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Figure 3-12 *Bar plot depicting count of putative metabolic functional MetaCyc
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Figure 3-13 Concentration of mcrA transcripts between EE and PE groups during each
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Figure 3-14. Mechanistic understanding of Electroactive enrichment reactors and the
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decline

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!day! OLR, and 46 mh! upflow velocity. The total trail time was 72 days.

Figure 4-2. Bioreactor performance measured as a) sSCOD removal efficiency (%), and
b) methane production rate (n@@H. hour?) for EE (blue lines) and PE (grey 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. Moving
average window (perd = 2) used to determine trend across reactor trial

Figure 4-4. Conversion efficiency of carbon (gCOD hdlto methane (gCOD hoty

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)

Figure 4-6. Particulate COD ejected from reactors during reactor trials electroactive
enrichment (EE; blue lines) and propionate enrichment (PE; grey lines) group.

Figure 4-7. Metalconcentration of total a) Fe, b) Ni and c) Co expressed as g or mg metal
kg! dry weight sludgetetained in biomass at steady state (dayr3P) and takedown

(day 64 n=3 for PE reactors (grey bgr and EE reactors (blue bar$§tatistical
significance between indicated (*) bar against all other groups (p<0.05).

Figure 4-8. Metal concentration of total a) W, b) Se and c) Mn expressed as mg metal
kg! dry weight sludgetetained in biomass at steady state (dayr3P) and takedown
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(day 64 n=3) for PE reactors (grey b&r and EE reactors (blue bar§tatistical
significance between indicated (*) bar against all other groups (p<0.05).

Figure 4-9. Cumulative methane production against propionate as a substrate after
takedown, with a) No metal added (control), b) Low concentration metal addagl l(4

1, ¢) Medium concentration metal added (@)L and d) High concentration metal
added (16thg LY. Electroactive enrichment (EE) and propionate enrichment (PE)

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.

Figure 4-11. Inhibition Concentration 50 (l£g) of methanogenesis from propionate with
different dosed metal concentration. Biomass afted&2reactor enrichment (PBrey
lines) or (EEblue lines). Vertical lines indicate §&values expressed ing L*

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; aRdnbipal
component analysis of beta diversity A) genus and B) ASV using -Bualys
dissimilarity metric (n=6). Groups presented at various phases of the trial (A) steady state;
(B) Fe, Ni, Co dosing; (C) Takedown; (CTR) Inoculum.

Figure 4-13. Microbial community structure shown as a) taxonomic barplot depicting the

relative abundance of tef0 most abundant taxa within the PE and EE reactors, and b)

the least discriminant analysis of the reactors depicted at steady state and performance

declineSKDVHV Rl WKH UHDFWRU WULDO )LJXUH OHJHQGV DU
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(B) Fe, Ni, Co dosing; (C) Takedown; (CTR) Inoculum.

Figure 4-14. Microbial community diversity measured alpha diversity metrics Chaol
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). Grogpresented 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 prented 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 tri@d) 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 meast&S (Total Sum Scalinggnd 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 pdiway present in the microbiormieed 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 fronhttps://www.genome.jp/kega/module.htrill numbers represent KEGG
Orthologs accessible fromhttps://www.genome.jp/kega/ko.htmIKEGG 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.htmK numbers represent KEGG Orthologs
accessible fromttps://www.genome.jp/kega/ko.htma) Positively associated taxa within
electroactive enrichments and b) Positively associated taxa within propionate
enrichments ¢) KEGG mapper depicting the enriched metabolic pattsugpsrting
methanogenesis in the biomass.

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

Figure 5-2. (a) sCOD removal (%) and (b) methane production (mL €8 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 Bhagseen 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 gPCR and concentration of gene copy expressed as number of
copies pegram volatile solid biomass (n=4; per reactor per phase)

Figure 54. 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 gPCR and
concentration of gene copy expressed as number of copies per gram volatile solid biomass
(n=4; perreactor 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 gPCR and
concentration of gene copy expressed as number of copies per gram volatile solid biomass
(n=4; per eactor per phase)
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Abstract

In current timesanaerobic 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, traneergl
imbalance and organic rate overlo&a 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 |wahderstood. Additionally, the
involvement of electroactive taxan methanogen resilience and molecular markers
underpinning microbial adaptation to stressed conditions remain mostly unexplored. This
thesis aims to uncover the functional role of trace elemawtures 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 propianadésing bacteria
(SPOB) The bipartite symophic breakdown of propionate twydrogen,CO, 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 identifiedere improving routes of IET, bi@ugmentation of
microbes, adition of conductive materialsndprocess adjustments (low organic loading
rates, metakupplementatio). Three main effector®f methanogenic resilience were
selectedcandindividually scrutinisedn this thesis

