX spectra, but its occurrence and mass fractions were not significant. Rather, only 

(Tellurium) Te was observed to be present, and increased in mass fraction, when Se was 

present. 

 

      

Figure 2-5. Representative images from TE+W+Se fixed a) whole granule surface and 
b) sliced granule sections. c) Energy dispersive X-ray spectra of the presence of W and 
Se, spectral cps/eV counts are converted to d) normalised mass fractions for the targeted 
area. 

3.4 Se dosing affected EPS protein and carbohydrate content of methanogenic granules 

Se (1.9 mg) induced a significantly higher production of EPS protein (105 mg BSA 

equivalent gVS-1) and carbohydrates (2 mg glucose equivalent gVS-1) versus all the 

groups tested.  

The co-occurrence of W+Se reduced EPS carbohydrate concentrations, when compared 

to TE-deplete and TE-replete samples (Figure 2-6). 

a) b) 

c) d) 



CHAPTER 2 
 
 

59 
 

 

 
Figure 2-6. a) EPS protein concentration and b) EPS carbohydrate concentration after 
metal exposure (day 24). Figure Legend include after metal exposure based on the 
specific groups (n=3); (*) indicates statistically significant (p<0.05) difference between 
the groups tested; TE +Se vs all groups. 

 

 

3.5 Mo, W and W+ Se increased relative abundance of fermentative taxa alongside 

metabolic potential for nucleotides and vitamins 

Table 2-3. The relative abundances (RA) phyla and taxa after takedown 

Group 
Phyla relative 
abundance (%) 

Bacterial Taxa relative 
abundance (%) 

Archaeal Taxa 
relative 
abundance (%) 

TE 
deplete 

Chloroflexi (32), 
Firmicutes (18) 

Longilinea (14.6), uncultured 
Anaerolinea (7.9), Anaerolinea (6.8), 
Caproiciproducens (10.8) 

Methanothrix (9.2), 
Methanobacterium 
(4.5) 

TE 
replete 

Chloroflexi (34), 
Bacteriodota 
(16) 

Longilinea (13.8), Anaerolinea (8.9), 
uncultured Anaerolinea (8.2), 
Macellibacteroides (10.2) 

Methanothrix (8.9) 

TE+Mo Firmicutes (25) 
Chloroflexi (26), 

Caproiciproducens (17.6), Longilinea 
(10.0), TA06 phylum (7.7), Other 
Bacteria (7.4) 

Methanothrix (10.7), 
Methanobacterium 
(4.8) 
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TE+W 
Chloroflexi (32), 
Bacteriodota 
(23) 

Macellibacteroides (19.3), Longilinea 
(11.6), uncultured Anaerolinea (8.9), 
Anaerolinea (8.4), Other Bacteria (7.8) 

Methanothrix (7.7), 

TE+W+
Se Bacteriodota 

(41), 
Chloroflexi, (22-
23) 

Macellibacteroides (39.1-39.0), 
Methanothrix (9.7-7.5), Longilinea 
(8.6-10.3), Anaerolinea (6.4-5.4), 
uncultured Anaerolinea (4.8-5.3), 
TA06 phylum (5.6), Other Bacteria 
(5.7) 

Methanothrix (9.7), 

TE+Se Methanothrix (7.5), 

 

The start-up period did not significantly affect the Shannon index and Simpson diversity 

metric, indicating consistent microbial diversity across the start-up phase. However, the 

presence of W+Se and Se group, led to reduction in richness and evenness of the 

community. The dominant phyla were Bacteriodota, Chloroflexota and Firmicutes 

following W+Se, Se and Mo dosing. Anaerolineaceae family were dominant after metal 

dosing, specifically Longilinea, Anaerolinea and uncultured representatives. (Table 2-3).  

Exposure to metals resulted in a dynamic shift in microbial community composition, 

which was explained by 51.4 % variation between start-up and takedown, using a Bray 

Curtis metric, this statistical difference was shown by PERMANOVA (R2 = 0.32, p = 

0.002). Clustering of samples before metal exposure (day 9), indicated community 

similarity. Metal addition effects were alike when TE+W, TE+Se and TE+W+Se were 

added, Se impacted the clustering of these groups the most. Notably, TE replete, TE 

deplete and TE+Mo clustered together, indicating those have similar inter-group diversity 

(Figure 2-7b). 

Least discriminant analyses identified dominant taxa within two groups. Before exposure, 

uncultured Geobacteraceae, Syntrophomonas, Smithella, Bacteroidetes vadinHA17, 

uncultured Cloacimonadetes and phylum TA06 appeared to be differentially dominant 

across all the bioreactors (n=6) (Figure 2-8). After exposure, the fermenters were present, 

including Macellibacteroides, Caproiciproducens, Longilinea, Methanobacterium and 

Clostridium sensu stricto 5 (Figure 2-8). 

The PICRUSt analysis revealed, Se exposure, compared to TE-deplete condition, led to 

an increased potential for purine biosynthesis. Mo exposure was associated with higher 

relative abundance (RA) of genes for pyrimidine metabolism, particularly to those related 

to adenosine and deoxyadenosine. Conversely, W+Se exposure resulted in guanosine and 

deoxyguanosine metabolism. Members of phyla Chloroflexota and Bacteriodota were 

major contributors of the cell wall (Fig S9), carbon (Fig S8) and nucleotide (Fig S10) 

functional potential of the microbiome. Additionally, these taxa contributed to the 
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biosynthesis and salvage pathways of tetrahydrofolate (Vitamin B9), pyridoxal (Vitamin 

B6), and cyanocobalamin (Vitamin B12) (Fig S11). 

The archaeal community was dominated by Methanothrix (formerly Methanosaeta), 

maintaining an RA of ~10% across the experiments. Methanobacterium was only present 

in TE-replete (4.5%) and TE+Mo (4.6%) groups. Candidatus_Methanofastidiosum was 

only present in groups before metal exposure, and in the control incubations. 

Lastly, exposure to specific metal groups led to a reduction in median number of 16S 

rRNA gene copies per gVS within the active bacterial community. The presence of 

TE+Se shows a significant reduction in the number of total transcripts (p<0.01) than TE-

deplete (p<0.05). Mo addition had a negative correlation (-0.76) with 16S rRNA 

transcripts (p<0.05) (Fig S12). 

          

Figure 2-7. a) Relative abundance plots of groups (B) Before metal exposure and (A) 
After metal exposure; Groups are represented as (1) TE deplete; (2) TE replete; (3) TE 
+Mo; (4) TE +W; (5) TE +W+Se; (6) TE +Se; (CTR) Inoculum b) Principle component 
analysis of bray-curtis dissimilarity of A) Genus and B) ASV 

b) 
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Figure 2-8. Least discriminant analysis effect size identifies critical ASVs of samples 
before metal exposure (red) and after metal exposure (blue). Strength of association is 
measured by the -log10 (p-value) indicated by the circle size representing higher 
associations with the Type.  

 

Figure 2-9. Quantification of 16SrRNA transcripts after start up (batch 3; day 9) (n=3) 
and takedown (batch 8; day 24) (n=18). Takedown conditions is shown in striped colours, 
Takedown condition is in solid colours; Median values ± standard deviations plotted as 
error bars. (* ) indicates statistically significant difference p <0.05, between before and 
after TE-deplete. (** ) indicates statistically significant difference p value <0.01, between 
before and after TE+Se. 
 

4. Discussion  

4.1 TE dosing is important for anaerobic digestion process 

In AD system, the presence of Fe, Ni and Co is critical for maintaining stable biogas 

production from sulphur rich substrates (Gustavsson et al., 2013), high solids food waste 
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(Kang et al., 2022) and overall AD process performance (Choong et.al., 2016). However, 

the independent roles of molybdenum (Mo), tungsten (W), and selenium (Se), particularly 

in combination with Fe, Ni, and Co, have not been extensively studied. 

In this study, TE-replete and TE+Se conditions showed a significant improvement in 

methane production (Figure 2-2), likely due to the low initial solid Se observed prior to 

metal exposure (Figure 2-4b). Similar positive or neutral effects have been documented 

in biomass with a history of TE dosing or where no deficiency existed. For example, 

Facchin et al. (2013) reported increased methane production (45-65%) when Mo and Se 

were added to low-TE food waste, despite a high background TE substrate. The impact 

of Se on methane production has been confirmed by studies on both Se dosing (Feng et 

�D�O�������������������D�Q�G���G�H�S�U�L�Y�D�W�L�R�Q�����â�D�I�D�U�L�þ���H�W���D�O�������������������:�R�U�P���H�W���D�O�������������������� 

This study adds to existing records around the role of Fe, Ni, Co, and Se dosing within 

methanogenic granules in fed batch mode, highlighting the importance of a start-up period 

to acclimatise biomass to synthetic feed, environmental conditions and shift in operation 

modes from expanded granular sludge bed (EGSB) to fed batch. Further studies should 

focus on demonstrating the W, Mo and Se depletion after stressed conditions (ammonia 

and inhibitory compounds), and TE dosing methods to recover AD microbiomes. 

4.2 Exposure to W + Se positively impacts acetoclastic methanogenesis  

Based on the importance of trace metal dosing for methanogens (Scherer et al., 1983) this 

study demonstrated the presence of Se and the combination of W+Se increased 

acetoclastic methanogenesis significantly compared to TE-replete (p> 0.01) and TE + W 

(p> 0.05) (Table 2-2). Previous work with similar methanogenic granules, demonstrated, 

that indeed Se increases acetoclastic activity until concentrations of 500 µM Se, coupled 

with 90% Se removal up to 400 µM (Logan et al., 2003). In effect, demonstrating sludge 

Se tolerance and augmenting acetoclasts. The role of W in enhancing methanogenesis is 

supported by studies using waste sewage sludge, where W supplementation increased 

acetate consumption by acetoclastic methanogens, improving methane production by 

2.17 times (Roy et al., 2022). Additionally, W and W+Se exhibited high CO2-reducing 

methanogenesis rates, suggesting a supplementary role in the AD process. While previous 

studies have shown that Ni and W can increase specific methane production (Das and 

Mondal, 2013) and methanogen cell counts by 300%, shifting towards CO2-reducing 

methanogenesis (Arthur et al., 2022),  
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Further research is needed to clarify the function of long-term W pulse dosing on CO2-

reducing methanogenesis, particularly in full-scale EGSB reactors, as well as techno-

economic profile of W and Se dosing. Additionally, methylotrophic methanogenesis 

declined significantly due to the shift from full-scale EGSB to fed-batch operation or 

utilising synthetic feed (Keating et al., 2025) a critical factor that must be considered 

when setting up lab-scale reactors. 

4.3 Mo, W and Fe co-occurrence is essential for higher Fe/ S retention in anaerobic 

systems 

Iron (Fe) is a crucial element in anaerobic digestion (AD) processes, playing key roles 

such as facilitating the formation of Fe-S clusters, which act as vital cofactors (Zhang et 

al., 2015), contributing to the modulation of sulfide concentrations, and the reduction of 

oxidation-reduction potential within reactors (Shi et al., 2011). Here, the co-occurrence 

of Fe with W or Mo in abiotic reactors led to a notable increase in Fe solubility. 

Subsequent solid metal analyses, suggests that more Fe was available for retention (Fig 

3a), thereby retaining more S (Figure 2-4d), most likely from L-cysteine or feed 

components. It is established that Mo adsorbs effectively to FeS pyrites under anaerobic 

conditions at low pH (Xu et al., 2006), similar adsorption patterns have been documented 

for W (Cui and Johannesson, 2017) and Se (Molaey et al., 2018). However, the 

enhancement of Fe solubility and S retention due to the presence of Mo or W has not been 

previously reported, making this original result an important driver of higher retention of 

other metals from the TE mix. 

In anaerobic granular sludge, Fe-S minerals drive maximal sorption. This is particularly 

true for Co and Ni which show higher sorption in exchangeable and organic/sulfide 

fractions (van Hullebusch et al., 2005, 2006), with Cu (Cao et al., 2014) following a 

similar trend. Simultaneously, here, it is also likely the production of metal-thiol groups 

were involved in retaining intermediate metals (Figure 2-3b, c and d), much like 

previously confirmed for Co and Ni (Yekta et al., 2014) in AD. Such improved retention 

is vital for enzymes like mcrA, essential for methanogenesis (Zhang et al., 2009). 

Previously, the co-occurrence of Co and Fe lead to higher retention levels in paper mill 

AD sludge (Osuna et al., 2004). These findings collectively suggest that Fe & S likely 

drive TE dynamics in AD. Our study corroborates this idea, based on retention trends of 

Co, Ni, and S (Figure 2-3b, c and d).  
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In this study, baseline removal of Ni and Cu from TE-deplete group indicated that feed 

substrates and macronutrients may contain ultra-trace concentrations of these metals, 

which likely accumulated over the 24-day trial. Thus, suggesting an active procurement 

of Ni and Cu from the environment. Typical of the Ni, Co dependent utilisation and 

uptake capacity shown via in-silico genomes and proteomes of Chloroflexota, 

Deltaproteobacteria and Methanosarcinales (Zhang et al., 2009). 

To the best of our knowledge, this is the first study to experimentally demonstrate that 

simultaneous dosing of Mo and W significantly impacts Fe/S retention in methanogenic 

systems. 

4.4 Se drives EPS generation in methanogenic granules 

In this study, we observed an increase in Se precipitate stimulates EPS protein and 

carbohydrate levels. The presence of Se0 in anaerobic granular sludge from brewery 

wastewater led to its complete accumulation within and surface of biomass. This 

accumulation, largely identified as periplasmic cytochrome proteins and lipids 

(Gonzalez-Gil et al., 2016) backed the stability of colloidal Se nanoparticles (Jain et al., 

2015) too. Se potentially incited such a stress buffering response here as well that could 

underpin improved methanogenic performance based on positive correlation (r2 = 0.87,  

p<0.05) between total Se and specific methanogenic activity against acetate (Table 2-2).It 

must be noted that, previous studies have revealed that short air exposure to Se species 

caused higher accumulation of Se in the organic and residual fraction during sequential 

extraction (Lenz et al., 2008). The sludge in this study was exposed to ambient air during 

the Decant-Fill stage of the experiment and possibly played a part in Se retention as well. 

Nevertheless, both physico-chemical and microbial processes contribute to reduction of 

Se in methanogenic granules (Astratinei et al., 2006). The reduction products of SeO3- 

may induce toxicity (Lenz et al., 2006) and pinpointing their exact source is complex (Tan 

et al., 2016). Therefore, further research on the microbial players, genomic features, 

expression of Se EPS capping proteins and impacts on methanogen functional capacity is 

important. Delineating these mechanisms will be important for high-treatment capacity 

sludge 

4.5 Fermentative taxa predominate the microbiome after Mo, W and Se dosing 

The microbial community in anaerobic granular sludge exhibited significant shifts 

following the administration of Mo, W, and Se, predominated by fermentative taxa such 
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as Anaerolineacaea (Longilinea and Anaerolinea). These syntrophic fermenters were 

previously associated with Methanothrix to increase the acetate pool for methane 

production from alkanes (Liang et al., 2015) and acid hydrolysates from Agave tequilana 

var a�]�X�O�� �E�D�J�D�V�V�H�� ���6�Q�H�O�O�(�&�D�V�W�U�R�� �H�W�� �D�O������ �������������� �)�O�X�R�U�H�V�F�H�Q�F�H�� �V�W�D�L�Q�L�Q�J�� �V�X�J�J�H�V�W�V�� �W�K�D�W��

Anaerolinacaea were co-located with Methanothrix in AD sludge (McIlroy et al., 2017). 

Thus, strengthened synergy between fermentative taxa and methanogens during metal 

addition was evident in our study (Table 2-3 and Figure 2-7a). Certain fermenters were 

observed as potentially valuable indicator species. For instance, Macellibacteroides ASV, 

identified as an isolate from an upflow anaerobic filter (Jabari et al., 2012), is recognized 

for its resilience in extreme environments. The relative abundance (RA) of this ASV 

increased under the TE+Se and TE+W+Se conditions, suggesting its presence is Se-

dependent, as no similar change was observed in the TE+W group (Figure 2-7a). 

Therefore, this taxon may serve as an indicator for excess Se in methanogenic granules. 

Capriciproducens species demonstrated an increased RA in TE+Mo. This taxon has a role 

in low pH environments (~5.0) (Zhang et al., 2022) and was suggested as an indicator of 

anaerobic co-digestion of sludge and wheat straw (Kang et al., 2021) and responsible 

forchain elongation from galactitol to caproic acid (Kim et al., 2015) and in mixed acid 

production (Flaiz et al., 2020). Similarly, Clostridium sensu stricto 5 appeared to be 

influenced by the presence of W and Mo, as evidenced by an increased RA compared to 

TE-replete and TE-deplete groups. (Fig 9). 

The competitive advantage of fermentative taxa in response to metal dosing is their 

inherent functional redundancy. This adaptability allows them to thrive under dynamic 

conditions, such as acidosis (Bertucci et al., 2019), chain elongation processes (Liu et al., 

2023) and here, likely enhance their tolerance to TE variations. This shift is consistent 

with the reduced RA in syntrophic bacteria after metal exposure (Figure 2-8), as 

metabolically versatile taxa became dominant, corroborating earlier findings (Werner et 

al., 2011). Simultaneously, the absence of Candidatus_Methanofastidiousum after metal 

exposure, may be related to the suppression of methylotrophic methanogenesis, 

particularly in the context of methanol utilization rate (Table 2-2) and presence/ absence 

in group conditions. 

Nucleotide metabolism is essential for the survival and growth, in this study, the presence 

of Mo and W+Se increased RA of pyrimidine biosynthesis potential. This is necessary 

for the replication, recombination and repair function in AD microbiomes, particularly 
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under ammonium stress (Li et al., 2017) and, ensuring nucleotides are available for 

cellular growth (Lohani and Havukainen, 2017).  

Vitamin sharing for communal benefit is a crucial factor in shaping the structure and 

function of the human skin (Swaney et al., 2022) and gut (Ortiz et al., 2022) microbiome. 

Within the gut, for instance, commensals produce and share vitamin B9, promoting 

community stability and structure (Soto-Martin et al., 2020, Engevik et al., 2019). While 

auxotrophy has been reported among acidogens (Sjostrom et al., 1953) and methanogens 

(Buchenau and Thauer, 2004). The full extent of folate metabolic potential within AD 

systems remains elusive.  This study suggests the likely presence of vitamin B9 and B12 

metabolic potential (Fig S12), under TE-replete, W+Se, and Se dosing, with putative 

positive contribution from genera Anaerolinea and Macellibacteroides (Fig S11). 

�3�U�H�Y�L�R�X�V�� �U�H�V�H�D�U�F�K�� �K�L�J�K�O�L�J�K�W�¶�V�� �U�R�O�H�� �R�I�� �Y�L�W�D�P�L�Q�� �%������ �L�Q�� �$�'���� �Y�L�W�D�P�L�Q�� �%������ �D�V�� �R�S�S�R�V�H�G�� �W�R��

CoCl2 dosing, can significantly enhance methane production (3x) (Fermoso et al., 2010), 

and its absence is detrimental to methanogenesis (Kenealy and Zeikus, 1981). 

Additionally, the supplementation of metals such as Mo, B, Cu, Zn, Co, Fe, Ni, and Mn 

has been shown to stimulate both vitamin B12 production and methane generation in AD 

processes, offering a favourable benefit-cost ratio (Ariunbaatar et al., 2016, Izadi et al., 

2020). The crucial role of B vitamins, particularly in response to strategic metal dosing, 

demands further investigation, specifically measuring intra and extracellular vitamin 

concentrations during dosing scenarios, thus investigating public goods sharing in 

methanogenic granules. Unlocking these dynamics will be key to develop robust and 

efficient AD systems. 

Ultimately, optimising metal dosing strategies for future full-scale reactor operations is 

important. Operators should tailor these strategies to specific characteristics and 

background TE levels of their sludge and feedstock. Emphasis should be on the addition 

of Fe, Ni, and Co, with careful consideration to their mix composition and concentration. 

Dosing times must be adjusted to achieve specific goals, such as higher retention and EPS 

production by adding Se, or enhanced methanogen performance by adding W + Se. These 

strategies need to be demonstrated in lab-scale and pilot scale reactors, prior to scale up. 

This ensures reported outcomes are applicable. Furthermore, adopting optimal, model-

driven metal dosing regimens, like selecting metal chlorides and adhering to a low-

frequency dosing schedule (George et al., 2024), will be crucial for success in AD 

operations 



CHAPTER 2 
 
 

68 
 

5. Conclusion  

This study demonstrated that co-dosing methanogenic granules with Mo, W, and W + Se 

alongside a trace metal mix, induced distinct shifts in extracellular polymeric substances 

(EPS) concentrations, microbiome composition, and functional potential. In particular, W 

+ Se and Se imposed positive effect on methane production via significantly stimulating 

acetoclastic methanogenesis, while Se increased EPS protein and carbohydrate contents. 

These effects were associated with higher Fe solubility and enhanced Fe and S retention 

in the presence of Mo and W as confirmed by SEM-EDX. This differential retention of 

metals coincided with a higher RA of fermentative taxa such as Anaerolineaceae, 

Macellibacteroides and Caproiciproducens sp., alongside lower total bacterial transcript 

levels. Functional analysis revealed higher abundances of nucleotide metabolism, but 

most importantly Vitamin (B9, B12, B6) potential which suggests the important capacity 

of metal stimulating cobamides within methanogenic consortia. These findings highlight 

that tailored combinations of trace metals could modulate both process performance and 

microbiome function, providing a strong basis for optimising anaerobic digestion 

operations both at batch scale. Further demonstration of these combinations at lab-scale 

and pilot EGSB reactors will facilitate their industrial applications and prove utility for 

AD operations. 
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1. Introduction  

Anaerobic digestion (AD) is a pivotal biotechnology for wastewater treatment, organic 

waste valorisation and renewable biogas production (Zhu et al., 2022). It proceeds via a 

sequential biochemical digestion of organic matter into volatile fatty acids (VFA), which 

are further metabolized by methanogenic archaea into biogas, predominantly methane 

(Weinrich and Nelles, 2021). The main bottleneck in AD is the degradation of propionate 

and butyrate, with propionate oxidation being particularly problematic. This rate-limiting 

step is restricted by low thermodynamic return, hydrogen partial pressure (pH2) 

sensitivity, intense syntrophic dependent cell-cell contact and amino acid sharing 

(Westerholm et al., 2022). These syntrophies are enabled by interspecies extracellular 

electron transfer (EET) mechanisms: mediated (redox shuttles, formate or hydrogen) and/ 

or direct (e-pilli or multiheme cytochrome) between syntrophic partners and methanogens 

(Su et al., 2023). Defining and optimizing EET processes could unlock high-rate 

capacities in AD, enhancing system resilience and tolerance to VFA accumulation (Lv et 

al., 2024). 

Trace elements (TE) such as iron (Fe), nickel (Ni) and, cobalt (Co) is critical for the 

enzymes catalysing methanogenesis (Glass and Orphan, 2012) and syntrophic propionate 

oxidation (Westerholm et.al 2022) and are therefore considered micronutrients. Both TE 

deficiency (Fermoso et al., 2008) and excess (Zandvoort et al., 2004) disrupt routine 

function of the AD microbiome. However, TE mixtures impact free ion concentration 

leading to toxicity, nutrient imbalances and higher operational costs (Roussel et al., 2018). 

Therefore, to sustain efficient microbial activity during operations, it is critical to 

maintain optimal TE dosing (Thanh et al., 2016). 

Studies of stressed AD reactors have shown that sensitive syntrophic taxa-such as 

Syntrophobacter, Smithella, Cloacimonates, and Syntrophomonas, were actively working 

to mitigate VFA accumulation. Given, the small thermodynamic window in which 

syntrophic taxa operate, novel strategies to promote EET to methanogens are a hot 

research topic. For example, research indicates (i) syntrophic association with two 

methanogens (McDaniel et al., 2023); (ii) a biomass with multiple propionate oxidation 

pathways (methyl malonyl CoA and dismutation pathways) (Patón et al., 2020); and (iii) 

alternative electron transport (reverse or direct) routes (Scholten and Conrad, 2000). 

These taxa also inhabit sediments and soils, this metabolic versatility makes them suitable 

agents for bioremediation in diverse environments. 
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Moreover, electroactive species (Geobacter and Desulfovibrio) (Ueki, 2021; Li et al., 

2024) and additives (activated carbon, magnetite) (Hou et al., 2024; Wu et al., 2022) have 

been shown to accelerate direct interspecies electron transfer (DIET) to methanogens. 

Electron donor ethanol at start-up is known to increase the abundance of electroactive 

taxa and increase electron transfer rates within microbiomes (Zhang et al., 2024). These 

processes operate by evading or synergising with the soluble mediators (formate and/or 

hydrogen) enhancing electron transfer and microbial interactions. Such metal tolerance 

via detoxification traits were present in Geobacter (Dulay et al., 2020) as well as 

acceleration of syntrophic propionate degradation even under high pH2 (Zhao et al., 

2016). It has been posited that Geobacter establishes conductive networks that support 

DIET-capable methanogens, this network supports enhanced electron transfer routes and 

facilitate resilient physiologies within environmental microbiomes. For e.g., heavy metal 

immobilization (Cologgi et al., 2014), attenuation of halogenated compounds (Mao et al., 

2015), and iron sulphur cycling coupled with carbon conversion in sediments (Wang et 

al., 2023). While previous studies explored electroactive microbes in the environmental 

settings, the impact of continuous metal dosing on methanogen function and electron flow 

in AD remains unexamined. 

The current study aimed to investigate the microbial response of syntrophic propionate 

oxidising communities, with and without electroactive taxa, to toxicity by continuous 

metal dosing. Therefore, this study hypothesized that under continuous metal doses of Fe, 

Ni, Co, Mo, W, Mn and Se, enrichment with electroactive taxa would enhance propionate 

oxidation and methanogenesis. To test this hypothesis, authors directly compared 

expanded granular sludge bed (EGSB) reactors enriched with electroactive taxa and/ or 

syntrophic propionate oxidisers, and measured resultant difference in propionate removal, 

specific methanogenic rates, metal removal trends and microbial community composition 

and function, elaborating the stress tolerant capacity electroactive enrichments provide to 

environmental microbiomes. 
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2. Material and Methods 

2.1 Bioreactor configuration, set-up and operation 

Granular sludge was sourced from a full-scale bioreactor (NVP Energy, Ireland) for 

treating dairy milk wastewater at ambient temperatures (8-25°C). It was stored at 4°C 

under N2-flushed conditions and characterised according to total solids (TS) (9.15%), 

volatile solids (VS) (7.95%), metal concentration (Section3.3 and 3.4), and pH (6.8).  

All glassware, including glass reactors, were decontaminated by submersion in a TE-free 

nitric acid bath (10%) for 24 hours to eliminate metal contaminants. Stock solutions of 

test metals and macronutrients were prepared in Type-1, ultra-pure water. 

Four laboratory-scale (1.75 L) EGSB reactors were inoculated with 220 grams of wet 

biomass (~10gVS L-1). Two propionate enrichment (PE) reactors were fed with sodium 

propionate (5 gCOD L-1), while two electroactive enrichment (EE) reactors were fed with 

a mixture of sodium propionate and ethanol (4+1 gCOD L-1). The feed was supplemented 

with macronutrients containing (mg LReactor volume-1) NH4Cl (530), MgCl2 (200), 

CaCl2 (50), KH2PO4 (22), before the final pH was adjusted to 7.3. All reactors were 

operated at a hydraulic retention time of 24-hour, Organic loading rate of 5 gCOD L-

1day-1 and an upflow velocity of 4-6 mh-1. A water bath maintained the temperature of 

all reactors at 37°C. Biogas produced was collected in gas bags (Supleco, MI, USA). 

The effect of low concentration continuous metal dosing was tested in the PE and EE 

setups, each with duplicate reactors (total of 4 reactors) for a 65-day trial, which was split 

into 4 Phases. In Phase 1, reactors underwent a 7-day start-up period without TE addition 

and systems were stabilised at an OLR of 5 gCOD L-1 day-1. In Phase 2, TE which are 

commonly absent in feedstock but are essential for AD function were added (mg Lfeed-

1); Fe (20), Ni (10), Co (5), and Cu (5) (Weinrich and Nelles, 2021). Phase 2 lasted for 

24 days, until the reactors reached steady state. In Phase 3, metal dosing was modified to 

additionally include (mg Lfeed-1); Mo (0.5), W (0.5), Mn (0.5) and Se (0.5) (Weinrich 

and Nelles, 2021); this Phase lasted 17 days and resulted in process instabilities due to 

continuous dosing mode. To attempt short-term reactor recovery, continuous metal 

dosing was discontinued for the final 15 days (Phase 4). The utility of duplicate reactors 

for both conditions proved to be a statistical constraint in this study, conclusions regarding 

reactor performance were less robust. This restricted our conclusions to trends in 

performance parameters. In future studies, incorporation of triplicates or more, to ensure 

statistical rigor and realistic operational outputs during stress-response experiments must 
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take precedence. Additionally, longer recovery time without TE is recommended to 

compare differential rescue effects in the reactor. Preferably repeated stress and recovery 

cycles would reveal exact effects of long-term microbial driven resilience. 

Biomass sampling was conducted at four key time points; day 32 (steady state), day 34 

(Mo, W, Mn, Se dosing), day 45 (performance decline) and day 65 (take down). These 

samples were used for nucleic acid extraction, concentration of total metals and specific 

methanogenic rate (Figure 3-1). Here, sampling was carried out in technical replicates 

(n=3), for duplicates per conditions per phase (n=6) samples were collected at indicated 

time points for the above-mentioned analysis. 

Figure 3-1 Study design, Phases of reactor trial and associated analysis to observe effects 
of different enrichments to continuous metal dosing. All reactors were subjected to 
routine reactor monitoring such as sCOD, tCOD, pCOD removal, methane production, 
pH, temperature and VFA concentration measurements. 

2.2 Analytical methods  

Effluent volume, biogas volume, biogas methane content, influent/effluent total, soluble 

and particulate COD, and pH were monitored three times per week. Biogas volume was 

determined using a water displacement apparatus, while methane content was analysed 

using a gas chromatograph (GC; Varian) equipped with a thermal conductivity detector. 

Gas samples (6 mL) were drawn from the gas bag using a syringe and triplicate 
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measurements were recorded. COD was measured using a commercial kit (Reagcon, 

Shannon, Ireland) as per manufacturer instructions. Total COD was measured from the 

unfiltered effluent, and soluble COD was measured from 0.22 µm syringe filtered 

effluent. A portable pH meter (Thermo Scientific�Œ Eutech�Œ) was used to measure 

influent and effluent pH. The APHA loss-on-ignition technique was used to estimate 

(TS/VS) of sludge samples (APHA Method 1684, 2001). VFA concentrations were 

measured on a gas chromatograph (Agilent Varian Saturn 2000 GC, CA, USA) (Nzeteu 

et al., 2018). 

2.3 Metal quantification  

The concentration of soluble metals was obtained by filtration (0.22 µm syringe filter) 

and acidification (up to 5% nitric acid concentration) from both the reactor feed and 

effluent. The filtrate was subjected to ICP-OES (inductively coupled plasma �± optical 

emission spectroscopy 5110 synchronous vertical dual view) (ICP-OES 5110, Agilent 7 

Technologies, Santa Clara, USA). The solid sludge metal concentration was determined 

by microwave-assisted digestion (CEM MARS 5 Microwave Accelerated Reaction 

System) using (Method 3051A, 2007). Filtered (0.22 µm) aqua regia extracted fraction 

was subjected to inductively coupled plasma�±mass spectrometry. Certified reference 

material sludge (ERM® - CC144) was employed as a positive control to validate 

extraction efficiency of microwave assisted digestion; validated results were expected to 

be within 2-10% range of uncertainty for certified elements. 

2.4 Specific methanogenic activity 

Specific activity of methanogenic pathways was measured from biomass exposed to 

continuous metal overdose sampled on day 65 (takedown). Briefly, sodium acetate 

(30mM), methanol (30mM) or hydrogen: carbon-di-oxide (1.9 atm, 80:20%) was added 

to triplicate serum vials (150mL) containing 5 g wet biomass (~1gVS L-1) and basic 

anaerobic medium. Methane production was measured as previously described (Collins 

et al., 2003). 

2.5 Nucleic acid extraction, sequencing and qPCR 

Anaerobic sludge was sampled in triplicate from the reactors, then under aseptic 

conditions wet weight (~0.25g) was added to sterile bead beating tubes (Macherey-Nagel 

Bead Tubes Type A, Germany). Samples were flash frozen in liquid nitrogen and stored 
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at -80°C. DNA: RNA co-extraction was performed using the Phenol: Chloroform: 

Isoamyl alcohol (25:24:1) protocol (Griffiths et al., 2000) with a minor modification to 

the lysis buffer to include 4% Polyvinylpyrrolidone (PVP, SigmaAldrich, MI, USA), 

which facilitates humic acid and phenolic content removal (Schrader et al., 2012). DNA 

and RNA quality and quantity were measured using a nanodrop spectrophotometer 

(Thermo Fischer Scientific, MA, USA), Qubit fluorometer (Thermo Fischer Scientific, 

MA, USA) and 1% (w/v) Agarose gel electrophoresis using Gel Red stain. Normalised 

samples (50 ng µL-1) were sent for 16S rRNA amplicon sequencing of V4 region using 

primer pair 515f and 806r (Caporaso et al., 2011) on the Ilumina NovaSeq 6000 platform 

(Novogene, Cambridge, UK). 

The expression of mcrA was investigated by exposing an aliquot of co-extract to DNase 

�W�U�H�D�W�P�H�Q�W�����1�=�<�7�H�F�K�����/�L�V�E�R�Q�����3�R�U�W�X�J�D�O�����D�V���S�H�U���P�D�Q�X�I�D�F�W�X�U�H�U�¶�V���L�Q�V�W�U�X�F�W�L�R�Q�V�����6�D�P�S�O�H�V���Z�H�U�H��

cleaned using NZY Total RNA isolation kit (NZYTech). Absence of genomic DNA was 

validated by end point PCR using 16S primers 1048F/1205R (Maeda et al., 2003). 

Generation of cDNA was performed using a Luna Script cDNA synthesis kit (NEB, MA, 

USA), following manufacture guidelines. A normalised concentration of 30 ng µL-1 

cDNA was used for measuring expression of mcrA gene (Denman et al., 2007) on a 

BioRad CFX platform (CA, USA). Appropriate standards and controls were included as 

recommended by MIQE guidelines (Bustin et al., 2009).  

2.6 Bioinformatics and statistical analysis 

Sequencing data analysis carried out using a validated pipeline for 16SrRNA amplicon 

analysis called NG-Tax, (Ramiro-Garcia et al., 2016 with default parameters, using 

SILVA 138.1 (Quast et al., 2012) as the reference database. Alpha diversity was 

calculated by Faith PD, Shannon and Simpson diversity index, while Beta diversity was 

calculated using Bray-�&�X�U�W�L�V�¶�V�� �G�L�V�V�L�P�L�O�D�U�L�W�\�� �L�Q�G�H�[����Microbial functional profiles from 

assigned ASV were predicted by PICRUSt2 (Douglas et al., 2020) with references to 

KEGG database (Kanehisa et al., 2011). 

Normality was tested using kurtosis and skewness function. Further, statistical analysis 

of the SMA rate, metal concentration, propionate removal and qPCR data sets were 

performed on Microsoft Excel 2017. For this, one-�Z�D�\���$�1�2�9�$�����.��� �������������R�U���R�W�K�H�U�Z�L�V�H��

mentioned) with Tukey honestly significant difference (HSD) post hoc test to categorise 

pairwise differences between groups was used. Data were provided as mean of triplicate 
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�P�H�D�V�X�U�H�P�H�Q�W�V�� �“�� �V�W�D�Q�G�D�U�G�� �G�H�Y�L�D�W�L�R�Q���� �&�R�U�U�H�O�D�W�L�R�Q�V�� �Z�H�U�H�� �F�D�O�F�X�O�D�W�H�G�� �X�V�L�Q�J�� �3�H�D�U�V�R�Q�¶�V��

correlation coefficient and statistically tested using a one tailed t-�W�H�V�W�����.��� �������������� 

 

 

 

3. Results  

3.1 Continuous metal dosing resulted in a decline in methane production 

During the initial 8-day acclimatisation period, all reactors showed average sCOD 

removal of 77 - 80% (Figure 3-2a). Correspondingly, methane production rates were 46.6 

± 13 mL CH4 hour-1 for PE reactors and 55.6 ± 12 mL CH4 hour-1 for EE reactors (Figure 

3-2b), with an sCOD to methane conversion efficiency of ~40-60% (Figure 3-3). During 

Phase 2, the addition of Fe, Ni, Co, Cu, resulted in a gradual increase of methane 

production to 82.8 ± 14 (PE) and 88.2 ± 16 (EE) mL CH4 hour-1. Changing from Phase 1 

to Phase 2 marked the attainment of steady state for reactor operation. At the end of Phase 

2, the reactors showed 84% sCOD removal, methane production rates of 104.4 (PE) and 

113.1 (EE) mL CH4 hour-1, an average biogas composition of 70 �± 85% methane (Figure 

S2), and conversion efficiencies of 85-90% (Figure 3-3). Notably, pCOD values, which 

were previously fluctuating (Figure 3-5), were reduced to near 0 mgL-1 at the conclusion 

of Phase 2. 

In Phase 3, Fe, Ni, Co, Cu, Mo, W, Mn and Se were dosed at low dosing concentrations. 

This, led to a metal overdose, triggering a rapid decline in sCOD removal (~40%) and 

methane production. Both EE and PE experienced similar declining trends in process 

performance from days 34 to 38 (Phase 3). However, EE deviated from PE at day 43, 

when a sudden increase in sCOD removal (from 48% to 80%) was observed. After day 

43, this divergence in sCOD removal remained evident, with average removal values of 

16 ± 1.3% (PE) and 31 ± 1.7% (EE) (Figure 3-2). While methane production declined 

sharply in both groups, the EE reactors retained higher rates, dropping from 113.1 to 22.4 

mL CH4 hour-1, compared to severe decline in PE reactors, which fell from 104.4 to 2 mL 

CH4 hour-1. A difference in sCOD removal, methane production and conversion 

efficiency of ~20% between PE and EE is credited to the conversion of only ethanol 

during Phase 4 (Figure 3-2b). Average pH for PE was 7.78 and EE was 7.63, this declined 
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at the end of Phase 3 to 7.33-7.4. Furthermore, pCOD increased from near 0 �± 1700 

mgCODL-1 and persisted from day 43 to day 65 (Figure 3-5). 

 

Figure 3-2 Bioreactor performance measured as a) sCOD removal efficiency (%), and b) 
methane production rate (mL CH4 hour-1) for EE (Reactor 1 and 4) and PE (Reactor 2 and 
3). Black dotted line indicates end of Phase 1 (Start-up), red dashed line indicates end of 
Phase 2 (essential metal dosing), yellow dashed line indicates end of Phase 3 
(performance decline). 
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Figure 3-3. Conversion efficiency of carbon (gCOD hour-1) to methane (gCOD hour-1) 
as an expression of reactor performance. Moving window average (period = 2) applied as 
a trend line for all reactors. Electroactive enrichment (EE; blue lines) and propionate 
enrichment (PE; grey lines). 

 

Figure 3-4. Methane percentage in the biogas produced during the reactor trial, 
comparing the Propionate enrichment (PE) and Electroactive enrichment (EE) groups. 
Values are presented as mean ± standard deviation of triplicate measurements. Moving 
average window (period = 2) used to determine trend across reactor trial 

 

Figure 3-5. Particulate COD ejected from reactors during reactor trials electroactive 
enrichment (EE; blue lines) and propionate enrichment (PE; grey lines) group. 

Additionally, in the presence of ethanol, propionate concentrations were typically slightly 

lower in EE than PE reactors. Consequently, at take down propionate concentrations 

decreased, and relative propionate removal rates increased in EE compared to PE (Table 

3-1). ethanol to methane conversion managed to remove propionate as well. 

Table 3-1 Mean propionate concentration ± standard deviation in effluent during reactor 
phases. Relative propionate removal is calculated by dividing the propionate 
concentration in the influent by the effluent for respective reactors. Propionate 
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concentration and relative propionate removal are provided to compare normalised 
values.  

mgCODpropionate L -1 

(Relative propionate removal %) 
Day 31 

(steady state) 
Day 45 

(performance decline) 
Day 59 

(recovery) 
Day 64 

(takedown) 

Propionate enrichment (PE) 
281.9 ± 5.8 

(95.3%) 
3474.5 ± 22.3 

(30.5%) 
3338.3 ± 173.7 

(33.2%) 
2147.2 ± 80.6 

(27.1%) 

Electroactive enrichment (EE) 
361.7 ± 132 

(90.9%) 
2269.0 ± 20.4 

(43.3%) 
2415.4 ± 362.4 

(39.6%) 
970.3 ± 71.8 

(58.2%) 

 

3.2 Differential enrichment increased acetate and hydrogen methanogenic rates 

At day 64 (takedown), the specific methanogenic activity against acetate was significantly 

higher (p<0.01) in EE compared to PE and inoculum. Similarly, methanogenic rates from 

H2: CO2 were significantly higher (p<0.01) in EE as compared to PE reactors and 

inoculum. No significant differences between methanol-driven methanogenic activities 

were observed (Table 3-2). A strong positive correlation was observed between the 

relative propionate removal values and the SMAs against both acetate (R = 0.85, p<0.05) 

and H2: CO2 (R = 0.965, p<0.05). 

Table 3-2 Specific methanogenic activity values of the inoculum (from full scale reactor) 
PE and EE (mLCH4 gVS-1 day-1) against acetate (30 mM), H2/CO2 (80:20 (v/v), 1.9 atm), 
or methanol (30 mM) at takedown (day 64). Values are based on triplicate tests and 
provided as mean ± standard deviation2  
 
Group Acetate H2: CO2 Methanol 

Inoculum 218.6 ± 7.8 188.2 ± 3.7 25.6 ± 6.2 

Propionate 

enrichment 

(PE) 

29.5 ± 25.7 41.7 ± 5.1 137.7 ± 13.1 135.3 ± 1.3 25.4 ± 1.2 46.2 ± 5.6 

Electroactive 

enrichment 

(EE) 

206.7 ± 1.41 250.8 ± 26.31 226 ± 2.31 251.9 ± 4.71 10.3 ± 1.1 29.6 ± 8.1 

 

3.3 Removed W was accumulated within the biomass 

Notably, dosed Fe precipitated in the reservoir and was present at low concentrations in 

the feed, effluent (Figure 3-6), and sludge throughout the reactor trial (Figure 3-6). 

 

2 - indicates statistically significant difference (p<0.01) between; Acetate and H2: CO2  (EE vs PE) 
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Therefore, metal interaction was based on original Fe in the inoculum (8.75 ± 0.63 g Fe 

kg-1 dry weight). 

Se was dosed at concentrations of 0.5 mg L-1; however, soluble Se was available in reactor 

feed at concentrations of 0.3-0.36 mgL-1, the remaining Se precipitated in the reservoir. 

Of this, soluble Se in the effluent ranged from 0.02-0.06 mgL-1(Figure 3-6). Almost all 

Se was retained within the biomass. PE retained, on average 293.2 ± 46.7 mg Se kg-1 dry 

weight, while EE reactors retained 355.8 ± 55.7 mg Se kg-1 dry weight after Phase 4 

(Figure 3-6). 

 

Figure 3-6 Concentration of soluble W a), b) and Se d), e) in feed and effluent expressed 
in mg L-1, from PE reactors (PE_1 �± R2 and PE_2 �± R3) and EE reactors (EE_1 �± R1 and 
EE_2 �± R4). Concentration of solid Se c) and W f) expressed in mg metal kg-1 dry weight 
sludge ± standard deviation, at steady state (day 31) and takedown (day 65) for PE 
reactors (PE_1 �± R2 and PE_2 �± R3) and EE reactors (EE_1 �± R1 and EE_2 �± R4). ICP-
MS measurements on day 31 (n=3) and day 65 (n=7). Statistical significance between 
indicated (*) against all other groups (p<0.05). 
 

Total W dosed to feed was 0.5 mgL-1 and the soluble W available was 0.495-0.512 mgL-

1 (Figure 3-6). Effluent of PE and EE deviated in terms of soluble W removal. PE reactors 

completely rejected most soluble W, as effluent concentrations averaged 0.4 mgL-
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1(Figure 3-6). Strikingly, EE reactors had ~50% W removal, and effluent concentration 

averaged 0.2 mgL-1 between days 31 to 50. Further, displaying a unique increase in 

removal across duplicate reactors on day 43 (Phase 3, performance decline) (Figure 3-6). 

The concentration of total W within the biomass on day 64 (Phase 4) was significantly 

different (p<0.05) between PE and EE. PE retained 45.3 ± 3.4 mg W kg-1 dry weight and 

EE retained 290.5 ± 70.7 mg W kg-1 dry weight (Figure 3-6) �± 6.4 times increase in W 

retention. 

Mo and Mn were dosed in the feed at 0.5 mg L-1 and were available at 0.501 mgL-1 and 

0.18 mgL-1, respectively, signifying Mn precipitation (Figure 3-9). However, small 

increments in the quantity of Mo (from 20.59 ± 7.2 to 28.48 ± 3.3 mg Mo kg -1 dry wt) in 

the biomass across all reactors was recorded. Similar increases in Mn amount, from 15.06 

± 2.9 to 42.79 ± 3.1 mg Mn kg -1 dry wt were noted on day 64 (Phase 4) (Figure 3-9). 

3.4 Ni and Co solubility increased by Mo, W, Mn and Se addition 

Ni and Co were dosed in the influent at concentrations of 5 and 10 mgL-1. The 

concentration of available Ni and Co in the feed markedly increased after the addition of 

Mo, W, Mn, and Se. The Ni concentration increased from 1.33 - 1.42 mgL-1 in Phase 2 

to 2.34 - 2.48 mgL-1 in Phase 3 (57% solubility increase), while Co concentration 

increased from 2.8 - 3 mgL-1 in Phase 2 to 5 - 5.23 mgL-1 in Phase 3 (56.7% solubility 

increase) (Figure 3-7). 
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Figure 3-7 Concentration of soluble Ni a), b) and Co d), e) in feed and effluent expressed 
in mg L-1, from PE reactors (PE_1 �± R2 and PE_2 �± R3) and EE reactors (EE_1 �± R1 and 
EE_2 �± R4). Concentration of total Ni c) and Co f) expressed in mg metal kg-1 dry weight 
sludge ± standard deviation, at steady state (day 31) and takedown (day 65) for PE 
reactors (PE_1 �± R2 and PE_2 �± R3) and EE reactors (EE_1 �± R1 and EE_2 �± R4). ICP-
MS measurements on day 31 (n=3) and day 65 (n=7). Statistical significance between 
indicated (*) bar against all other groups (p<0.05). 
 

In Phase 2, Ni and Co were significantly (p <0.05) retained within PE and EE reactors. 

PE retained 1525.6 ± 193.2 mg Ni kg-1 dry weight, while EE retained 2175.8 ± 184.3 mg 

Ni kg-1 dry weight (Figure 3-7). A similar trend was observed for Co, as PE retained 

2635.5 ± 263.4 mg Co kg-1 dry weight, while EE retained 3666 ± 405.4 mg Co kg-1 dry 

weight sludge (Figure 3-7). At the end of Phase 4 marked differences between the Ni 

concentrations were noted. PE retained 3949.6 ± 262.3 mg Ni kg-1 dry weight, while EE 

retained 3447.9 ± 293.8 mg Ni kg-1 dry weight (Figure 3-7). In the context of Co, PE 

retained 4410.5 ± 281.8 mg Co kg-1 dry weight sludge, while EE remained the same at 

3572.7 ± 371.0 mg Co kg-1 dry weight (Figure 3-7). The saturation limit of the biomass 

for Ni and Co is slightly higher in PE than EE reactors, however in the context of Co, 

rapid retention takes place in Phase 2 and static concentration was maintained throughout 

the trial. 
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Cu was not consistently present at dosed concentrations (5 mgL-1), as it precipitated in 

the reservoir. Despite this, Cu was retained within the biomass, increasing from 477.5 ± 

36.4 (PE) and 737.3 ± 64.4 (EE) mg Cu kg-1 dry weight in Phase 2 to 1022.3 ± 122.2 (PE) 

and 1218.6 ± 106.0 (EE) mg Cu kg-1 dry weight on day 65 (Figure 3-8). 

 
Figure 3-8. Metal concentration of a), b) soluble Fe and d), e) soluble Cu in feed (dotted 
grey line) [precipitation in feed bucket] and effluent expressed in mg L-1, from PE reactors 
(grey lines) and EE reactors (blue lines). Metal concentration of total c) Fe and f) Cu 
expressed as mg metal kg-1 dry weight sludge, retained in biomass at steady state (day 31; 
n=3) and takedown (day 64; n=7) for PE reactors (grey bars) and EE reactors (blue bars). 
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Figure 3-9. Metal concentration of a), b) soluble Mo and d), e) soluble Mn in feed (dotted 
grey line) and effluent expressed in mg L-1, from PE reactors (grey lines) and EE reactors 
(blue lines). Metal concentration of total c) Mo and f) Mn expressed as mg metal kg-1 dry 
weight sludge, retained in biomass at steady state (day 31; n=3) and takedown (day 64; 
n=7) for PE reactors (grey bars) and EE reactors (blue bars). 

In Phase 2, Ni and Co were completely retained within PE and EE reactors. PE retained 

1525.6 mg Ni kg-1 dry weight, while EE retained 2175.8 mg Ni kg-1 dry weight (Figure 

3-7c). A similar trend was observed for Co, as PE retained 2635.5 mg Co kg-1 dry weight, 

while EE retained 3666 mg Co kg-1 dry weight sludge (Figure 3-7d). At the end of Phase 

4 marked differences between the Ni concentrations were noted. PE retained 3949.6 mg 

Ni kg-1 dry weight, while EE retained 3447.94 6 mg Ni kg-1 dry weight (Figure 3-7c). In 

the context of Co, PE retained 4410.5 6 mg Co kg-1 dry weight sludge, while EE remained 

the same at 3572.7 6 mg Co kg-1 dry weight (Figure 3-7d). The saturation limit of the 

biomass for Ni and Co is slightly higher in PE than EE reactors, however in the context 

of Co, rapid retention takes place in Phase 2 and static concentration was maintained 

throughout the trial.  
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3.5 Microbiome composition, putative function and mcrA expression across phases 

 

Figure 3-10. Microbial community diversity measured as alpha and beta diversity where a) alpha 
diversity metrics i) Faith PD (phylogenetic diversity), ii) Shannon (evenness), and iii) Simpson (richness); 
and b) Principal component analysis A) genus and B) ASV using Bray-�&�X�U�W�L�V�¶�V���G�L�V�V�L�P�L�O�D�U�L�W�\���P�H�W�U�L�F�����Q� ��������
�&�R�Q�G�L�W�L�R�Q�V�� �D�U�H�� �S�U�H�V�H�Q�W�H�G�� �D�V�� ���3�(���� �µ�3�U�R�S�L�R�Q�D�W�H�� �H�Q�U�L�F�K�P�H�Q�W�¶�� �D�Q�G�� ���(�(���� �µ�(�O�H�F�W�U�R�D�F�W�L�Y�H�� �H�Q�U�L�F�K�P�H�Q�W�¶���� �*�U�R�X�S�V��
presented at various phases of the trial: (A) steady state; (B) Mo, W, Mn, Se dosing; (C) Performance 
decline; (D) takedown; (CTR) Inoculum. Statistical significance indicated (***) between groups (p<0.001). 

Rarefaction was applied, and bias-free alpha diversity was measured across reactors of 

each condition. This showed a reduction of richness and evenness within EE reactors as 

Simpson and Shannon decline throughout the trial phases. PE reactors tended to decrease 

at first, but Simpson index increased (p<0.05) during Phases 3 and 4 (Figure 3-10). 

Beta diversity analysis using the Bray-Curtis metric revealed a phase-wise progression in 

microbial community diversity for all reactors (Figure 3-10). Inoculum samples clustered 

tightly, while gradient shifts were observed during Phase 2, 3 and 4 samples, reflecting 

impact of metal dosing (Phase 3). PE and EE communities began to deviate because of 

performance decline. Clustering was observed between PE and EE reactors, especially in 

Phase 4. This separation between the groups was attributed to 30% variation within the 

ASVs, and this was statistically confirmed by PERMANOVA (R2 = 0.63, p = 0.001). 

In general, the microbial community structure of PE and EE reactors shared broad 

similarities, except for several differential taxa. In EE reactors the most abundant genera 

were Uncultured Geobacteraceae (14.13), Methanothrix (formerly Methanosaeta) 

(18.84), Uncultured Anaerolineaceae (8.29), Longilinea (6.18), and Smithella (12.24). 

While PE reactors enriched the presence of Smithella (16.98), Methanothrix (17.98), 

Uncultured Anaerolineaceae (9.5), Longilinea (6.42), Bacteroidetes vadinHA17 (6.1) and 



CHAPTER 3 
 
 

86 
 

Syntrophomonas (3.44) (Figure 3-11). In EE reactors, during steady state conditions, 

Methanothrix, Smithella and Uncultured Geobacteraceae were top 3 taxa, however, 

during performance decline and reactor recovery, this shifted to Uncultured 

Geobacteraceae, Methanothrix and Smithella. The differential analysis using Least 

Discriminant Analysis (LDA) described the taxa enriched during specific phases of the 

reactor trial. Notably, during performance decline in the EE reactor, Uncultured 

Geobacteraceae was differentially enriched (Figure 3-11). 

 

   

 

Figure 3-11 Microbial community structure shown in a) relative abundance plot of top 
20 most abundant taxa in PE and EE reactors, and b) the least discriminant analysis of the 
�H�Q�U�L�F�K�H�G���W�D�[�D�����)�L�J�X�U�H���O�H�J�H�Q�G�V���D�U�H���D�V�����3�(�����µ�3�U�R�S�L�R�Q�D�W�H���H�Q�U�L�F�K�P�H�Q�W�¶���D�Q�G�����(�(�����µ�(�O�H�F�W�U�R�D�F�W�L�Y�H��
e�Q�U�L�F�K�P�H�Q�W�¶�����*�U�R�X�S�V���S�U�H�V�H�Q�W�H�G���D�W���S�K�D�V�H�V���R�I���W�K�H���W�U�L�D�O�����$�����V�W�H�D�G�\���V�W�D�W�H�������%�����0�R�����:�����0�Q�����6�H��
dosing; (C) Performance decline; (D) takedown; (CTR) Inoculum. 
 

 
 
Figure 3-12 �± Bar plot depicting count of putative metabolic functional MetaCyc 
categories from a) PE reactors and b) EE reactors. Counts generated from pathway 
classification of differentially enriched modules (LDA). 
 
Putative functional profiles via LDA suggested that the PE group contained amino acid 

biosynthesis modules (during Mo, W, Mn and Se; Phase 3) and nucleotide metabolism 
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modules which were both enriched across rector trial period. Cell wall degradation, amino 

acid metabolism, TCA cycle, cell wall biosynthesis, and fatty acid metabolism were all 

uniquely present in the PE reactors and undetected in the EE reactors (Figure 3-12).  

On the other hand, the nucleotide metabolism, and co-factor biosynthesis appeared to 

increase as trial phases progressed. The unique pathway metabolic potential in EE 

involved pathways pertaining to respiration (cytochrome c based), lipid biosynthesis and 

metabolism, methanogenesis (from acetate), and heme biosynthesis (Figure 3-12). 

 

Figure 3-13 Concentration of mcrA transcripts between EE and PE groups during each 
phase of reactor trial. Error bars depict transcript concentration ± standard deviation. 
 
The abundance of mcrA transcript within the biomass remained relatively constant 

throughout the trial. During steady state, transcript abundances of 1.10 (PE) and 1.22 (EE) 

x 108 mcrA transcripts gVS-1 were measured. In Phase 3 transcript abundances of 9.63 

(PE) and 4.99 (EE) x 107 mcrA transcripts gVS-1 were measured. During performance 

decline, transcript abundances of 5.63 (PE) x 107/ 1.46 (EE) x 108 mcrA transcripts gVS-

1 were measured as the expression remained within the concentration of 107 and 108 

transcripts. However, at take down the number of transcripts increased significantly (p< 

0.001). EE had a concentration of 2.81 x 109 whereas, PE reactors had a mcrA expression 

of 5.89 x 108. There was a 4.77-fold increase in the mcrA expression at takedown (Figure 

3-13). 
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4. Discussion  

4.1 Continuous metal dosing is toxic for methanogenic granules 

This study showed that continuous metal dosing was toxic for propionate oxidising 

methanogenic granules. We hypothesised that the presence of electroactive taxa would 

stabilise the propionate degrading methanogenic consortia during a continuous metal 

overdose scenario. This hypothesis was confirmed via the i) difference in sCOD removal 

(Figure 3-2a); ii) methane production (Figure 3-2b); iii) SMA rates from acetate and 

hydrogen (Table 3-2); iv) relative propionate removal values (Table 3-1); and v) the mcrA 

expression levels (Figure 3-13). 

Satisfactory performance parameters across both groups were observed during Phases 1 

and 2 (Figure 3-2a and b). Surprisingly, sCOD removal during the performance decline 

(Phase 3) demonstrated a unique spike in removal on day 43 in the EE reactors (Figure 

3-2a). This may point toward a potential rescue role facilitated by electroactive taxa or 

molecular features linked to EET. This spike did not augment methane production, 

possibly indicating diversion of propionate/ethanol towards only ethanol metabolism. 

This idea was supported by ~20% sustained methane production during Phase 4. 

Previously, conversions from ethanol to methane were studied in electroactive-enriched 

methanogenic aggregates and pure cultures (Rotaru et al., 2014; Zhang et al., 2024). In 

parallel, relative propionate removal was 12.3% higher in EE compared to the control 

(Table 3-1); this was not observed during steady state conditions. Further, increased to 

~30% at the end of the trial, indicating that the ethanol enrichment indeed aided 

propionate removal. Previously volumetric ethanol additions produced (i) evident 

reduction in propionate concentrations (Jimeno et al., 1987), (ii) shorter start-up periods 

and (iii) supported the metabolism of acetate and propionate in AD (Du et al., 2021). This 

was credited to a shift towards DIET-related features (cytochromes or type-4-pilli) (Zhao 

et al., 2016) and improved interspecies hydrogen/ formate transfer (IHFT) (Zhang et al., 

2024). Considering that methanogenesis was restored (Takedown) and propionate 

removal rates increased, pronounced recovery would have been observed given a longer 

trial period.  

In terms of toxicity, continuous metal dosing may not be an optimal strategy (George et 

al., 2024) due to metal losses via the effluent (Zandvoort et al., 2004). Methanogens are 

sensitive to excess metal (Paulo et al., 2017) so in VFA overloaded systems, both dosing 

mode and co-occurrence of metal should be tailored to specific reactor context. Our 
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findings suggest that AD can resist metal stress by shifting to only ethanol metabolism, 

and harnessing electroactive taxa, which may buffer methanogens against toxic effects. 

4.2 Electroactive enrichment augments acetoclastic and hydrogenotrophic 

methanogenesis 

Ethanol supplementation in EE reactors significantly increased acetate and H2: CO2 

reduction to methane (Table 3-2), possibly by electroactive interactions between 

Geobacteraceae and Methanothrix. Rotaru et al, (2014), showed that Methanothrix and 

Geobacter co-culture aggregates contained CO2 reduction genes and a pillin proteins, that 

transferred remnant electrons, and this could explain our observations regarding 

improved acetate and H2: CO2 reduction rate too. In PE reactors, acetoclastic 

methanogenesis was inhibited significantly (p <0.01), while hydrogenotrophic 

methanogenesis was tolerant, to some extent, to metal overdoses. However, in the EE 

reactors, the high relative propionate removal (58%) (Table 3-1) and H2: CO2 reduction 

to methane (Table 3-2) correlated strongly (R = 0.965, p<0.05). This hints towards a likely 

tolerance of propionate removal to elevated pH2, an essential hallmark for the detection 

of DIET within AD (Westerholm et.al 2022; Van Steendam et al., 2019). 

Hydrogenotrophic methanogenesis is often the most active methanogenic pathway during 

reactor failure due to increases in OLR and reactor acidification (Huang et al., 2015). This 

study is the first to demonstrate that the continuous dosing of metals to unaided 

methanogenic granules can lead to process decline. The presence of Geobacter has 

augmented IHFT process in microbiomes (Zhang et al., 2024) and most certainly did so 

here, based on the higher mcrA expression at day 65 (Figure 3-13), indicating 

metabolically active methanogens. Electroactive enrichments significantly strengthened 

the methanogenic pathways (Table 3-2), symbolising DIET capable methanogenic traits. 

Improved EET options (DIET and IHFT) via electroactive taxa can substantially boost 

CO2 fixation, tightly coupling it with iron and sulphur cycling in the environment as well, 

thereby accelerating carbon turnover and Fe /Mn reduction (Garbini et al., 2023). The 

understanding of these linkage enables targeted interventions during process upset and 

supports precise control and monitoring of AD. 

4.3 W retention profits the electroactive enrichment more than Ni and Co 

Fe is a key driver of metal dynamics in anaerobic environments, and Mo/ W adsorption 

is greater on FeS-pyrite (Xu et al., 2006; Cui and Johannesson, 2017). In this study dosed 

Fe was nearly absent. EE differentially removed ~50% of the W and retained it in the 
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biomass, coinciding with a peak of sCOD removal on day 43 (Figure 3-6e). Conversely, 

W was completely lost in PE reactors effluent. This is the first time that W has been 

reported to be retained in the biomass at significantly higher concentrations (p <0.01). 

There are two plausible explanations for this observation: either carbon conversion 

promoted W retention, or higher W retention boosted carbon conversion. These dynamics 

may be driven by competitive selection of W over Mo. This was supported by (i) 

comparable Mo rejection from both reactor (Figure 3-9a-c), (ii) the critical role of W-

dependent enzymes in syntrophic energy conservation with methanogens (de Bok et al., 

2003), where W can outcompete Mo in enzyme incorporation (Schwarz et al., 2009), and 

(iii) prior evidence showing selective utilisation by Methanobacterium (Bertram et al., 

1994) and Desulfovibrio (da Silva et al., 2011). Overall, W sequestration may provide an 

ecological benefit to the electroactive taxa and methanogens for AD maintenance or 

recovery functions. A mechanistic understanding of W interplay in syntrophic, 

electroactive and methanogenic taxa must be uncovered, to understand the TE 

requirements of stress-tolerant microbes that ensure AD process stability. Further, 

elucidating molecular mechanisms underlying W retention and observing its 

concentrations in extracellular polymeric substance (EPS) will be key to decipher how 

Geobacteraceae influences W bioavailability to methanogens in metal-stressed scenarios. 

A ~57% increase in Ni and Co solubility in Phase 3, led to their loss through the effluent. 

This demonstrated faster, yet reduced retention of Ni and Co in the EE reactors (Figure 

3-7a-f). To the best of our knowledge, this has not been observed until now. We submit 

that toxicity was attributed to this increase in solubility, ultimately causing a decline in 

process performance. Hasani Zadeh et al (2022) observed a decline in methane production 

in biomass exposed to high concentrations of Ni, Co, or Ni + Co. Also, co-occurrence 

increased the solubility of Ni and Co 2-3-fold, which was observed in this study when 

Mo, W, Mn and Se were added with Ni, Co, Cu. 

However, the EE biomass contained members of Geobacteraceae family, which Dulay 

et al. (2020) has reported to possess a multipronged Co detoxification and mineralisation 

trait via reductive precipitation and Co (II) transporters. Similar processes were likely 

responsible for the stable Co retention patterns in EE biomass by Phases 2 and 4 (Figure 

3-7f). Conversely, PE reactors lacked this critical microbial tolerance; despite similar 

trends in soluble Ni/ Co removal from PE and EE effluent (Figure 3-7d and e), PE 

exhibited uncontrolled Ni/ Co retention by Phase 4 (Figure 3-7f), leading to toxicity and 

subsequent biomass decline. 
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Electroactive taxa drive strong electron transfer processes (Lovley and Holmes, 2021) 

that stabilize and detoxify metals like Cu (II) (Amanze et al., 2024), Sb (V) (Li et al., 

2022), Cr (VI) (Wu et al., 2016) and even SeO3 (Wang et al., 2022); reinforcing microbial 

resilience under metal stress in a variety of niches. Notably, Se retention was uniform 

(p>0.05) between groups (Figure 3-6a-c), reflecting robust EPS-mediated Se0 capping 

mechanism coupled with periplasmic outer membrane cytochrome proteins (Gonzalez-

Gil et al., 2016) that support acetoclastic methanogenesis up to 400 µM Se (Logan et al., 

2023). In contrast, caution must be exercised when co-dosing combinations Ni + Co with 

Mo + W + Mn + Se, as increased solubility and co-dosing effects can threaten process 

stability. These findings underscore that W retention �± not Ni or Co �± is vital for 

electroactive enrichments, reiterating their role in impacting the strength and steadiness 

of environmental anaerobic microbiomes exposed to metal stress. 

4.4 Uncultured Geobacteraceae augmented mcrA expression and possible co-factor 

biosynthesis 

The process of enrichment reduced alpha diversity (Mills et al., 2021). Bray Curtis 

dissimilarity showed EE and PE clustered tightly during steady state and Mo, W, Mn and 

Se dosing time point. During performance decline and takedown, EE and PE clustered 

differentially. Relative abundance and LDA analysis indicated that EE enriched for 

Uncultured Geobacteraceae, Smithella and Methanothrix (formerly Methanosaeta), 

while PE enriched for Smithella, Methanothrix, Uncultured Anaerolineaceae, and 

Longilinea. Ethanol addition at start-up is an efficient manner to enrich Geobacter (Zhao 

et al., 2020). Here, ethanol (20% gCOD) and the subsequent enrichment of 

Geobacteraceae a known driver of DIET processes, was primarily responsible for the 

maintenance of methane production, high acetoclastic and hydrogenotrophic 

methanogenesis and faster propionate removal than PE reactors. 

Smithella was the main syntrophic propionate oxidiser (SPOB); it carries out the 

dismutation pathway (Patón et al., 2020; de Bok et al., 2001). Syntrophobacter was 

maintained as an alternate SPOB. It uses the methyl malonyl CoA pathway, and both 

these taxa previously demonstrated functional redundancy and metabolic flexibility 

against fluctuating propionate concentrations in anaerobic sludge (Ariesyady et al., 2007). 

While Syntrophomonas was the primary syntrophic butyrate oxidiser, Syntrophus was 

likely the alternative. These taxa were likely aided by the Geobacter enrichment as noted 

by the increase in relative propionate removal rates (Table 2). 
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Methanothrix (acetoclastic methanogen) and Methanobacterium (hydrogenotrophic 

methanogen) were enriched. Here, Geobacteraceae associated with Methanothrix, as it 

has done before (Rotaru et al., 2014; Zhou et al., 2023). This association is based on i) 

sustained methane production in EE (Figure 3-2b); ii) the SMA rate against acetate (Table 

3-2); iii) the differential abundances between EE/PE (Figure 3-11), iv) the detection of 

putative acetoclastic methanogenesis modules (Figure 3-12); and v) mcrA expression 

levels (Figure 3-13). This cumulatively indicated continued support to methanogens via 

improved interspecies electron transfer. 

Alternatively, the metabolism of ethanol may also have proceeded via 

Syntrophomonadaceae, whose relative abundance remained stable through trial (Figure 

3-11). Specifically, this family could partly contribute to the conversion of ethanol to 

acetate (Zhilina et al., 2005) complementing Geobacteraceae driven metabolism. The 

acetate and hydrogen would then syntrophically be converted to methane by 

Methanothrix or Methanobacterium. 

Supporting this metabolic interplay, the putative metabolic potential shows that co-factor 

and heme biosynthesis were present in EE differentially. The presence of canonical 

pathways in Geobacter for Co (II) uptake and assimilation into cobamides (B12 

precursors) (Dulay et al., 2020) and amino acid cross-feeding mechanisms in syntrophs 

and methanogens (Du et al., 2022), have previously reinforced syntrophy. The Co 

retention trend in EE reactors were like modulatory mechanisms described by Dulay et 

al. (2020), highlighting the importance of metal dosing and vitamin sharing. 

�8�Q�G�H�U�V�W�D�Q�G�L�Q�J���W�K�L�V���µ�S�X�E�O�L�F���J�R�R�G�¶���L�Q���D�Q�D�H�U�R�E�L�F���J�U�D�Q�X�O�H�V�����Z�K�H�U�H���F�H�U�W�D�L�Q���W�D�[�D���V�W�L�P�X�O�D�W�H���W�K�H��

biochemical pool when essential TE are dosed is crucial for maintaining resilient 

microbiomes. 

Moreover, 4.77 times augmentation in mcrA expression at takedown in EE reactors 

(Figure 3-13 and 3-14) signals boosted electron flow to methanogen. This is likely 

facilitated by Geobacteraceae features enabling DIET processes, sustaining electron 

transfer at reactor takedown. Changes in mcrA expression levels was utilised as an 

indicator for methanogenic changes in peat soils (Freitag & Prosser, 2009) and is now 

suited to track activity of methanogenic granules after metal exposure. 

Expanding beyond reactors, electroactive bacteria inhabit diverse environments like 

sediments (Harrison, 1981), wastewaters (Lovley et al., 2011) and plant endophytes (Ling 

et al., 2021). Besides acting as symbionts, these microbes aid the functionality of nutrient 

cycling. Extending the redox-active nature of such taxa can bolster the stress tolerance of 
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complex consortia that carry out pharmaceutical (Li et al., 2021), dye (Li et al., 2017) and 

recalcitrant (Xiao et al., 2020) bioremediation. Uncovering a key microbial driver in 

bioremediation systems. 

Consistent with these ecological roles, the presence of electroactive taxa in AD generally 

improved yield, reduced startup time and prevent crashes (Du et al., 2021). This study 

presents the first demonstration of Geobacteraceae-enriched reactors carrying out W 

removal and Co mobilisation capabilities. These findings suggest that targeted 

enrichment or external addition of electroactive taxa could enhance system tolerance to 

metals.  

However, to translate these findings into industrial application, replication with complex 

substrate, at pilot or full-scale, alongside technology readiness level (TRL) assessment 

and pre-commercial validation. Overall, this work provides mechanistic insights into 

Geobacteraceae-based augmentation of syntrophic propionate oxidising-

methanogenesis, positioning this family as a prime bioaugmentation strategy to power 

charge anaerobic treatment and remediation systems �± critical components of a robust 

circular bioeconomy. 

 

Figure 3-14. Mechanistic understanding of Electroactive enrichment reactors and the 
possible route of DIET based support of methanogenesis after reactor performance 
decline.  
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5. Conclusion  

This study provides new insights on the role of Geobacteraceae in stabilizing 

methanogenic consortia under continuous metal overdose. Ethanol-supplied, 

Geobacteraceae-enriched reactors demonstrated improved relative propionate removal, 

sustained hydrogenotrophic methanogenesis, and elevated mcrA expression indicating 

enhanced syntrophic cooperation and methanogenic tolerance. Unique to EE reactors was 

the retention of W and Co, suggesting a selective trait that supported AD system stability 

�± potentially linked to metal detoxification and micronutrient facilitation mechanisms. 

The results highlight the need for AD operators to be cautious of metal co-occurrence and 

risks of continuous dosing mode. These findings also support the use of ethanol-fed 

enrichments as a bioaugmentation strategy to remedy metal-stressed reactors. Further, 

research must focus on the link between W and Co retention with vitamin sharing, 

molecular features (c-type cytochromes/ conductive protein networks), and uncovering 

the extent of metal detoxification and recovery. Overall, this work underlines the potential 

of electroactive taxa to reinforce closed-loop AD systems, contributing to highly tolerant, 

sustainable biotechnologies for waste treatment and resource recovery.  



CHAPTER 4 
 
 

95 
 

 

 

CHAPTER 4 

Geobacteracae supplement propionate 
oxidising methanogenic consortia metal 
tolerance via DIET traits   
 

Graphical Abstract 

 

 

 

 

 

A version of this chapter is a manuscript under preperation 



CHAPTER 4 
 
 

96 
 

1. Introduction  

Anaerobic digestion (AD) is a widely employed biotechnological process for organic 

waste treatment and biogas production (Zhu et al., 2022). Despite its numerous 

advantages, process instability due to volatile fatty acid (VFA) accumulation, particularly 

propionate, remains a significant challenge in full-scale applications. Propionate 

accumulation can lead to process failure, inhibiting methanogenesis and compromising 

overall system efficiency (Westerholm et al., 2022). Traditional approaches to mitigate 

this issue, such as process monitoring and control strategies, have shown limited success 

in maintaining stable operations under fluctuating conditions. 

The anaerobic digestion process is governed by a complex microbial consortium, 

comprising hydrolytic, acidogenic, acetogenic, and methanogenic microorganisms. 

Within this consortium, syntrophic interactions between propionate-oxidizing bacteria 

and hydrogenotrophic or acetoclastic methanogens play a critical role in maintaining 

metabolic balance (Weinrich and Nelles, 2021). However, the slow growth rate and 

thermodynamic constraints of syntrophic propionate oxidation often result in process 

bottlenecks, leading to propionate build-up. Understanding and enhancing these 

syntrophic relationships are pivotal to improving AD stability and efficiency. 

Recent advancements in microbial electroactivity have provided novel insights into 

alternative pathways that facilitate IET mechanisms. DIET has emerged as a promising 

strategy to enhance syntrophic interactions, bypassing the limitations of traditional 

hydrogen- or formate-mediated electron transfer (Ueki, 2021; Zhao et al., 2016). 

Electroactive taxa, such as members of the Geobacteraceae family, could transfer 

electrons via conductive pili and cytochromes, facilitating more efficient energy 

exchange between syntrophic partners (Rotaru et al., 2018; Wei et al., 2017). The 

presence of electroactive microorganisms in anaerobic digesters has been linked to 

improved process stability, enhanced methane production, and increased stress tolerance 

(An et al., 2024; Kim et al., 2023). 

Pulsed metal dosing is likely an untested strategy to stimulate electroactive microbial 

communities and promote DIET in anaerobic digesters. Transition metals such as 

tungsten (W), manganese (Mn), and selenium (Se) play crucial roles in microbial 

metabolism by serving as essential cofactors for key enzymes involved in energy 

conservation pathways. By applying metals in controlled, periodic pulses at low 

concentrations, this strategy aims to optimize microbial responses, selectively enriching 

electroactive microbial populations and improving propionate oxidation and 
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methanogenesis (George et al., 2024), The key genomic or molecular features that cause 

electroactive taxa to produce such a supportive phenotype is under deep scrutiny. Current 

opinion suggests that electroactive taxa establish conductive pilli networks, which 

improve electron transfer capacity, and stimulate DIET capable methanogens. This is yet 

to be investigated in lab-scale reactors dosed with metals.  

Therefore, this study aims to investigate the role of electroactive microbial taxa and 

DIET-specific genes in facilitating propionate oxidation and methanogenesis under 

pulsed metal dosing conditions. We hypothesised that the ethanol-driven enrichment of 

Geobacter will (i) strengthen syntrophic propionate to methane conversion capacity (ii) 

stimulate DIET-capable methanogens and (iii) pilli -like networks. We directly compared 

duplicate expanded granular sludge bed reactors (EGSB) reactors enriched with 

electroactive taxa and/ or syntrophic propionate oxidisers and examined the physiological 

and metagenomics differences between the biomass after pulse metal dosing. 

2. Material and Methods 

2.1 Bioreactor configuration, set-up and operation 

Anaerobic (methanogenic) sludge granules were sourced from a full-scale bioreactor 

(NVP Energy, Ireland) treating skimmed dairy milk wastewater at ambient temperatures 

(8-25°C). The sludge was stored at 4°C under N2-flushed conditions, and was 

characterised by determining TS/VS, Mo/ W/ Se concentration, and pH. 

A TE-free nitric acid bath (10%) was used to decontaminate all glassware. Glass reactors 

were submerged in this acid solution for 24 hours to eliminate all metal contaminants. 

Stock solutions of test metals and macronutrients were prepared in Type-1, ultra-pure 

water. 

Four laboratory-scale (1.75 L) expanded granular sludge bed (EGSB) reactors were 

inoculated with 220 g wet biomass (~10gVSL-1). Propionate enrichment (PE) reactors 

were supplied with sodium propionate (8 gCODL-1), while the electroactive enrichment 

(EE) reactors were supplied with a combination sodium propionate and ethanol (6+2 

gCODL-1). The feed was supplemented with macronutrients containing (mg LReactor volume
-

1) NH4Cl (530), MgCl2 (200), CaCl2 (50), KH2PO4 (22), before the final pH was adjusted 

to 7.3. All reactors were operated at a 24-hour HRT, 8 gCODL-1day-1 OLR and 4-6 mh-1 

upflow velocity. A water bath maintained the temperature of all reactors at 37°C. Biogas 

was collected in gas bags (Supleco, MI, USA). 
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The effect of pulse metal dosing was tested in the PE and EE set up, each with duplicate 

reactors (total of 4 reactors) for a 72-day trial which was split into 3 Phases. Phase 1 

consisted of a 21-day start-up period. TE were not added, and the system was operated at 

an OLR of 8 g CODL-1day-1. In Phase 2, four pulses were administered to the reactors via 

a sampling port consisting of (mg LReactor volume
-1); Fe (10), Ni (0.5), and Co (5). Phase 2 

lasted 28 days, to initially quantify the effect of Fe, Ni, Co pulses on reactor performance 

and microbial community composition and abundance. In Phase 3, TE pulse dosing was 

modified to additionally include (mg LReactor volume
-1); W (1), Mn (0.5) and Se (0.5); this 

Phase 3 lasted 23 days, to assess the effect of a stepwise addition of W, Mn and Se. Four 

pulses of this were also administered every week. Biomass was sampled from reactors at 

three time points; day 21 (steady state), day 49 (Fe, Ni, Co dosing), and day 72 (take 

down) for nucleic acid extraction, concentration of total metals and specific methanogenic 

rate (Figure 4-1). 

2.2 Metal Tolerance Inhibition of Methanogens after metal pulsing 

The metal tolerance of syntrophic propionate oxidation to methane conversion was tested 

by utilising the biomass obtained from reactors on day 72 (takedown) of the trial. Specific 

methanogenic activity tests were carried out with propionate as a substrate. Metals which 

were pulsed in phase 3, were added into the bottles at increasing concentrations in four 

experimental groups:  

�x No metal addition (control) 

�x Low metal addition (2x pulsed metal concentration) 

�x Medium metal addition (40x pulsed metal concentration) 

�x High metal addition (80X pulsed metal concentration) 

Basic anaerobic medium was prepared as per previous instruction in Chapter 2. The 

metals added were W, Mn and Se, which were prepared in miliQ deoxygenated water at 

1000X concentration. The stock solutions were injected into serum bottles to achieve final 

metal concentration of Low (4mg/L), medium (80mg/L) and high (160mg/L). 

IC50 values, representing the metal concentration required to inhibit 50% of the 

methanogenic activity were determined using batch incubations. Each group was 

incubated at 37°C for 10 days. Biogas composition was measured at the end of the 

incubations. Methane production calculations were described in Chapter 2. Percentage 

inhibition was calculated by comparing methane production in the metal-treated groups 

to the control group. IC50 value were derived from dose-response curve for each reactor. 
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2.3 Analytical Methods 

Effluent volume, biogas volume, biogas methane content, influent/effluent total, soluble 

and particulate COD, and pH were monitored three times per week. Biogas volume was 

measured using a water displacement apparatus. Biogas methane content was measured 

on a gas chromatograph (GC; Varian) utilizing a flame ionization detector. Gas samples 

(6 mL) were drawn from the gas bag using a syringe and triplicate measurements were 

recorded. COD was measured using commercial kit (Reagcon, Shannon, Ireland) as per 

manufacturer instructions. Total COD was measured from unfiltered effluent and soluble 

COD was measured from 0.22 µm filtered effluent. A portable pH meter (Thermo 

Scientific�Œ Eutech�Œ) was used to measure influent and effluent pH. APHA loss on 

ignition technique was used to estimate (TS/VS) of sludge samples (APHA Method 1684, 

2001). Specific Methanogenic activity was measured as per Collins et.al 2003 details 

provided in previous chapters. 

2.4 Metal quantification 

The concentration of soluble trace metals was obtained by filtration (0.22 µm syringe 

filter) and acidification (up to 5% nitric acid concentration) from both the reactor feed 

and effluent. The filtrate was subjected to ICP-OES (inductively coupled plasma �± optical 

emission spectroscopy 5110 synchronous vertical dual view) (ICP-OES 5110, Agilent 7 

Technologies, Santa Clara, USA). The total metal concentration was determined by 

microwave assisted digestion (CEM MARS 5 Microwave Accelerated Reaction System) 

using (Method 3051A, 2007). Filtered (0.22 µm) aqua regia extracted fraction was 

subjected to inductively coupled plasma�±mass spectrometry. Certified reference material 

sludge (ERM® - CC144) was employed as a positive control to validate extraction 

efficiency of microwave assisted digestion; validated results were expected to be within 

2-10% range of uncertainty for certified elements. 

2.5 Nucleic acid extraction, 16SrRNA and metagenomic sequencing  

Anaerobic sludge was sampled in triplicate from the reactors then, under aseptic 

conditions wet weight (~0.25g) was added to sterile bead beating tubes (Macherey-Nagel 

Bead Tubes Type A). Samples were flash frozen in liquid nitrogen and stored at -80°C. 

DNA: RNA co-extraction was performed using the Phenol: Chloroform: Isoamyl alcohol 

(25:24:1) protocol (Griffiths et al., 2000) with a minor modification to the lysis buffer to 

include 4 % Polyvinylpyrrolidone (PVP), which facilitates humic acid and phenolic 
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content removal (Schrader et al., 2012). DNA and RNA quality and quantity were 

measured using a nanodrop spectrophotometer (Thermo Fischer Scientific), Qubit 

fluorometer (Thermo Fischer Scientific) and 1% (w/v) Agarose gel electrophoresis using 

Gel Red stain. Normalised samples (50 ng µL-1) were sent for 16S rRNA amplicon 

sequencing of V4 region using primer pair 515f and 806r (Caporaso et al., 2011) on the 

Ilumina NovaSeq 6000 platform (Novogene, Cambridge, UK). 

Metagenomics sequencing was performed by library generation using an Automated 

KAPA DNA prep pipeline followed by sequencing on an Illumina NovaSeqX platform 

(Earlham Institute, Norwich, UK). 

2.6 Bioinformatics and statistical analysis 

Sequencing data analysis carried out using a validated pipeline for 16SrRNA amplicon 

analysis called NG-Tax, with default parameters (Ramiro-Garcia et al., 2016).  Putative 

functional analysis from assigned ASV were identified by Tax4Fun (Aßhauer et al., 

2015). For a set of 40 metagenomic samples, Earlham Institute, provided adapter-trimmed 

reads. The raw metagenomics reads underwent quality trimming using Sickle v1.200. 

This involved removing reads where the average Phred quality fell below 20 and retaining 

paired end reads with a post-trimming length exceeding 50 bp. We aggregated both the 

forward and reverse reads and conducted a co-assembly for all samples using Megahit. 

We then used MetaWRAP. CheckM was applied within MetaWRAP framework on these 

bins to assess their completion and contamination. Within MetaWRAP framework, the 

bins from the three binners were consolidated �U�H�W�D�L�Q�L�Q�J���E�L�Q�V���Z�L�W�K���•�����������F�R�P�S�O�H�W�L�R�Q���D�Q�G��

�”�����������F�R�Q�W�D�P�L�Q�D�W�L�R�Q���W�R���J�L�Y�H���D���I�L�Q�D�O���V�H�W���R�I�����������E�L�Q�V�����0�$�*�V������ 

Statistical analysis of the reactor trial data sets was performed on Microsoft Excel. For 

this we used a one-�Z�D�\���$�1�2�9�$�����.��� �������������R�U���R�W�K�H�U�Z�L�V�H���P�H�Q�W�L�R�Q�H�G�����Z�L�W�K���7�X�N�H�\���K�R�Q�H�V�W�O�\��

significant difference (HSD) post hoc test to categorise pairwise differences between 

groups. Data were provided as mean of triplicate measurements ± standard deviation or 

�U�H�S�U�H�V�H�Q�W�H�G�� �Y�L�V�X�D�O�O�\�� �X�V�L�Q�J�� �H�U�U�R�U�� �E�D�U�V���� �&�R�U�U�H�O�D�W�L�R�Q�V�� �Z�H�U�H�� �F�D�O�F�X�O�D�W�H�G�� �X�V�L�Q�J�� �3�H�D�U�V�R�Q�¶�V��

correlation coefficient and statistically tested using a one tailed t-�W�H�V�W�����.��� ��������5). 
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Figure 4-1. Study design, Phases of reactor trial and associated analysis to observe effects 
of different enrichments to pulsed metal dosing. All reactors were subjected to routine 
reactor monitoring such as sCOD, tCOD removal, methane production, pH, temperature 
and VFA concentration measurements. The reactors were subjected to 24 hours HRT, 
8gCODL-1day-1 OLR, and 4-6 mh-1 upflow velocity. The total trial time was 72 days. 

3. Results  

3.1 Stable methane production after metal pulse dosing 

The main goal of the study was to identify the role of electroactive taxa in responding to 

TE pulse dosing mode. The initial 7 days served as an acclimatisation period and resulted 

in complete sCOD removal for all four reactors (Figure 4-2). Concurrently, methane 

production was 104.9 ± 33.5 (for EE) and 110.7± 28.9 (for PE) mL CH4 hour-1 (Figure 4-

2). The sCOD to methane conversion efficiency was ~30-95% (Figure 4-4). The 

conversion efficiency between day 7 and 21 was 90% (in EE) and 89% (in PE). Reactor 

steady state approach prompted Phase 2 initiation and the administration of first Fe, Ni, 

Co pulse, no notable changes were observed in reactor performance parameters after the 

first pulse, methane production increased to 181.8 in EE and 196.1 mL CH4 hour-1 in PE. 

Methane production was affected by the second and third pulses, as minimum value in 

EE was 101.2 and PE was 33.6 mL CH4 hour-1. The sCOD removal remain unchanged 

(98-100%) in all four reactors, except after third pulse, removal reduced to 72% in PE 

reactors. Particulate COD levels also increased during this time and ranged between 110 

to 3470 mgCOD L-1 (Figure 4-6). The conversion efficiency recovered after the fourth 

pulse to between 85-100% (figure 4-4). This indicated the initiation of phase 3, addition 
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of W, Mn and Se along with Fe, Ni, Co pulses. This resulted in slight drop in sCOD 

removal in PE after sixth pulse and methane production reduction from ~200 mL CH4 

hour-1 to ~100 mL CH4 hour-1. Much lesser fluctuations in conversion efficiency (85-

100%), effluent pH (~8.5) (Figure 4-5), methane percentage (70-85%) (Figure 4-3) and 

pCOD (~10 mgCODL-1) were noted during phase 3. This is indicative of a stable, steady 

state functioning system even after pulsed addition of metals to lab-scale EGSB reactors. 

 

Figure 4-2. Bioreactor performance measured as a) sCOD removal efficiency (%) 
(continuous lines), and b) methane production rate (mL CH4 hour-1) for EE (blue lines) 
and PE (grey lines) (dotted lines). 

 

Figure 4-3. Methane percentage in the biogas produced during the reactor trial, 
comparing the Propionate enrichment (PE) and Electroactive enrichment (EE) groups. 
Values are presented as mean ± standard deviation of triplicate measurements from each 
reactor. Moving average window (period = 2) used to determine trend across reactor trial 
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Figure 4-4. Conversion efficiency of carbon (gCOD hour-1) to methane (gCOD hour-1) 
as an expression of reactor performance. Moving window average (period = 2) applied as 
a trend line for all reactors. Electroactive enrichment (EE; blue lines) and propionate 
enrichment (PE; grey lines) 

 

Figure 4-5. Measured pH in feed (Black line) and effluent of electroactive enrichment 
(EE; blue lines) and propionate enrichment (PE; grey lines) 
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Figure 4-6. Particulate COD ejected from reactors during reactor trials electroactive 
enrichment (EE; blue lines) and propionate enrichment (PE; grey lines) group. 

3.2 Differential enrichment increased acetate and methanol based methanogenesis 

At day 72 (takedown), the specific methanogenic activity against acetate was significantly 

higher (p<0.01) in EE compared to PE. Methanogenic rates against H2: CO2 were not 

significantly different between EE, PE and inoculum (p>0.01). The largest significant 

difference between methanol-driven methanogenic activities was observed (Table 4-1). 

A strong positive correlation was observed between the rate of SMA methanol and 

propionate with high metal concentration (R = 0.89, p<0.05). 

Table 4-1. Specific methanogenic activity values of the inoculum (from full scale reactor) 
PE and EE (mL CH4 g-1VS day-1) against acetate (30 mM), H2/CO2 (80:20 (v/v), 1.9 atm), 
or methanol (30 mM). Values are based on triplicate tests and provided as mean ± 
standard deviation 

Group Acetate H2:CO2 Methanol 
Inoculum 218.6 ± 7.8 188.2 ± 3.7 25.6 ± 6.2 

Propionate 
enrichment (PE) 

139.5 ± 37.5 163.8 ± 30.4 246.4 ± 4 211.3 ± 4.9 3.8 ± 1.7 1.5 ± 0.1 

Electroactive 
enrichment (EE) 

255.7 ± 50.51 304.2±  38.61 294.6 ± 54.21 353.7 ± 101 375.6 ± 43 200.2 ± 21. 

3.4 Divergence in Ni and W retention in PE and EE reactors 

Notably, the Fe concentration within the biomass remain unchanged after pulse dosing as 

it likely washed away through the effluent. Therefore, metal interaction within the 

biomass was based on the original Fe present in the inoculum (7.73 ± 0.2 g Fe kg-1 dry 

weight) (Figure 4-7a). 
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It has been noted that the concentration of metals in the effluent were negligible and 

therefore were washed away after the pulsing was complete. Total Co concentration 

increased after pulse dosing was administered, PE had 7.92 ± 0.57 mg Co and increased 

to 253.54 ± 11.72 mg Co, while EE had 7.86 ± 0.05 and increased to 242.23 ± 17.78 mg 

Co kg-1 dry weight (Figure 4-7c).  

Total Ni concentration was higher after pulse dosing, and a significant difference between 

the PE and EE reactors were noted. Prior to pulse dosing the biomass had similar 

concentration of Ni, PE had 40.99 ± 0.53, while EE had 47.33 ± 6.07 mg Ni kg-1 dry 

weight -1. After pulse dosing, Ni was observed to accumulate in higher concentration in 

PE (391.54 ± 3.05) than EE (277.45 ± 25.63) mg Ni kg-1 dry weight (Figure 4-7b).  

Concentration of W increased discrepantly between EE and PE reactors; EE reactors had 

1.33 ± 0.02 mg W and increased to 51.91 ± 7.95 mg W kg-1 dry weight, whereas PE 

reactors had 1.47 ± 0.01 mg W kg-1 dry weight and increased to 30.11 ± 2.51 mg W kg-1 

dry weight (Figure 4-8a). There was a significant difference after metal pulsing within PE 

and EE reactors. Mn concentration, accumulated after pulsing in PE reactors 44.03 ± 19.1 

mg Mn kg-1 dry weight and within EE reactors to 33.61 ± 17.2 mg Mn kg-1 dry weight 

(Figure 4-8c). Even though a difference in the average concentration, no statistical 

difference was observed. Total Se concentration in the biomass was significantly higher 

after pulsing. No difference between groups were noted, the concentration of PE 

increased from 2.89 ± 0.07 to 16.61 ± 0.81 mg Se kg-1 dry weight while EE increased 

from 2.72 ± 0.03 to 15.04 ± 0.57 mg Se kg-1 dry weight (Figure 4-8b). 

 

Figure 4-7. Metal concentration of total a) Fe, b) Ni and c) Co expressed as g or mg metal 
kg-1 dry weight sludge, retained in biomass at steady state (day 31; n=2) and takedown 
(day 64; n=3) for PE reactors (grey bars) and EE reactors (blue bars). 
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Figure 4-8. Metal concentration of total a) W, b) Se and c) Mn expressed as mg metal 
kg-1 dry weight sludge, retained in biomass at steady state (day 31; n=2) and takedown 
(day 64; n=3) for PE reactors (grey bars) and EE reactors (blue bars). 

3.3 Electroactive taxa increase metal tolerance of propionate to methane conversion 

 

Figure 4-9. Cumulative methane production against propionate as a substrate after 
takedown, with a) No metal added (control), b) Low concentration metal added (4 mg L-

1), c) Medium concentration metal added (80mg L-1) and d) High concentration metal 
added (160mg L-1). Electroactive enrichment (EE) and propionate enrichment (PE) 

The rate of syntrophic propionate oxidation to methane was measured in an independent 

SMA test to evaluate metal tolerance capacity of the biomass after 72 days enrichment 
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period. Theoretical methane production was 390.9 mL CH4 gVS-1 based on 8 gCOD/L 

sodium propionate substrate provided. Maximum methane production for control and 

4mg L-1 was in the range of 345-399 mL CH4 gVS-1, this value gradually decreased for 

PE reactor biomass after being exposed to 80 mg L-1 metal concentration (234.6-336.5 

mL CH4 gVS-1), complete decline occurred at 160 mg L-1 concentration leading to full  

methanogenic inhibition (57.6-65.4 mL CH4 gVS-1) (Figure 4-9a to 4-9c). This trend was 

reinforced by the reduction of methane in biogas composition of PE reactors at high total 

metal concentration but not for EE reactors (Figure 4-10). 

Degree of inhibition which was measured against the no metal added control. This 

demonstrated that at 160 mg L-1 total concentration of metal mix; EE reactor biomass had 

between 10-30 % methanogenesis inhibition, whereas PE reactor biomass were ~90 % 

inhibited. The IC50 for PE reactors, in the context of this metal mix ranges between 60-

76 mg L-1 of W: Mn: Se (2:1:1) mg L-1 ratio (Figure 4-11).  

 

Figure 4-10. Methane percentage in the biogas produced during the batch incubation, 
comparing the Propionate enrichment (PE) and Electroactive enrichment (EE) reactors. 
Values are presented from each batch incubation, as mean of triplicate measurements. 
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Figure 4-11. Inhibition Concentration 50 (IC50) of methanogenesis from propionate with 
different dosed metal concentration. Biomass after 72-day reactor enrichment (PE- grey 
lines) or (EE-blue lines). 

3.5 Microbiome structure and composition from 16SrRNA amplicons 

           

Figure 4-12. Microbial community diversity measured as alpha and beta diversity where 
a) alpha diversity metrics i) Faith PD, ii) Shannon, and iii) Simpson used to observe 
change in richness and evenness of community after reactor trial; and b) Principal 
component analysis of beta diversity A) genus and B) ASV using Bray-Curtis 
dissimilarity metric (n=6). Groups presented at various phases of the trial (A) steady state; 
(B) Fe, Ni, Co dosing; (C) Takedown; (CTR) Inoculum. 
 
Rarefaction was applied, and bias-free alpha diversity was measured across reactors of 

each condition. This showed a reduction of richness and evenness within EE reactors as 
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Simpson and Shannon decline throughout the trial phases. PE reactors tended to remain 

the same throughout the reactor trial (Figure 4-12a).  

Beta diversity analysis using Bray-Curtis distance metric showed a phase-wise 

progression in microbial community diversity for all reactors. This tight cluster was 

observed within inoculum samples. PE and EE reactors showed distinct separation 

between both groups. Following metal pulsing of both Phase 2 and 3, both reactor groups 

demonstrated gradient shifts in community composition. This separation was attributed 

to 42.9% variation between the genuses (Figure 4-12b). 

In general, the microbial community structure of PE and EE reactors were significantly 

different, demonstrated by differential taxa. In EE reactors the most abundant genera 

(expressed in %) were Uncultured Geobacteracaea (29.36), Smithella (14.20) and 

Methanosaeta (7.42) whereas PE reactors enriched the presence of Smithella (26.70), 

other bacteria (7.05), Methanosaeta (6.95) and Uncultured Anaerolineaceae (6.82). The 

effect of metal pulsing in Phase 2 and 3, increased relative abundance of Uncultured 

Geobacteracaea from 18.62 to 37.45 and 32.01. A similar increase was observed when 

PE reactors were pulsed with metals Smithella RA increased from 28.37 to 30.40 and 

21.34 similarly for Methanosaeta 6.18 to 4.89 and 9.79 (Figure 4-13a).The differential 

analysis indicated that metal pulsing enriched the presence of Uncultured Geobacteracae 

and Ignavibacterium in EE reactors, while the Smithella, Cloacimonadales, Bacteroidetes 

vadinHA17, Petrimonas, Lentimicrobium, and SHA-41 family (Figure 4-13b).  

 

 

Figure 4-13. Microbial community structure shown as a) taxonomic barplot depicting the 
relative abundance of top-20 most abundant taxa within the PE and EE reactors, and b) 
the least discriminant analysis of the reactors depicted at steady state and performance 
decline phases of the reactor trial. Figure legends are as (PE�����µ�3�U�R�S�L�R�Q�D�W�H���H�Q�U�L�F�K�P�H�Q�W�¶���D�Q�G��
(EE�����µ�(�O�H�F�W�U�R�D�F�W�L�Y�H���H�Q�U�L�F�K�P�H�Q�W�¶����Groups presented at phases of the trial (A) steady state; 
(B) Fe, Ni, Co dosing; (C) Takedown; (CTR) Inoculum. 
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3.6 Metagenome-assembled genomes and potential functional capacities 

 

Figure 4-14. Microbial community diversity measured alpha diversity metrics Chao1 
richness and Shannon diversity index A) Taxonomic abundance, B) KEGG module hit, 
and C) dbCAN. Figure legend indicate Electroactive enrichment (EE) and Propionate 
enrichment (PE).  Groups presented at various phases of the trial (A) steady state; (B) Fe, 
Ni, Co dosing; (C) Takedown. 

Alpha diversity from MAGs were identified and a reduction in Chao1 and Shannon 

indices reduced during reactor trial in terms of taxonomy. Metal pulsing caused 

significant reduction of diversity (p<0.01). Notably, a significant decline in the diversity 

of KEGG modules within PE reactors usually after metal pulsing, this was not observed 

in EE reactors indicating preservation of putative function. However, there was a slight 

reduction in the richness of dbCAN modules within the MAGs of both reactors, the EE 

reactors reduced in terms of diversity of dbCAN modules, while PE reactors-maintained 

diversity during metal pulsed exposure (Figure 4-14a, b and c). Beta diversity described 

by Bray-Curtis dissimilarity indicated the changes in the microbiome. Metal pulsing 

(Phase 2 and 3) impacted the taxonomic community composition significantly. A 

complete directional separation of the EE and PE reactors were observed in the context 

of KEGG modules, indicating different functions attributed to biomass from both reactor 

groups. In the contxt of dbCAN modules, only the samples from EE reactors exposed to 

metal pulsing were significantly distinct. All other groups clustered together. This data 

showed that even though microbiome taxonomic composition enrichment magnified by 

metal pulsing, the KEGG module separation were much distinct, and only EE reactors 

with metal pulsing had unique dbCAN modules (Figure 4-15a,b and c). 
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Figure 4-15. Microbial community diversity measured beta diversity metrics using Bray 
Curtis dissimilarity metric A) Taxonomic abundance, B) KEGG module hit, and C) 
dbCAN. Figure legend indicates Electroactive enrichment (EE) and Propionate 
enrichment (PE).  Groups presented at various phases of the trial (A) steady state; (B) Fe, 
Ni, Co dosing; (C) Takedown. 

The main taxa enriched during the reactor trial were methanogenic taxa, specifically 

bin.14, 163 and 183, all were classified as Methanothrix (formerly Methanosaeta), and 

these were the top 3 most abundant archeon. The EE reactors enriched the presence of 

bin.42 and 187 classified under family Geobacteracae, this unclassified genus matches a 

previously un-annotated MAG from RefSeq and GTDBtk and bin.49 Desulfomicrobium 

which are considered as the electroactive taxa in this study, also bin.165 and 85 were 

categorised under class Ignavibacteria, belonging to two unidentified orders. In addition, 

to these core taxa, a Patescibacteria MAG (bin.113) which is a novel order from family 

Dojkabacteria was observed with its characteristic genomic reduced trait (Figure 4-16).  

 

Figure 4-16. Taxonomic abundance bar plot of metagenome assembled genomes 
(MAGs) enriched during the reactor trial. Categorised based on reactor groups 
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Electroactive enrichment (EE) and Propionate enrichment (PE).  Groups presented at 
various phases of the trial (A) steady state; (B) Fe, Ni, Co dosing; (C) Takedown. 

On the other hand, PE reactors enriched the presence of various MAGs, likely serving 

multiple roles. The main propionate oxidisers present were 3 MAGs belong to the 

Smithellaceae UBA8904 genus, Syntrophobacter fumaroxidans, Cloacimonadaceae and 

Syntrophales. Various taxa from phylum Spirocheatota were enriched; Treponematales 

(bin.168, 154), Spirocheatota (bin.9, 115), Bacteriodota, Bacteriodales (bin.177, 123), 

Petrimonas (bin.181), vadin HA17 (bin.78, 174) (Figure 4-16). Within these enriched 

taxa, CODA GLLMNET model was used to identify the taxa positively associated with 

EE and PE reactors (Figure 4-17 and 4-18). To selectively filter MAGs, to focus on the 

abundant MAGs (>1%) and highly active (positively associated with process parameters; 

Total W concentration, SMA methanol, High metal concentration IC50 values). The 

functional completeness was investigated for only MAGs which survived this filtering. 

CODA GLLMNET was further applied to KEGG modules and assigned to the selectively 

filtered MAGs. The metagenomes and 16SrRNA amplicons sequencing-based least 

discriminant analysis (LDA, >log 3) consistently identified the enrichment of the same 

taxa groups in EE and PE reactors. This convergence of results from two independent 

methods validates the presence, enrichment and putative functional and ecological 

significance of these microbes in these reactors. 

 
Figure 4-17. Signature plots based on CODA GLLMNET model for positive or negative 
associations of taxonomy and the presence of Ethanol for all the isolated MAGs 
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Figure 4-18. Signature plots based on CODA GLLMNET model for positive or negative 
associations of taxonomy and the presence of Propionate for all the isolated MAGs 

 

 

Figure 4-19. ggTree plot of the phylogenetic relationships within enriched MAGs 
expressed in a normalized measure TSS (Total Sum Scaling) and CLR (Centered Log-
Ratio) to depict bias free changes in relative abundances within enriched MAGs across 
various reactor groups and phases.  
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Figure 4-20. Propionate and ethanol cycling pathway present in the microbiome. Red 
arrows indicate the enriched carbon metabolism steps based on number of MAGs with 
complete KEGG modules and coverage of the metabolic step in the community. 

 

 

Figure 4-21. Sulfur cycling pathway present in the microbiome. Red arrows indicate the 
enriched sulfur metabolism steps based on number of MAGs with complete KEGG 
modules and coverage of the metabolic step in the community.  
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Figure 4-22. Metal cycling pathway presents in the microbiome. Red arrows indicate the 
enriched iron, arsenic and selenate metabolism steps based on number of MAGs with 
complete KEGG modules and coverage of the metabolic step in the community.  

The main enriched putative metabolic pathways were categorised based on KEGG 

modules, which are present within the annotated MAGs after the selective filtering 

criteria. The metabolic potential is determined based on the completeness of the modules 

within enriched MAGs per reactor group. The coverage % focuses on the number of 

MAGs that contain KEGG modules specific to the process. 

The carbon metabolic potential emphasized, that propionate was actively oxidised to CO2 

or fermented to ethanol and acetate, this was observed in 100% and 95% MAGs 

respectively (Figure 4-20). Both major propionate degradation pathways were observed 

based on the enriched taxa, Propanoyl CoA metabolism (methyl malonyl CoA pathway) 

was noted in Ignavibacterota (bin.185, 65), Cloacimonadacaea (bin. 95), Bacteriodetes 

(bin.174, 181) and Spirocheatota (bin.115). Other essential taxa which likely carried out 

propionate degradation was Smithellacaea (bin.176, 155, 1) which carry out the 

dismutation pathway, no Smithella specific enzymes were observed, however complete 

beta-oxidation acyl-CoA activation were highly abundant and full beta-oxidation 

modules were observed in bin.155. Indicating potential utility of propionate to acetate 

and butyrate steps. The large acetate pool was activated using a ubiquitously present 

acetate-kinase pathway for acetate to acetyl-CoA activation. The complete TCA cycle 

was employed to convert acetyl-CoA to produce reducing equivalents, which would be 

ultimately used for energy generation (Figure 4-24a). This is coupled with formate 

oxidation process as near complete formate dehydrogenase complex are present in these 

MAGs, all formate dehydrogenase complex components are present apart from fdwB 

(formate dehydrogenase accessory protein) which interacts with ferrodoxin. This is likely 

as a quinone-coupled formate dehydrogenase is abundant in the MAGs (Figure 4-24). In 

EE reactors, ATP generation was putatively linked to C-type cytochrome and F-type 

ATPase, while PE reactors also had V/A type ATPase.  
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The presence of FeFe Hydrogenases class A1, A3 and C3 indicate that Hydrogen 

production through bifurcating and confurcating routes are likely, whereas the presence 

of NiFe hydrogenases class 1, 4 a-g demonstrated hydrogen generation from reducing 

equivalents or formate for the transfer to methanogenic partners. This indicated that 

transfer of H2 and formate (IFT/IHT) is an active process during the syntrophic break 

down of propionate within the enriched MAGs.  

The key differentiating point between EE and PE reactors, is the presence of Type 4 

secretion systems (Vir operon) and Type 4 fimbrae (PilS/R) in Electroactive enrichment.  

Additionally, the presence of chitobiose transport, envelope stress response (CpxA/B), 

Nitrogen regulation (NtrY/X), Alginate production (KinB/AlgB), Cell wall stress 

response (LiaS/R), acetyl initiation for SCFA degradation(AtoSD), biofilm related stress 

induced protection (RstA/B), Cell wall hydrolysis, periplasmic protein folding and 

degradation, Cationic Antimicrobial peptide production (DegP/DsbA), LPS transport, L-

rhamanose biosynthesis,  L-glycero-D-manno heptose biosynthesis, teichoic acid 

transport and Undecaprenyl phosphate modification indicate the active functioning of cell 

wall and EPS remodelling mechanisms in place. dbCAN demonstrated the presence of 

polysachride lyase (PL) and glycoside hydrolase (GH) of various classes confirming the 

presence of Xylosidase/ Glucosidases, Peptidoglycan hydrolase/ Lysozyme and 

Amylases in high abundances, along with the presence of ABC transporters. These two 

lines of evidence indicated that biofilm formation, remodelling and restructuring was 

highly likely, demonstrating one aspect of potential DIET traits. Additionally, Fatty acid 

(FA) biosynthesis initiation and elongation steps were present in all the EE enriched 

MAGs, while much less PE reactor MAGs had this pathway (Figure 4-21).  

Metal resistance specific Two component systems were also present those included, 

Mn/Fe transport, Iron III transport, Cu-processing in EE biomass, while Metal tolerance 

(HydH/G), Iron III transport were present in PE reactor MAGs. Arsenate reduction and 

Selenate reduction genes were also highly present. This likely induced the presence of 

high number of EPS and LPS modifications to support and aid metal resistance traits 

(Figure 4-22). 

Certain amino acid metabolism modules were highlighted; Lysine, methionine, proline, 

glutamine, proline biosynthesis, and NAD biosynthesis were observed. Amino acid 

transport was also positively associated specifically, Glycine/ betaine/ proline transport, 

cysteine transport, D-methionine transport, and glutathione transport and polar amino 
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acid transport. Alongside this, GlnRK amino acid transport two-component system was 

positively associated with the MAGs. 

Vitamin biosynthesis modules were positively associated with the enriched MAGs, 

specifically Vitamin B7 (biotin), Vitamin B5 (panthothenate), Vitamin B1 (Thiamine) 

biosynthesis and Vitamin C (ascorbate) degradation modules were noted in selected 

MAGs.  

The archeal MAGs, focusing on methanogenic archea, the carbon degradation process 

progressed through the both acetoclastic (acetate driven) and hydrogenotrophic (H2/CO2-

dependent) pathways. This was based on the coverage (58%) of high amount of hydrogen 

generation after the breakdown of propionate. However, the enrichment of mainly 

Methanothrix took place in the reactors. All three MAGs had >50% modules required for 

acetate decarboxylation (acetoclastic methanogenesis) and Carbon-di-oxide reduction 

(hydrogenotrophic methanogenesis). In addition, two of the three MAGs had potential to 

fix CO2 to Acetyl-CoA, increasing acetyl-CoA pool for conversion to methane. One MAG 

had complete Coenzyme F420 biosynthesis (Figure 4-23). Archeal MAGs also 

assimilated formaldehyde by the Ribulose monophosphate and a complete suite of 

formaldehyde activating enzyme (fae) to aid the inclusion of formaldehyde into 

hydrogenotrophic methanogenesis. No other MAG contained methylotrophic 

methanogenesis, except Methanomethylovorans hollandica (Figure 4-23b).  
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a) 

 

b)

 

Figure 4-23. Functional completeness of KEGG modules within the highly abundant 
(<1%) methanogenic archea within archeal MAGs. M number represent KEGG modules 
accessible from https://www.genome.jp/kegg/module.html. K numbers represent KEGG 
Orthologs accessible from https://www.genome.jp/kegg/ko.html. KEGG mapper 
depicting the enriched metabolic pathways putatively supporting methanogenesis in the 
biomass. 
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Figure 4-24. Functional completeness of KEGG modules within the highly abundant 
(<1%) bacterial MAGs. M number represent KEGG modules accessible from 
https://www.genome.jp/kegg/module.html. K numbers represent KEGG Orthologs 
accessible from https://www.genome.jp/kegg/ko.html a) Positively associated taxa within 
electroactive enrichments and b) Positively associated taxa within propionate 
enrichments c) KEGG mapper depicting the enriched metabolic pathways within the 
MAGs. 

4. Discussion  

4.1 Pulse metal and ethanol dosing boost methanogenic granules 

This study showed that pulse metal dosing and ethanol addition maintains functionality 

of methanogenic granules. We hypothesized that the presence of electroactive taxa would 

enhance reactor performance. This hypothesis was confirmed by comparing EE to PE 

reactors (i) reactor performance stability after pulsing, (ii) SMA rates against Acetate and 

Methanol, (iii) Metal tolerance during propionate to methane conversion. 

Satisfactory performance parameters across both reactor groups demonstrate the 

functionality of propionate degrading microbes. Notably, the sCOD removal and methane 

production drops upon subsequent metal pulses suggests an inherent bottleneck in 

syntrophic taxa rendering them more susceptible to metal-induced toxicity. Conversely, 

EE reactors exhibited better stability. This could be attributed to the presence of ethanol-

enriched Geobacteracae family members (Figure 4-13 and 4-16) or their molecular 

features, positive association of EPS and LPS modification switches, polysaccharide 

production, and Type IV fimbriae emphasizing the importance of granule adhesion in 

providing stability to electroactive enriched biomass. This aligns well with previous 

findings that EET-capable taxa are more tolerant to high-stressed conditions (An et al., 

2024; Kim et al., 2023). 

In terms of metal addition, pulsing is an ideal dosing strategy for methanogenic granules 

in EGSB or UASB reactors, this corroborates results from model-based analysis by 

George et al., (2024), circumventing problems due to metal loss through effluent. 

Additionally, methanogens are sensitive to metal toxicities (Paulo et al., 2017) and hence 

metal pulsing facilitates recovery times and scope for adaptation. 

4.2 Electroactive enrichment prefers W over Ni 

The differential retention of TE in PE and EE biomass suggests a functional role the 

metals play in enzymatic function (Bertram et al., 1994). Tungsten was significantly 

higher in concentration in EE biomass as compared to PE, implying preferential uptake 
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and utilization by EE based metabolism. This W preference potentially arrives from high 

function of formate dehydrogenases, which is used by syntrophic propionate oxidisers 

and methanogens for DIET/ IFT (de Bok et al., 2003). On the other hand, higher retention 

of Ni in PE reactor biomass, is possibly based on the utility of Ni-dependent 

hydrogenases, which facilitate interspecies hydrogen transfer process (Yin et al., 2013). 

This distinction highlights that EE biomass possibly utilised a DIET/ IFT based transfer, 

while PE supported a classical H2 based transfer. A higher association of Vitamin 

biosynthesis (B5, B7, and B1) modules was noted in both biomass indicating metal dosing 

effects on improving the stress response of the microbiome, this has been noted several 

times in the context of metal dosing. Fermoso et al., (2010) emphasized that vitamin B12 

addition was better than CoCl2 addition in improving cobalt-deprived reactors pointing 

towards the deep link between metal dosing and vitamin biosynthesis. 

4.3 Propionate to methane conversion resist metal stress better by DIET-like 

characteristics 

The role of Geobacteracae in improving syntrophic propionate oxidation against metal 

stress was shown by differential inhibition patterns for PE and EE reactor biomass (Figure 

4-8). The lower IC50 values for methanogenesis inhibition in PE reactors demonstrate a 

higher susceptibility to metal-induced perturbation in contrast, the EE reactors-

maintained methane production even after exposure to high metal concentrations, 

indicating the potential DIET mechanism to play a key role in this process (Figure 4-9). 

This aligns with the hypothesis that Geobacteracae-driven DIET reduces the reliance on 

IHT or IFT and effectively competes with these electron transfer processes (Dubé and 

Guiot, 2017) reducing the energy constraints imposed by metal toxicity or other stressors 

(Zhang et al., 2017). Moreover, the enrichment of Methanothrix, normally observed as an 

obligate acetoclastic methanogen, was noted to contain CO2 to methane conversion genes 

alongside, CoM biosynthesis, this has been identified as one strategic indicator of DIET 

based phenotype as discussed by Van Steendam et al., (2019). The role of other 

methanogens to maintain functional redundancy during high metal concentration is also 

essential. However, the differentially enriched modules of Type 4 secretion and Type 4 

fimbrae synthesis, induced by the presence of Geobacteracaee likely provides a network 

for the easy flow of electron during such high stress conditions. However, Geobacter 

networks are not solely responsible for this support. Existing IHT and IFT mechanisms 

(Table 4-1), coupled with DIET traits and EPS and LPS modifications supported EE 

reactor biomass to tolerate 160 mg L-1 total metal concentration and maintain methane 
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production processes. Lv et al., 2024 establishes that metal doped anaerobic granular 

sludge have observed higher IET via EPS flavins, c-Cytochromes (Li et al., 2022) and 

granulation potential (Zhuo et al., 2023), here, we shed light on pulse dosing and it role 

in sustained methane production in the EE biomass. 

4.4 Geobacteracaea, Desulfomicrobium and Ignavibacterium retrofit Methanothrix 

MAGs DIET potential 

The 16S rRNA amplicon sequencing and genome-centric metagenomics correctly 

identified families enriched during the reactor trial, and validated, to the phyla level 

classification responsible for main effects in enriched EGSB reactors, such cross-

validation methods are important to verify the robust function and effective microbiome 

members found in biogas plants (Hassa et al., 2018). 

The presence of FeFe Hydrogenases of class A1 and A3 demonstrate likely electron 

disposal pathways that support anaerobic respiration. Whereas the presence of C3 type 

FeFe hydrogenase contributes to the syntrophic connections, as its bidirectionality 

facilitates H2 uptake and transfer, which is essential for syntrophic propionate oxidation 

and hydrogenotroph interactions (Greening et al., 2015).  

While NiFe Hydrogenase class 4a to 4g, are generally associated with energy coupling 

reactions and generation of proton motive forces for ATP synthesis. Class 4g have been 

linked to energy-conserving hydrogenases (Ech). Typially, class 4 NiFe Hydrogenases 

suggest putative electron bifurcation and direct electron transfer pathways. This repertoire 

hints towards metabolic flexibility in terms of electron transfer options. The EE reactor 

biomass indeed has both mediated and direct IET options available based on the presence 

of such Hydrogenases (Greening et al., 2015). 

MAGs analysed a suite of electroactive taxa, including Geobacteracae, 

Desulfomicrobium, and Ignavibacterium, which were enriched in the EE reactors. The 

presence of a differentially present Type 4 secretion system (Vir type) and ubiquitously 

present type 4 fimbrae activation system (PilS/R) which are conduits that have played a 

major role in stabilising electron transfer dynamics under metal stressed conditions 

(Zhang et al., 2022). Moreover, the presence of metal reduction and detoxification genes 

in EE and PE microbiome, justified the methanogenic sustenance under metal toxicity 

(Lv et al., 2024). The detection of complete FA initiation and elongation in EE and LPS-

linked stress response pathways in both PE and EE biomass, indicated that biofilm based 

adaptation mechanisms are crucial to deter against metal toxicity mostly by sequestration 
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and chelation in the EPS matrix (Hennebel et al., 2013) and acting as a medium for high 

�(�(�7���S�R�W�H�Q�W�L�D�O���O�L�N�H�O�\���W�K�U�R�X�J�K���µ�H�O�H�F�W�U�R�Q���K�R�S�S�L�Q�J�¶���P�H�F�K�D�Q�L�V�P�V��(Xiao et al., 2017). In this 

study based on stress tolerance test, SMA tests and enriched KEGG modules EE biomass 

was much successful at utilising the metabolic potential to maintain a robust electron 

transfer route than PE biomass.  

Notably, the separation of two Ignavibacteria MAGs in EE reactors is highly significant 

as same was identified in 16SrRNA amplicon LDA analysis during phase 3 of the trial in 

EE reactors. This rare phylum is known for its metabolic flexibility in terms of oxic/ 

anoxic stress, thermal tolerance and use of alternative electron acceptors including metals 

for its survival and growth (Podosokorskaya et al., 2023). It supported Geobacteracae 

family in a similar outcome during the reactor trial as it was positively correlated to higher 

W retention trait and sustaining high IC50 value. This taxon was likely responsible for 

metal tolerance genes required for higher functional capacity.  

Additionally, Methanothrix MAGs, demonstrated positive associated with genes linked 

to energy conservation and exclusive potential DIET based network that improved the 

capacity of the biomass, reinforcing the metabolic adaptability of EE biomass. Previously, 

the Geobacter driven interaction in granular sludge was attributed to presence of CO2 

reduction genes in Methanothrix alongside pillin proteins (Rotaru et al., 2014b) 

However, this is the first time that Methanothrix has been observed to possess, 

formaldehyde assimilation capacity, potentially allowing it to utilize methanol or other 

methyl compounds, this metabolic flexibility is supported by higher rate of 

methylotrophic methanogenesis. This is a novel trait observed involving DIET-related 

features and Methanothrix benefits. Ignavibateria was positively associated with higher 

W retention in this study, aside from being a strict anaerobe it has capacity to utilise metal-

based electron acceptors for growth and survival (Podosokorskaya et al., 2023), in 

addition to its organohetrotrophic and mixotrophic adaptability (Liu et al., 2012) making 

it an excellent candidate for potentially providing an available W pool for methanogenic 

consortia enzymatic functionality.  

Collectively, these findings highlight a metabolic interplay where electroactive taxa 

fortify syntrophic propionate degrading-methanogenic biomass against metal stress. It 

potentially does so by involving EPS and LPS modification pathways, vitamin/ amino 

acid biosynthesis and transport genes for the biomass, and CO2 reduction processes for 

methanogens suggesting that all IET processes are active in the EE biomass, while only 

IHT and IFT processes are active in PE biomass.  
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5. Conclusion  

This study demonstrates the critical role of electroactive taxa in methanogenic microbial 

consortia in improving metal stress resilience. The enrichment of Geobacteracae and 

Methanothrix through DIET-mediated interactions not only improved metal tolerance but 

also stabilised syntrophic propionate oxidation and methane production. Biofilm 

pathways, vitamin production and CO2 reduction genes alongside amino acid transport 

and sharing emphasized the metabolic flexibility  of these reactors. These insights provide 

a deeper dive into the microbial mechanisms driving AD efficiency, offering potential 

applications for making the process more resilient through supplementing the interspecies 

electron transfer processes via electroactive taxa.  
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1. Introduction  

Anaerobic digestion (AD) operates under steady-state conditions to maintain functional 

stability of acetogenic and methanogenic populations (Novaes, 1986), which are essential 

for volatile fatty acid (VFA) degradation. This contrasts with when reactors are subjected 

to physicochemical shifts, such as fluctuating organic loading rates (OLRs). 

Accumulations of volatile fatty acids (acetate, propionate, and butyrate) are responsible 

for this acidification.  

While microbial communities in AD are often functionally redundant, VFA degradation 

is taken up by certain bacterial guilds, which play a critical role in preventing process 

failure (Westerholm et al., 2022). Among the VFAs, propionate is degraded principally 

by the methyl malonyl CoA (mmc) pathway, utilised by taxa such as Desulfofundulus, 

Pelotomaculum, Syntrophobacter, and Syntrophobacterium (Hidalgo-Ahumada et al., 

2018), and/or by the dismutation pathway used by Smithella (de Bok et al., 2001). Most 

studies have utilised syntrophic co-cultures and chemostat cultures. This is distanced from 

the understanding of propionate-oxidising interaction in complex methanogenic granules, 

not accounting for niche environments within a bioreactor. Lab-scale enrichments to 

pinpoint microbial/molecular drivers of syntrophic propionate oxidation might help us to 

gain deeper insights into these drivers. Syntrophic propionate-oxidising bacteria (SPOB) 

are reliant on electron transfer mechanisms between electron-donating and electron-

accepting species. Extracellular Electron Transfer (EET) is classified as mediated 

interspecies electron transfer (formate, hydrogen, redox shuttles) or direct interspecies 

electron transfer (cytochromes, type 4 pilli) (Zhang & Zang, 2019). This interspecies EET 

is imperative to provide routes for electrons generated during metabolic reactions to find 

an electron sink, overcome thermodynamic constraints, facilitate the degradation of 

complex organic matter, and confer resilience/stability to biomass (Lin & Chen, 1999). 

Electroactive taxa were previously reported to use direct interspecies electron transfer 

(DIET) and associated genes during syntrophic interaction (Zhao et al., 2016), and during 

stressed conditions including salinity (Juste-Poinapen, 2014), toxic metal exposure (Lin 

& Chen, 1999), or antibiotics (Aydin et al., 2015) and are actively studied in brewery AD 

environments (Rotaru et al., 2014). Electroactive taxa, specifically Geobacter, interact 

with syntrophs, and methanogens, through MIET and DIET in complex biomass. 

Geobacter has been shown to support propionate degradation by associating with 

Syntrophobacter (Wang et al., 2021) in bio-electrochemical systems; in continuous flow 

reactors, acclimation with powdered activated carbon has been shown to yield efficient 

propionate/ethanol for acetate metabolism (Hernández-Eligio et al., 2020). Geobacter has 
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been reported to alleviate organic loading rate (OLR) stress (Wu et al., 2022) and also 

appears when biochar is added to reactors (Wang et al., 2021). The mechanism of 

protection is largely unknown; however, metagenomes and metatranscriptomes attribute 

type 4 e-pilli and cytochrome c for EET and provide alternative electron sinks. It is 

hypothesised that ethanol, utilising Geobacter, pushes for epilli/cytochrome 

establishment, which fuels DIET-capable methanogens, which in turn are tolerant to 

stress [2]. The gene abundance/expression measurement in isolates and mixed cultures 

has yielded promising opportunities; however, the range of direct applications is limited 

in complex sludge. 16SrRNA and mcrA are utilised as standards to quantify the 

abundance of main microbes (total bacteria and methanogens) in anaerobic digestion. 

These genes have been applied to full-scale reactors and demonstrated strong correlation 

with daily methane production (Morris et al., 2016). 

The type 4 pilli operon within Geobacter sulferducens is utilised to synthesise 

extracellular pilli, which possess DIET capacity (Hernández-Eligio et al., 2020). This 

pilA has been shown to increase in abundance when higher electron transfer takes place 

and has been observed in AD communities as well (Hernández-Eligio et al., 2020). The 

response of pilA has not been tested in anaerobic granular sludge biomass exposed to 

organic loading stress. The hydrogen-dependent growth regulator (HgtR) is a repressor 

of citrate synthase (gltA) in Geobacter genomes; this has been classified as a hydrogen-

inducible, global regulator of biosynthesis and energy generation in pure culture 

Geobacter sulfeureducens. HgtR has been observed to change in abundance and 

expression during Goebacter growth (Hernández-Eligio et al., 2020) and given that it is a 

highly responsive growth regulator, it might have a strong response in complex biomass 

when organic loading stress is applied. Moreover, this is the first instance of measuring 

hgtR gene abundance in a lab-scale UASB reactor trial.  

The quantitative differences in the abundance of these communal and DIET-related genes 

have not been previously demonstrated in the context of OLR stress from lab-scale UASB 

reactors. Moreover, the interaction between the reactor state and metabolic gene dynamics 

within propionate-oxidising methanogenic granules remains unexplored. This study 

addresses this critical gap by providing the first comprehensive analysis of bacterial 

(16SrRNA), methanogenic (mcrA), and electroactive (pilA and hgt) gene abundances and 

associated ratios after disturbances (OLR shock and early recovery). We hypothesised 

that electroactive taxa respond to disturbance by a change in abundance of key DIET-

related genes. This study offers novel insights into molecular stress response features 
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within propionate-oxidising methanogenic granules, thereby evaluating their utility as 

potential markers. Specifically, we map the changes in abundance of 16SrRNA, mcrA, 

pilA, and hgtR genes to reactor steady and disturbed states. 

2. Material and Methods 

2.1 Source of Biomass 

Anaerobic methanogenic granules were collected from a full -scale bioreactor (Heineken 

Anaerobic methanogenic granules were sourced from a full-scale bioreactor (Heineken 

Brewery, Seville, Spain), treating brewery wastewater (30�±������ �•�&������ �7�K�H�� �L�Q�R�F�X�O�X�P�� �Z�D�V��

�V�W�R�U�H�G���D�W������ �•�&���X�Q�G�H�U���1��-flushed conditions and was characterised by determining total 

solids (TSs), volatile solids (VSs), and pH. Three lab-scale, upflow anaerobic sludge 

�E�O�D�Q�N�H�W���U�H�D�F�W�R�U�V���������/�����Z�H�U�H���L�Q�R�F�X�O�D�W�H�G���X�S���W�R���������J���9�6�/�í�����F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� 

2.2 Bioreactor set up 

The UASBs were fed with a synthetic feed containing sodium propionate and/or ethanol. 

Macronutrient supplementation contained (mg L�5�H�D�F�W�R�U�� �Y�R�O�X�P�H�� �í��) NH3Cl (530), 

MgCl2 (200), CaCl2 (50), KH2PO4 (22) (Sigma Aldrich, Darmstadt, Germany), and 

finally, feedstock adjusted to pH 7.3 ± 0.1. A trace element (TE) solution was pulsed into 

all three reactors to obtain (mg L�U�H�D�F�W�R�U�� �Y�R�O�X�P�H�� �í������ �)�H�&�O2 (10), CoCl2 (1), and NiCl2 

(0.5) (Shelton & Tiedje, 1984). TE pulsing was performed three times, to prevent the 

decline in reactor performance due to TE deprivation effects. Bioreactors were operated 

at an HRT of 12 h; upflow velocity (0.5 mh�í1) was achieved using peristaltic pumps. A 

temperature-controlled water bath connected to a water jacket-maintained temperature at 

�������“�������•�&�����%�L�R�J�D�V���Z�D�V���F�R�O�O�H�F�W�H�G���L�Q���D���J�O�D�V�V���J�D�V���W�U�D�S���D�Q�G���J�D�V���E�D�J�����6�X�S�O�H�F�R�����%�H�O�O�H�I�R�Q�W�H�����3�$����

USA) at the top of the reactor. 

2.3 Trial design 

Three bioreactors (CR as control and two duplicates: ER1 and ER2) were used. The 

experimental design involved four phases: Phase 1 (Stabilisation), Phase 2 (Electroactive 

enrichment), Phase 3 (OLR shock), and Phase 4 (Early recovery) (Table 1).  
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Table 5-1. Summary of the operational phases (Phase 1 to 4), including the trial period 
and descriptions of the organic loading rates applied to each reactor. Phases 1 and 2 are 
collectively labelled as Steady states, while Phase 3 and 4 are labelled as Disturbed states. 

Reactor 
Status 

Phase 
Trial 
Period 
(Days) 

Description 

Steady state 

Phase 1 
(Stabilisation) 

0-80 
(80) 

CR, R1 and R2: Feeding with sodium 
propionate 2.8 gCODL-1day-1 

Phase 2 
(Electroactive 
enrichment) 

81-138 
(57) 
 

CR: Feeding with sodium propionate 2.8 
gCODL-1day-1 

R1 and R2: Feeding with sodium propionate 1.4 
gCODL-1day-1 + ethanol 1.4 gCODL-1day-1 

Disturbed 
state 

Phase 3   
(Organic 
loading rate 
shock) 

139-157 
(18) 

CR: Feeding with sodium propionate 18 
gCODL-1day-1 

R1 and R2: Feeding with sodium propionate 9 
gCODL-1day-1 + ethanol 9 gCODL-1day-1 

Phase 4 
(Early 
recovery) 

158-168 
(10) 

CR: Feeding with sodium propionate 2.8 
gCODL-1day-1 + activated carbon (5 gL-1) 
R1 and R2: Feeding with sodium propionate 1.4 
gCODL-1day-1 + ethanol 1.4 gCODL-1day-1 + 
activated carbon (5 gL-1) 

All bioreactors were sampled for DNA extraction and qPCR on the following days 

representative of the 4 main phases employed; day 80 (Stabilization), day 117 

(Electroactive enrichment), day 157 (OLR shock) and day 168 (Early recovery) (Figure 

5-1). 

 

Figure 5-1. Bioreactor trial configuration, phases and time points of microbial 
community abundance assessment using qPCR metabolic gene panel. 

18gCODL-1day-1 

Day 139 to 157 
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2.4 Analytical Methods  

Key reactor performance metrics, including biogas volume and composition and 

effluent/influent COD, pH, ORP, and conductivity, were measured three times per week. 

Biogas volume was measured using a Drum-type gas meter (Ritter, Kirchardt, Germany). 

Biogas composition was estimated using a Biogas 5000 (Geotech, Grand Rapids, MI, 

USA). A portable Hach Sension+ multisensor probe (Loveland, CO, USA) was used to 

measure influent and effluent pH. All samples were characterised by following standard 

determination protocols: sCOD, TS/VS, and pH (APHA, 2017). To assess the propionate 

removal rate, biomasses from day 80 (Phase 1, stabilisation) and day 168 (Phase 4, early 

recovery) were incubated in 250 mL serum bottles. Briefly, 1 g vs. ~5 g wet biomass was 

added to 125 mL feed, which consisted of macronutrient mix and 1400 mg L�í1 sodium 

propionate; 500 µL supernatant was aliquoted every 2 h and subjected to VFA-GC. Over 

24 h, the total removal rate was measured by calculating the negative slope per reactor 

and expressed as mg propionate L�í1 h-1. 

2.5 Biomass sampling, DNA extraction and gene abundance measure using qPCR 

Anaerobic granular sludge (100 mL) was sampled from bioreactors with minimum air 

intrusion using a 100 mL syringe. Further, it was aliquoted into 2 × 50 mL sterile 

centrifugation tubes, and centrifuged at 2000 rpm for 5 min. After the supernatant was 

discarded, aseptically ~250 mg wet-weight sludge was weighed into bead-beating tubes 

(Macherey-Nagel Bead Tubes Type A, Duren, Germany), flash frozen in liquid nitrogen, 

�D�Q�G�� �V�W�R�U�H�G�� �I�R�U�� �I�X�U�W�K�H�U�� �S�U�R�F�H�V�V�L�Q�J�� �D�W�� �í�������•C. DNA was extracted using a phenol�±

chloroform�± isoamyl alcohol (25:24:1)-modified protocol (Shelton & Tiedje, 1984) that 

included 4% polyvinylpyrrolidone (PVP) in a lysis buffer to facilitate removal of humic 

acid and phenolic compounds (Schrader et al., 2012). DNA quality and quantity were 

determined using a Nanodrop spectrophotometer and Qubit dsDNA BR kit (Thermo 

Fischer Scientific, Waltham, MA, USA). 

Abundance of specific genes was measured from extracted normalised (50 ng µL�í1 ) DNA 

using a quantitative SYBR green qPCR assay (BioRad CFX, Hercules, CA, USA). 

Reactions were prepared in a total volume of 20 µL containing 1 µL DNA template, and 

final concentrations of 0.2 µM forward and reverse primers in an SYBR green mastermix 

(BioRad, Hercules, CA, USA). Primers and standards used for amplification are listed in 

Table 2. Controls were included as recommended by MIQE guidelines (Bustin et al., 

2009). 
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Table 5-2. List of target genes analysed, including respective standards and primer 
sequences (forward and reverse) used for quantitative PCR quantification. The primer set 
were included from provided references. 16SrRNA and mcrA quantify total bacteria and 
methanogen abundances.  

Gene Standard Primers (Forward Reverse) 

16SrRNA1�‚ Escherichia coli �)�����¶- GTGSTGCAYGGYTGTCGTCA - ���¶ 
�5�����¶- ACGTCRTCCMCACCTTCCTC -���¶ 

mcrA2�‚ Methanobrevibacter 
sps 

�)�����¶- TTCGGTGGATCDCARAGRGC -���¶ 
�5�����¶- GBARGTCGWAWCCGTAGAATCC -���¶ 

pilA 3* Geobacter 
sulfureducens 

�)�����¶- AATTACCCCCATACCCCAAC - ���¶ 
�5�����¶- TTCACCCTTATCGAGCTGCT -���¶ 

hgtR4* Geobacter 
sulfureducens 

�)�����¶- GAGAGAAAATCCGCGGTACA - ���¶ 
�5�����¶- GGACATCATGAGGGAGGCTA -���¶ 

1 Maeda et al., 2003; 2 Denman et al., 2007; 3,4 Hernández-�(�O�L�J�L�R���H�W���D�O�����������������‚���(�V�W�D�E�O�L�V�K�H�G���L�Q�G�L�F�D�W�R�U�V���R�I���D�Q�D�H�U�R�E�L�F���G�L�J�H�V�W�L�R�Q���U�H�D�F�W�R�U��

state. * Novel indicators of anaerobic digestion reactor state.  

 

�2�S�W�L�P�L�V�H�G�� �3�&�5�� �F�\�F�O�L�Q�J�� �F�R�Q�G�L�W�L�R�Q�V�� �D�U�H�� �D�V�� �I�R�O�O�R�Z�V���� �L�Q�L�W�L�D�O�� �G�H�Q�D�W�X�U�D�W�L�R�Q�� �D�W�� ������ �•�&�� �I�R�U��

�P�L�Q�X�W�H�V�����I�R�O�O�R�Z�H�G���E�\���������F�\�F�O�H�V���R�I���G�H�Q�D�W�X�U�D�W�L�R�Q���D�W���������•�&���I�R�U�������P�L�Q�����D�Q�Q�H�D�O�L�Q�J���D�W���������•�&���I�R�U��

�������V�H�F�����D�Q�G���H�[�W�H�Q�V�L�R�Q���D�W���������•�&���I�R�U�������P�L�Q�����$���P�H�O�W���F�X�U�Y�H���D�Q�D�O�\�V�L�V���Z�D�V���S�H�U�I�R�U�P�H�G���D�W���W�Ke end 

of the qPCR to verify the specificity of amplification with a temperature gradient from 

62 to 95 with increments of 0.5 per cycle. All data were reported as the mean ± standard 

deviation on a logarithmic scale. Data are presented from (n = 4) biological replicates 

followed by (n = 3) technical replicates per reactor per phase. Data are expressed as the 

number of gene copies per gram volati�O�H���V�R�O�L�G���E�L�R�P�D�V�V�����F�R�S�L�H�V�����J�9�6�í��). 

2.6. Statistical Analysis  

The statistical analysis of the reactor trial and qPCR data was performed on Microsoft 

Excel 2017. For this, a one-�Z�D�\�� �$�1�2�9�$�� ���.�� � �� ���������� �R�U�� �R�W�K�H�U�Z�L�V�H�� �P�H�Q�W�L�R�Q�H�G���� �Z�L�W�K�� �W�K�H��

Tukey honestly significant difference (HSD) post hoc test categorised pairwise 

differences between groups. Data were provided as triplicate measurements, the mean ± 

standard deviation, or represented visually as error bars. Correlations were calculated 

�X�V�L�Q�J���3�H�D�U�V�R�Q�¶�V���F�R�U�U�H�O�D�W�L�R�Q���F�R�H�I�I�L�F�L�H�Q�W���D�Q�G���V�W�D�W�L�V�W�L�F�D�O�O�\���W�H�V�W�H�G���X�V�L�Q�J���D���R�Q�H-tailed t-test ���.��

= 0.05). 
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3. Results and Discussion  

3.1 Bioreactor performance along operational phases 

The three UASB reactors were started up in triplicate for the first 80 days; Phase 1 

initiated with high removal efficiency (80�±99%) (Figure 5-2a) and a methane production 

of 54.8 ± 23 during the first 15 days. From day 15 to day 80, OLR was increased from 

1.4 g COD L�í1day�í1 to 2.8 g COD L�í1day�í1 and the methane production rate increased to 

200 ± 49 mL CH4 h�í1 (Figure 5-2b); at the end of day 80, Phase 1, the propionate removal 

rate was 36.13 ± 2 mg L�í1h �í1 across triplicate bioreactors. Similarly, stable pH (Table 5-

3) and actual versus theoretical methane yield during Phase 1 were ~86%, successfully 

demonstrating steady-state performance. 

 

Figure 5-2. (a) sCOD removal (%) and (b) methane production (mL CH4 h�í1) from three 
UASB reactors across four operational phases. Moving window average (n = 2) as trend 
line presented for each reactor. Each phase is represented distinctly; black line represents 
shift to Phase 2, dark blue dashed line represents shift to Phase 3, green dotted line 
represents shift to Phase 4.  
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Table 5-3. Average pH in various phases of reactor trial 

Reactor 
status 

Phases Control 
reactor 

Electroactive 
reactor R1 

Electroactive 
reactor R2 

Steady 
state 

Phase 1 
(Steady state) 

7.58 ± 0.18 7.55 ± 0.24 7.59 ± 0.23 

Phase 2 
(Electroactive 
enrichment) 

7.36 ± 0.12 7.25 ± 0.23 7.50 ± 0.29 

Metal pulse 
dosing 7.48 ± 0.21 6.8 ± 0.27 6.49 ± 0.37 

Disturbed 
state 

Phase 3 (OLR 
shock) 6.32 ± 0.2 6.22 ± 0.19 6.65 ± 0.64 

Phase 4        
(Early 
recovery) 

6.28 ± 0.31 6.2 ± 0.21 6.21 ± 0.26 

 

Phase 2 was represented by a change in substrate type for enrichment of electroactive taxa 

(1.4/1.4 g COD L�í1day�í1, being g COD as propionate/ethanol) in R1/R2, while the control 

reactor (CR) was retained as the Phase 1 condition (2.8 g COD-�S�U�R�S�L�R�Q�D�W�H���/���í���G�D�\�í����������

Due to a limited monitoring possibility after phase change, from day 81 to 97, intermittent 

feeding to reach 0.1 g COD L�í1day�í1 was applied. Metal dosing on day 98 of Fe(II), Ni(II), 

and Co(II) pulse doses was administered to augment reactor performance and prevent TE 

deprivation effects, which were previously noted in reactor trials after 50�±80 days ���â�D�I�D�U�L�þ��

et al., 2018). Rapid changes after day 97, such as reduced biomass retention and washout, 

were observed in CR. Notably, metal pulse doses led to fluctuations in sCOD removal 

(56�±98%) (Figure 5-2a) and slight reduction in the average methane produced from 211.3 

to 122 (R1/R2) and 136 (CR) mL CH4 h �í1 ; as compared to Phase 1 (Figure 5-2b), pH 

was stable during Phase 2 (Table 3). This study initiated electroactive enrichment at a 

later stage, whereas it has been reported that maximum enrichment of electroactive taxa 

and associated physiological outcomes occur when ethanol is introduced at the start-up 

period (Zhao et al., 2016). During Phase 2, the concentration of soluble metal in the 

effluent demonstrated that Fe(II) was lost after the second and third metal pulses. Whereas 

low concentrations of Ni(II) and Co(II) were lost through the effluent, this indicated an 

approach of the saturation limit of Fe(II), even though low-concentration, frequent pulses 

are reported for the optimal AD process as recently determined by the ADM1 model 

(George et al., 2024). Such instable responses to metal pulsing have been observed in 

methanogenic granules (Fermoso et al., 2008) and unlike Safaric et al. (2018) ���â�D�I�D�U�L�þ���H�W��
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al., 2018), metal addition did not manage to aid the biomass during the VFA degradation 

process and return reactor performance parameters to Phase 1 levels. After day 112, Phase 

2, CR persisted at pH 7.3, while R1/R2 reactors declined to ~6.2 (Table 5-3). The 

persistence of pH, sCOD removal, and methane production in Phase 2 demonstrated the 

effect of feedstock change in R1/R2 reactors. This showed that reactor stable operations 

contribute significantly to community stress tolerance (Mills et al., 2023); such 

phenomena apply to propionate-oxidising systems as well. Phase 3 demonstrated the 

effect of continuous exposure of high OLR (6 g COD L �í1day�í1 ) for 18 days. All three 

bioreactors reduced from 68�±75% sCOD removal and ~50�±104 mL CH4 h�í1 methane 

production to 24.8% (CR), 31.3% (R1), and 58% (R2) sCOD removal and low methane 

production (Figure 2a,b); on day 139, a likely explanation for the difference in sCOD 

removal with little methane generation is active alternative propionate and acetate 

removal processes, which take place at reduced pH levels of 6.15�±6.3; such a shift in 

carbon flow was previously attributed to homoacetogenesis, which was observed to be 

active in a VFA-overloaded AD reactor (Pan et al., 2023) and also observed in an AD 

reactor where failure was induced with propionate overloading (Khafipour et al., 2020). 

This difference is likely caused due to the complete inhibition of methanogens due to 

accumulated propionate and lack of nutrients or activated homoacetogenesis (Ketheesan 

& Stuckey, 2015). Phase 4 involved employing low OLR and the addition of activated 

carbon at 5 gL�í1 to attempt early recovery of reactor biomass after high-OLR shock. 

Results showed that this strategy did not enhance routine functioning within any of the 

three reactors after 11 days of exposure (Figure 5-2a and b). Previous research reports 

that longer contact time is needed to recover from high-loading-rate shocks. Authors of a 

previous study spiked propionate and induced failure within reactor biomass and recovery 

took place after 4�±7 weeks of continuous low OLR feeding (Khafipour et al., 2020). 

Nevertheless, sCOD removal was maintained on average at 26.8% (Figure 5-2a), coupled 

with propionate removal rates at 10.5/11.3 (R1/R2) and 6.9 (CR) mg L�í1h �í1 ; this hinted 

towards cellular survival and maintenance steps (Pan et al., 2023). These mechanisms 

must be uncovered due to their applicability in process restoration after high-OLR shocks, 

common to bioreactor acidification events. Possibly activated pathways are mainly 

homoacetogenic or syntrophic acetate oxidation linked to hydrogenotrophic 

methanogenesis (Khafipour et al., 2020, Ketheesan & Stuckey, 2015, Pan et al., 2023) 

Future work must focus on longer recovery times and time-series tracking of VFA 

removal rates. Based on results of reactor performance, Phase 1 and 2 were denoted as 

steady states, showing around 80% sCOD removal, 211�±122 mL CH4 h �í1 methane 
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production, pH between 7.3 and 7.5 (except after pulse dosing), and a high propionate 

removal rate (Phase 1, 36 mg L�í1h �í1 ) in triplicate bioreactors, while Phase 3 and 4 were 

denoted as disturbed states with declining sCOD removal (27%), a methane production 

of less than 70 mL CH4 h �í1 , pH between 6.02 and 6.38, and a low propionate removal 

rate (Phase 4, 7�±10 mg L�í1h �í1 ). 

3.2 Abundance of 16SrRNA and mcrA genes and ratios 

During steady and disturbed states, the absolute abundance of 16S rRNA and mcrA genes 

was quantified. The mcrA gene is reported as an established indicator of methane 

production in full-scale reactors (Morris et al., 2016) (Figure 5-3a,b) and 16SrRNA is 

used to capture total bacterial abundance (Maeda et al., 2003) in biomass and was 

employed in this study. SYBR green qPCR data measurements were obtained and data 

�D�E�R�Y�H���V�S�H�F�L�I�L�H�G���S�D�U�D�P�H�W�H�U���W�K�U�H�V�K�R�O�G���Y�D�O�X�H�V�����V�O�R�S�H�����í�����������T�3�&�5���H�I�I�L�F�L�H�Q�F�\���������������D�Q�G���52 : 

0.9, were used to estimate the efficiency of measurement 

 

Figure 5-3. a) Absolute abundance of 16SrRNA gene b) Absolute abundance of mcrA 
gene during steady state (day 80 and 117) and disturbed state (day 157 and 168) of reactor 
trial. Quantification using qPCR and concentration of gene copy expressed as number of 
copies per gram volatile solid biomass (n=4; per reactor per phase) 

The absolute quantification of copies of 16S rRNA throughout the reactor trial is a good 

indicator of biomass function. The abundances at steady states are on average 1.63 × 108 
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copies gVS�í1 (Figure 3a); since all three reactors were started up together, no significant 

difference (p > 0.05) between reactors at day 80, Phase 1, and day 117, Phase 2, was 

noted. This indicated that stable performance took place during steady states. An increase 

in 16SrRNA abundances was observed after Phase 3 (OLR shock) and Phase 4 (early 

recovery) in CR as compared to R1/R2 (Figure 5-3a). The abundance value of R1/R2 was 

estimated to be between 1.5 and 1.7 × 108 copies gVS�í1 , while the CR value was between 

6.16 and 6.18 × 108 copies gVS�í1. This difference in 16SrRNA copies is attributed to the 

supply of ethanol as an alternative carbon source in R1/R2, while CR was continually 

supplied with propionate from Phases 2 to 4. This has been observed in reactors, where 

organic feed is changed (Ketheesan & Stuckey, 2015). The 16SrRNA abundances of total 

syntrophic propionate-oxidising taxa were previously observed to increase during organic 

loading stress (Ban et al., 2015) and high nitrogen loading stress (Han et al., 2020, Zhang 

et al., 2018) in lab-scale bioreactors and even in stressed syntrophic acetate-oxidising 

consortia (Lebuhn et al., 2016, Westerholm et al., 2011). Higher abundances of syntrophic 

taxa are established to increase the functional redundancy of AD systems and contribute 

to their stability (Mills et al., 2023) and system recovery. This reiterates the utility of total 

bacterial 16SrRNA genes as a quantifiable metric to track reactor performance and stress 

conditions and recommends its use in full-scale reactors. mcrA, a key functional marker 

for methanogenic archea, was quantified across steady and disturbed states. Under steady 

states, absolute abundance of mcrA gene copies averaged 1.66 × 108 copies gVS�í1 , 

indicating a consistent methanogen abundance during the stable AD process (Figure 5-

3b). Additionally, abundance of mcrA reduced during disturbed phases; there is a 

significant difference (p < 0.05) between steady states (Phases 1 and 2) and early recovery 

(Phase 4) in CR and R1/R2 mcrA levels. The decline in performance was demonstrated 

by a log 1.43 reduction as compared to steady-state levels, during disturbed states (OLR 

shock and early recovery). A weak correlation between mcrA abundance and reactor 

methane production (0.48, p < 0.05) was noted, like a previous study where a low mcrA 

copy number under stressed conditions suggested a disruption in methanogenic activity 

(Morris et al., 2014). This study is a first-hand demonstration of the sensitivity of 

methanogens to OLR perturbation and their critical role to maintain reactor stability, 

thereby reiterating the utility of mcrA as an efficient marker gene to measure disturbed 

states in UASB reactors. The applicability of this marker is recommended to be tested in 

full -scale UASBs. The ratio of mcrA and 16S population abundance is reflective of 

decline in reactor process performance, as previously described by another study 

(Nunoura et al., 2008). Here, it was noted that the ratio of total bacteria to methanogen 
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population abundance is indicative of the dominance of propionate-oxidising taxa versus 

methanogens. Figure 5-4a,b show that both ratios appear to be static at 0.28�±2.29 and 

0.44�±2.65 during steady states (Phase 1, stabilisation, and Phase 2, electroactive 

enrichment). On the other hand, disturbed states (Phase 3, OLR shock, and Phase 4, early 

recovery) pushed the mcrA/16S ratio to decrease to 0.08�±0.24 and the 16S/mcrA ratio to 

increase to 4.21�±12.43. Ideally, the mcrA/16S ratio is considered a better metric as it 

directly quantifies methanogens in the context of total bacterial cells in anaerobic 

granules. In this study, this was the case as a moderate positive correlation (0.68, p < 

0.05) existed between the mcrA/16S ratio and reactor methane production, propionate 

removal rate, and pH parameters. The shift from steady to disturbed states observed strong 

�Q�H�J�D�W�L�Y�H�� �F�R�U�U�H�O�D�W�L�R�Q�� ���U�� � �� �í������������ �S�� ���� ������������ �Z�L�W�K�� �W�K�H�� �����6���P�F�U�$�� �U�D�W�L�R���� �$�� �S�U�H�Y�L�R�X�V�� �V�W�X�G�\��

showed a nearly six-fold increase in the 16S/mcrA ratio at high VFA concentrations in 

UASB reactors (May et al., 2015); this aligns well with the observations in the current 

study, where a maximum ten-fold increase was noted in the 16S/mcrA ratio after OLR 

shock. Both ratios demonstrate the sensitivity of methanogens and dominance of bacterial 

populations during reactor acidification and OLR shock. Here, this aided us to clearly 

distinguish steady and disturbed states within propionate-oxidising methanogenic 

systems, indicating responses within biomass during routine function and stress. Based 

on these indicators, similar changes are observed in other DIET-related gene sets. 
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Figure 5-4. Ratio of a) mcrA/16S rRNA copies representing the abundance of 
methanogenic archea within total microbial community and b) 16S rRNA/mcrA copies 
representing abundance of total bacteria with respect to methanogens. 

3.3 Abundance of pilA, and hgtR genes 

The abundance of the pilA gene (Figure 5a,b), encoding for pilin protein, was involved 

in direct interspecies electron transfer and was detected during an increase in abundances 

of electroactive species, especially Geobacteracae, which was quantified in all 

bioreactors, under steady- and disturbed-state conditions. 

 

Figure 5-5. a) Absolute abundance of pilA during steady state (day 80 and 117) and 
disturbed state (day 157 and 168) during reactor trial. Quantification using qPCR and 
concentration of gene copy expressed as number of copies per gram volatile solid biomass 
(n=4; per reactor per phase) b) 16S/ pilA ratio to represent difference between steady and 
disturbed state. 

Here, it was observed for the first time that during steady-state methane production, the 

number of copies remains static across triplicate bioreactors, at an average of 1.79 × 105 

copies gVS�í1, on both day 80 and 117 (Figure 5-5a) and the 16s/pilA ratio is between 645 

and 1460, suggesting efficient microbial activity and syntrophic electron transfer to 

methanogens. However, disturbed states induced by OLR shock caused a 1.43 log 

reduction in pilA abundance, approaching a minimum of 4.47 × 103 copies gVS�í1; this 

decline was accompanied with reduction in the pH, propionate removal rate, and methane 

production (Figure 5-2a,b); shifting in pilA abundance displayed strong positive 
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correlation (r = 0.87, p < 0.05) with the methane production and propionate removal rate 

as well. The pilA abundance recovers partially succeeding the early recovery phase, 

consistent with previous studies where GAC was added to anaerobic reactors treating 

sewage waste (Zhang et al., 2020); this supports the idea that the pilA gene may be used 

to detect reactor upset and recovery events. The methanogenic granules were sourced 

from a brewery wastewater treatment facility, which is known to enrich Geobacter, and 

established synergy with syntrophs and methanogens (Adams et al., 2020). Therefore, 

pilA is likely used in the electron transfer process within these granules, and based on the 

current data set, is a strong candidate to show OLR stress response for AD granular 

methanogenic consortia. Further studies must focus on tracking the abundance of pilA 

frequently during steady, inhibition, and recovery states in lab-scale or full-scale setups; 

additionally, multiple shock and recovery phases are recommended to validate the 

response of this gene within AD biomass. The abundance of hgtR, being implicated as a 

hydrogen-inducible regulator of growth in electroactive taxa, was assessed during steady 

and disturbed states. Under steady states, abundance levels of hgtR remained relatively 

constant at 1.14 to 4.37 × 104 copies gVS�í1 across all three reactors, during Phase 1 and 

�������$�I�W�H�U���3�K�D�V�H���������2�/�5���V�K�R�F�N�����W�K�L�V���Y�D�O�X�H���U�H�G�X�F�H�G���W�R�������������î�����������F�R�S�L�H�V���J�9�6�í���������D�������������O�R�J��

reduction in the number of copies was noted after OLR disturbance as compared to CR 

(Figure 5-6). Based on higher hgtR abundance, it is indicated that CR biomass possibly 

utilises hydrogen interspecies transfer capacity, while R1/R2 utilises mixed interspecies 

electron transfer routes after perturbations. The increase in hgtR abundance levels during 

Phase 4 of the reactor trial to 8.57 × 104 copies gVS�í1 a ~2× increase�² was noted. This 

indicated a partial recovery intiated within the microbial community in Phase 4. the 

current data set, is a strong candidate to show OLR stress response for AD granular 

methanogenic consortia. Further studies must focus on tracking the abundance of pilA 

frequently during steady, inhibition, and recovery states in lab-scale or full-scale setups; 

additionally, multiple shock and recovery phases are recommended to validate the 

response of this gene within AD biomass. The abundance of hgtR, being implicated as a 

hydrogen-inducible regulator of growth in electroactive taxa, was assessed during steady 

and disturbed states. Under steady states, abundance levels of hgtR remained relatively 

constant at 1.14 to 4.37 × 104 copies gVS�í1 across all three reactors, during Phase 1 and 

2. After Phase 3, OLR shock, this value reduced to 3.90 × 103 copies gVS�í1; a 1.34 log 

reduction in the number of copies was noted after OLR disturbance as compared to CR 

(Figure 5-6). Based on higher hgtR abundance, it is indicated that CR biomass possibly 

utilises hydrogen interspecies transfer capacity, while R1/R2 utilises mixed interspecies 
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electron transfer routes after perturbations. The increase in hgtR abundance levels during 

Phase 4 of the reactor trial to 8.57 × 104 copies gVS�í1 a ~2× increase�² was noted. This 

indicated a partial recovery intiated within the microbial community 

 

Figure 5-6. Absolute abundance of hgtR during steady state (day 80 and 117) and 
disturbed state (day 157 and 168) during reactor trial. Quantification using qPCR and 
concentration of gene copy expressed as number of copies per gram volatile solid biomass 
(n=4; per reactor per phase) 

In this study, regarding propionate-oxidising bioreactors experiencing steady and 

disturbed states, a significant reduction in hgtR abundance is recorded from day 80 to 

157, and an increase after early recovery. This response is the opposite as compared to 

the hypothesis. Nevertheless, reactor performance decline and recovery are accurately 

reflected in the number of hgtR copies. Notably, the measured copy number is near the 

lower limit of detection for this gene. Additionally, the unsuitable electroactive 

enrichment strategy in R1/R2 or primer specificity cannot justify lower copy numbers 

than CR, despite hgtR being upregulated in pure culture Geobacter sulfureducens 

(Hernández-Eligio et al., 2020). Future research must tailor the primers to match the 

Geobacter sps present within their respective biomass or utilise other stress-responsive 

EET genes for example the Figure 5-6. Absolute abundance of hgtR at steady state (day 

80 and 117) and disturbed state (day 157 and 168) during reactor trial. Quantification 

using qPCR and concentration of gene copy expressed as number of copies per gram 

volatile solid biomass (n = 4; per reactor per phase). In this study, regarding propionate-

oxidising bioreactors experiencing steady and disturbed states, a significant reduction in 

hgtR abundance is recorded from day 80 to 157, and an increase after early recovery. This 

response is the opposite as compared to the hypothesis. Nevertheless, reactor performance 

decline and recovery are accurately reflected in the number of hgtR copies. Notably, the 

measured copy number is near the lower limit of detection for this gene. Additionally, the 
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unsuitable electroactive enrichment strategy in R1/R2 or primer specificity cannot justify 

lower copy numbers than CR, despite hgtR being upregulated in pure culture Geobacter 

sulfureducens (Hernández-Eligio et al., 2020). Future research must tailor the primers to 

match the Geobacter sps present within their respective biomass or utilise other stress-

responsive EET genes, for example, the Quinone reductase/oxidase (imcH) gene 

(Pimenta et al., 2023).  

4. Conclusion  

This study provides significant insights into the microbial dynamics of propionate 

degrading methanogenic consortia by changes in the organic loading rate (OLR) and 

monitoring key metabolic markers, including 16S rRNA, mcrA, pilA, and hgtR, thereby 

identifying significant shifts in microbial activity and interspecies electron transfer genes 

in response to OLR perturbations. The severe decline in methane production and the 

corresponding reduction in mcrA/16S ratios post OLR shock highlight the vulnerability 

of methanogenic populations to environmental stress. Moreover, the decreased 

abundances of pilA and hgtR genes suggest that direct interspecies electron transfer 

(DIET) pathways are possibly affected under such conditions. While the return to low 

OLR and addition of activated carbon facilitated low propionate removal, slightly higher 

pilA and hgtR levels did not fully restore methane production, highlighting the need for 

longer contact time to recover methanogenic activity after severe stress. These outcomes 

demonstrate the importance of tracking molecular markers like 16SrRNA, mcrA, pilA, 

and hgtR to assess microbial community function and reactor performance. The results 

also suggest that the mcrA/16S ratio and pilA are possible candidate markers to indicate 

OLR stress in AD systems. Therefore, detecting DIET and supporting methanogenic 

populations could improve the robustness of anaerobic digestion systems in the face of 

fluctuating OLR. Future work should focus on time-series tracking of existing and novel 

molecular markers, and multiple shock/recovery phases, and explore alternative recovery 

strategies to mitigate the impacts of OLR disturbances in lab-scale bioreactors. Finally, 

these markers should be applied to full-scale anaerobic digestion processes 
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1.  Conclusions 

The efficiency and stability of anaerobic digestion (AD) are dictated by the metabolic 

balance within microbial consortia. A critical bottleneck is syntrophic propionate 

oxidation, which is thermodynamically constrained and vulnerable to stress. 

Perturbations such as metal toxicity and organic overloads often destabilize this step, 

reducing methane yields and reactor performance. This thesis set out to clarify how trace 

elements, electroactive taxa, and stress conditions interact to shape AD microbiome 

function, with the aim of identifying both mechanistic drivers and practical strategies for 

biostabilisation. By combining reactor trials, metal analyses, amplicon sequencing, 

metagenomics, qPCR assays, and substrate degradation tests, I have provided new 

insights into metal-microbe interactions, DIET-like mechanisms, and functional markers 

of stress adaptation. 

Main contributions  

a) Trace metal supplementation enhances methanogenic capacity through specific 

mechanisms. 

This thesis demonstrated that tungsten (W), molybdenum (Mo), and selenium (Se) have 

distinct effects on methanogenic pathways and biofilm stability. Co-dosing experiments 

showed that W and Mo increase Fe retention in bioreactors, which is directly linked to 

improved methanogenic activity. Se dosing enhanced EPS content, sludge structure, and 

biofilm stability, replicating previously reported Se^0 capping mechanisms. Collectively, 

these findings show that targeted dosing of W and Se supports acetoclastic and 

hydrogenotrophic methanogens, while strengthening the structural integrity of sludge. 

This addresses a key gap in understanding how TE combinations influence both microbial 

function and reactor stability. 

b) DIET-capable taxa increase resilience against metal-induced stress. 

Through ethanol supplementation, Geobacteraceae were selectively enriched within 

propionate-oxidising consortia. Enrichment correlated with higher methane yields, 

improved propionate removal efficiency, and enhanced tolerance to toxic metal 

concentrations. Geobacteraceae-enriched reactors accumulated more W and retained 

stable Co levels, aligning with known roles of Geobacter in metal detoxification and 

syntrophic support. Expression analyses confirmed a significant increase (4.7-fold) in 

mcrA transcription, showing that methanogen metabolism is stimulated in the presence 

of DIET-like traits. This work provides the first empirical evidence that DIET enrichment 
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can buffer methanogenic consortia against metal toxicity and sustain syntrophic activity 

under adverse conditions. 

c) Electroactive enrichment strengthens metal tolerance and syntrophic pathways. 

Reactor trials demonstrated that DIET-enriched biomass tolerated significantly higher 

metal pulse concentrations, with IC50 values more than twice those of non-enriched 

controls. This functional capacity was underpinned by enriched Geobacteraceae MAGs 

containing metal tolerance modules (Cu-processing, Mn/Fe/Zn transporters, cell envelope 

stress response systems, type IV fimbriae). The discovery of a type IV secretion system 

(vir family) in electroactive biomass suggests a structural role in direct electron transfer, 

providing a mechanistic basis for the improved syntrophic resilience observed. These 

findings position DIET not as an auxiliary process, but as a central mechanism of stability 

under high-metal environments. 

d) Development of functional diagnostic markers. 

This thesis established new molecular markers for process monitoring. Alongside the 

established mcrA/16S rRNA ratio, DIET-specific genes pilA and hgtR from Geobacter 

showed predictable changes under organic loading shock. Their decline during OLR 

stress and partial recovery during adaptation highlight their potential as early-warning 

indicators of process instability. This represents a step towards real-time, gene-based 

diagnostics that could be applied in full-scale operations. 

e) Integration of microbiome shifts with functional outcomes. 

Metal additions and DIET enrichment induced clear shifts in fermentative and acidogenic 

taxa (e.g., Caproiciproducens, Macelibacteroides, Clostridium sensu stricto 5), 

accompanied by enrichment of vitamin and nucleotide biosynthesis modules. These 

findings link metal availability to community reconfiguration and functional capacity, 

demonstrating that TE dosing not only impacts methanogens directly but also reshapes 

the metabolic support provided by fermenters and syntrophic partners. 

Theoretical implications 

Theoretical contributions of this thesis are threefold. First, it provides the first empirical 

evidence that DIET-like traits enable methanogenic resilience to metal-induced stress. 

This reframes DIET from an exotic or auxiliary mechanism to a core stabilisation pathway 

in stressed anaerobic consortia. Second, the results clarify the role of W and Co in DIET-

enabled methanogenic performance, linking metal retention with syntrophic electron 
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transfer and detoxification. Third, the identification of pilA and hgtR as diagnostic 

markers introduces a new dimension for monitoring microbial adaptation strategies in 

AD, bridging microbiome analysis with operational diagnostics. These efforts 

collectively address important knowledge gaps concerning how electron transfer routes 

and metal-microbe interactions stabilize methane production. 

Practical implications 

From a practical perspective, this thesis provides actionable strategies for AD operators: 

- Metal dosing: W and Se should be selectively added to enhance methanogenesis 

and improve sludge structure. Mo has synergistic effects in increasing Fe retention 

and should be considered in TE cocktails. 

- Bioaugmentation: Ethanol-driven enrichment of Geobacteraceae offers a feasible 

bioaugmentation route to strengthen process resilience under metal stress and 

organic overload conditions. 

- Diagnostics: Gene markers such as pilA, hgtR, and the mcrA/16S ratio can act as 

early warning indicators, allowing proactive interventions before process failure 

occurs. 

- Process design: DIET-enabling strategies should be integrated into reactor 

management. This includes considering substrates or additives that favour 

electroactive taxa and designing monitoring systems around DIET gene markers. 

These insights move beyond academic observation and provide tangible tools for 

improving AD stability in practice. 

Limitations  

Like all studies, this thesis has boundaries. The work was conducted at lab scale, and the 

behaviour of enriched taxa and markers in full-scale digesters remains to be validated. 

While metagenomics identified DIET-like traits, proteomic or transcriptomic 

confirmation was limited. Reactor trials demonstrated stability benefits but were 

constrained in duration, leaving long-term adaptation under continuous stress untested. 

These limitations do not undermine the core findings but highlight the next steps required 

to move from proof-of-concept to implementation. 

Future directions 

- Validation at scale: Testing DIET enrichment, TE dosing strategies, and gene 

marker diagnostics in full-scale AD plants is a clear next step. This will determine 

utility  under industrial conditions. 
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- Biosensor development: Real-time detection of pilA and hgtR could enable online 

monitoring of DIET activity and stress responses. Development of qPCR-based 

or probe-based systems is a practical route forward. 

- Molecular docking and protein modelling: Structural analysis of Geobacter 

cytochromes and secretion systems will clarify the molecular interfaces of DIET 

and identify targets for engineering or selective enrichment. 

- Combined strategies: Long-term reactor studies integrating TE cocktail pulse 

dosing with DIET bioaugmentation could test synergistic effects, bridging 

biochemical supplementation with microbial enrichment. 

- Community-level integration: Further exploration of microbial partners and their 

functional contributions under metal and DIET-enriched conditions will broaden 

understanding of consortia-level resilience. 

2. Recommendations for future works 

This thesis looked at important gaps in understanding the roles of trace elements, 

electroactive taxa, and syntrophic interactions in anaerobic digestion (AD). While this 

work reveals new mechanisms and practical insights, several areas still need exploration 

before we can apply these findings on an industrial scale. Future studies should move 

beyond laboratory trials, deepen methodologies, and aim to apply microbiological 

insights to scalable process improvements. Below, I outline key areas for future work that 

build on this thesis. 

1. Metal supplementation strategies in full-scale systems 

Metal supplementation is not a universal solution. This thesis showed that tungsten (W), 

molybdenum (Mo), and selenium (Se) enhance methanogenic performance and sludge 

stability. However, applying these findings to full-scale reactors is complicated. 

First, we need to refine dosing approaches regarding timing, frequency, and delivery 

methods. Current lab-scale practices often use pulse additions or batch supplementation, 

which do not reflect industrial operations. In full-scale digesters, we must dose metals in 

a way that aligns with feedstock dynamics and avoids short-term toxicity spikes. We 

urgently need pilot-scale or full-scale validation of co-dosing strategies to close this gap. 

�6�H�F�R�Q�G�����Z�H���P�X�V�W���T�X�D�Q�W�L�I�\���W�K�H���U�R�O�H���R�I���P�H�W�D�O�V���D�V���L�Q�G�L�U�H�F�W���L�Q�I�O�X�H�Q�F�H�U�V���R�I���P�H�W�D�E�R�O�L�F���³�S�X�E�O�L�F��

�J�R�R�G�V�´�� �O�L�N�H�� �Y�L�W�D�P�L�Q�� �D�Q�G�� �F�R�I�D�F�W�R�U�� �E�L�R�V�\�Q�W�K�H�V�L�V���� �7�K�H�� �L�Q�F�U�H�D�V�H�� �R�I�� �I�H�U�P�H�Q�W�D�W�L�Y�H�� �W�D�[�D�� �Z�L�W�K��

higher vitamin biosynthesis potential observed in this thesis suggests that metal 

supplementation may alter community-wide functional pools. Connecting TE dosing with 

�Y�L�W�D�P�L�Q���F�R�I�D�F�W�R�U���I�O�X�[�H�V���F�R�X�O�G���U�H�Y�H�D�O���L�I���W�K�H�V�H���³�S�X�E�O�L�F���J�R�R�G�V�´���G�U�L�Y�H���V�W�D�E�L�O�L�W�\���D�Q�G���P�H�W�K�D�Q�H��
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yield. Future studies should link metal dosing experiments with targeted metabolomics to 

monitor these pools in real time. 

Finally, we need to carefully assess the economic and environmental feasibility of metal 

supplementation. Dosing must balance performance gains with the risk of metal 

accumulation in digestate. Future work should integrate life-cycle assessment (LCA) and 

techno-economic analysis (TEA) alongside biological studies to ensure recommendations 

are practical. 

2. Direct evidence and mechanistic understanding of DIET 

One major outcome of this thesis is identifying DIET-capable taxa, especially 

Geobacteraceae, as stabilizers of methanogenic consortia under metal stress and organic 

overload. However, while functional markers and reactor-level outcomes provide strong 

indirect evidence, we lack direct confirmation of DIET activity in complex sludge. 

Future work must focus on developing tools that can directly visualize or measure DIET. 

Promising approaches include: 

- Granule slicing and imaging: Thin-sectioning anaerobic granules combined with 

advanced microscopy (such as confocal laser scanning and scanning tunneling 

microscopy) could show spatial arrangements of electroactive taxa relative to 

methanogens. This needs developments in selective staining techniques and 

contrast agents that prevent binding to other humic substances or extracellular 

components of the granules. 

- Protein-specific staining: Cytochrome c staining protocols could help identify 

active electron conduits within sludge consortia, distinguishing DIET from 

hydrogen/formate transfer routes. Alternatively, multiple protein targets could be 

screened and tested. 

- Electrochemical reactors with in-situ monitoring: Custom-built reactors 

integrating electrodes with high-resolution current monitoring would allow real-

time tracking of electron transfer dynamics during substrate conversion. 

We also need complementary substrate assays. While ethanol supplementation enriched 

Geobacteraceae in this thesis, future assays should investigate conditions that selectively 

suppress mediated electron transfer (MIET) routes. This will help isolate and confirm 

DIET contributions. Pairing these experiments with metaproteomics, 

metatranscriptomics, and MAG reconstructions will uncover the specific proteins and 

pathways involved in direct electron exchange. Researchers must scope the contexts of 

electroactive taxa in complex sludge granules, following the understanding that inoculum 
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source is the biggest variable in electroactive taxa enrichment. These taxa follow a 

priority effect as demonstrated previously and by this thesis.  

�$�G�G�L�W�L�R�Q�D�O�O�\�����W�H�V�W�L�Q�J���*�H�R�E�D�F�W�H�U�¶�V���U�R�O�H���L�Q���V�\�Q�W�U�R�S�K�L�F���S�U�R�S�L�R�Q�D�W�H���R�[�L�G�D�W�L�R�Q���X�Q�G�H�U���Y�D�U�L�R�X�V��

�K�\�G�U�R�J�H�Q���S�D�U�W�L�D�O���S�U�H�V�V�X�U�H�V�����S�+�w�����F�R�X�O�G���F�O�D�U�L�I�\���L�I���'�,�(�7���E�X�I�I�H�U�V���D�J�D�L�Q�V�W���+�w���D�F�F�X�P�X�O�D�W�L�R�Q����

which is a critical hurdle in propionate degradation. This combination of experimental 

and omics-based approaches would provide the direct, mechanistic evidence currently 

lacking in the field. 

3. Long-term resilience and dynamics under industrial conditions 

AD microbiomes are dynamic, yet most experimental studies, including this thesis, 

operate under relatively short timeframes with controlled feedstocks. Industrial digesters 

experience fluctuating inputs, long operating periods, and repeated disturbances. To 

increase the relevance of these findings, we need longitudinal and large-scale trials. 

Future work should create time-series experiments that monitor microbial communities, 

gene abundances, and reactor performance across extended stable phases and multiple 

induced disturbances (like organic overloads, pH shifts, and trace metal spikes). 

Important tools include: 

- Standard industry monitoring (FOS/TAC ratio, VFA/Alk ratio) for practical 

comparability. 

- Targeted qPCR for key functional genes (16S rRNA, mcrA, pilA, recA). 

- Multi -omics analyses to connect shifts in microbiome composition with metabolic 

outputs. 

- Ex-situ substrate utilization tests to directly track routes of electron transfer and 

conversion efficiency, ideally stable isotope probing to clearly indicate carbon 

conversion and measurable metrics for demonstrating removal rates and partition 

between gas and liquid products. 

Incorporating these methods in pilot or full-scale UASB and CSTR reactors will validate 

the diagnostic gene panel (mcrA/16S, pilA, hgtR) proposed in this thesis under real 

operating conditions. Ultimately, we want to find out if these markers can serve as early-

warning tools for operators, enabling proactive interventions before performance drops. 

 

4. Engineering and design of microbial consortia 

The ability to intentionally design or strengthen microbial consortia represents a 

transformative direction for AD. This thesis has shown that ethanol-induced enrichment 

of Geobacteraceae enhances resilience, but there is potential to expand bioaugmentation 

strategies beyond substrate additions. 
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Two complementary approaches are possible: 

Top-down engineering: Using selective pressure and adaptive evolution in controlled 

reactor conditions could produce communities optimized for high electron flow, stress 

resilience, and stable methanogenesis. 

Bottom-up engineering: Creating synthetic consortia from carefully selected electroactive 

bacteria, syntrophic propionate oxidizers, and robust methanogens could test cooperative 

performance in defined environments. 

These strategies may enable the development of modular, customizable microbial 

�³�L�Q�R�F�X�O�D�´�� �W�K�D�W�� �F�D�Q�� �U�H�L�Q�I�R�U�F�H�� �G�L�J�H�V�W�H�U�V�� �G�X�U�L�Q�J�� �V�W�D�U�W-up or stressful conditions. Including 

DIET-capable taxa in such engineered communities could lead AD toward more stable 

electron transfer networks. 

5. Integration with circular bioeconomy goals 

Future research should also place these findings within the larger context of the circular 

bioeconomy. AD is not just about producing methane; it also generates digestate, recovers 

nutrients, and serves as a platform for biorefinery integration. 

Research should examine how DIET-enabled strategies and metal dosing affect not just 

methane yield but also digestate quality, nutrient recovery (N, P, S), and downstream 

valorization. For instance, how does Se dosing influence digestate safety and agricultural 

application? Can enriched biofilms simultaneously produce bioactive compounds or 

bioplastic precursors? Connecting microbiome engineering to multi-product recovery 

will broaden AD's relevance beyond energy, making it a cornerstone of sustainable 

resource management. 

Closing perspective 

The future of anaerobic digestion relies on connecting fundamental microbial ecology 

with practical engineering application. This thesis lays the groundwork by showing that 

metals and electroactive taxa have a direct impact on methane production and resilience. 

The next step is to confirm these insights in real systems, develop direct diagnostic tools, 

and move toward intentional design of microbial communities. By integrating advanced 

monitoring, mechanistic studies, and pilot or full-scale validation, the field can progress 

from proof-of-concept to implementation. 

Ultimately, the goal should be to make AD modular, resilient, and powerful enough to 

fulfill its ideal role in the circular bioeconomy. This will involve advancing our 

understanding of microbiology while also incorporating findings into engineering, 

economics, and sustainability frameworks. The directions noted above provide a roadmap 

for achieving this transition. 
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