The first experimental chapter examined the exposureetiianogenic granules to a trace
element (TE) mixture alongside molybdenum (Mahgsten (W) or selenium (Sepuld
impact(i) extracellular polymeric substances (EPS) protein and carbohydrate content, (ii)
microbial compositia, and (iii) putative metabolic functiomhe resultshowedhat, 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 oaneeth
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
typicaly enrichedCapriciproducensMacelibacteroidesandClostridiumsensu stricto 5

taxa. Functional analysis suggested an enrichment of nucleotide metabolism and,
importantly, Vitamin (B12, B6 and B9) metabolic potentidie main takeaway was that
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Fe dynamics dictates the retained concentration of Mo, W, and W+Se, this is essential
optimizemethanegroduction 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
enichment (EE) group afte@d2-daytrail time, showed thdEE 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)kban PE. The basis for this

was linked to the (i) differential enrichment of Uncultu@eobacteraced(ii) enhanced

mcrA expression (iii) putate cytochromebasedespirationand (iv) putative heme and
co-factor biosynthesis. Thisdemonstratedthat ethanefed Geobacteracaecan
significantly enhance W and Co retention and stabilise propionatiatmn and
methanogenesis under severe TE stress. Given longer recovery time, complete rescue of
reacts would be possible. The indication that electroactive taxa aided methanogen
robustness was critical. However, sinbe teactor biomass deteriorated, it would prove
difficult to identify the responsible modules.

The third experimental chapter attempted to identiigw electroactive tax& direct
interspecies electron transfeDIET) specific genespropel propionate oxidisers &
methanogens under pulsed metaking conditions. Dplicate reactor set up groups
named; propionate enrichment (PE) @relectroactive enrichment (EE). The results
showed thatafter 49 days, 8metal pulses (2 mg LYweek), and testreactors
maintainedoptimal sCOD removal andanethane productiowith increasedmethyt
dependent methanogenedg, Mn, Se dosing increas&d retention(52 vs 30 mg W kg

1 p>0.01).EE reactorbiomass produced methane even when expos&0Xometal
dosing concentrationyhile PE failed to do so. Keynetagenom@&ssemebled genomes
identified wereSmithellaceae Syntrophobacter(propionate oxidizer) Methanothrix
Methanospirilum(methanogen), an@eobacteraceagelectroactive). Metagenomes
revealed the presence of type 4 secretion system, type @wmtcomponent system)
TCS, CQ reduction genes and EPBipopolysacchride (PS) modification modules.
Geobacteraceadacilitated, Wbased promotion of methanogenesissol€levation,
throughprobablemechanisms that retrofit existing methanages DIET capable were
observed in chapter 3 and 4.

Finally, in the fourth experimental chaptehe utility of selected DIEdelated genes

(pilA and hgtR)was tested against established marK@&S rRNA and mcrA) to

determine their responsél our knowledge, thishapterinvestigates 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-fafale upflow anaerobic sludge blanket (UASB)
reactors. The experimental phases included stabilisation®2(8.4g 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 gene®R{ASMCcrA, pilA,

and hgtR). During stabilisation, ~200 ralH4/h was produced, the mcrA/188NA ratio

was 0.782.64, and pilA and hgtR abundances were 22857 x 16 and 2.124.37 x 10
copiesgVS. Following the OLR shock, methane production ceased entirely, accompanied
by a sharp decline in the mcrA/16S ratio (0024) and significant reductions in pilA
(1.43log) and hgtR (1.34og) abundance. Partial recovery of pilA and hgtR abundance
(1.19 x 10 and 8.57 x 1f) was observed in the control reactor after the early recovery
phase. The results highlight the utility of mcrA, 168NA, pilA, and associated ratios,

as reliable indicators of OLR stress in-stale UASB reactors. Thehapter advaced

the understanding of molecular stress responses in propegitading methanogenic
consortia ananainly focusedn DIET in recognisingprocess 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(Iin Spanish

En la actualidad, la digestién anaerobia estd demostrando ser una tecnologiarelave
impulsar la bioeconomia hacia su fase de alta productividad y apoyar una transicion justa.
La produccién sostenible de biogds 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 organica. En
un intento de mejorar la produccion de metano en este complejo proceso, se han estudiado
diversas estrategias para aumentar la estabilidad en los digestores. 3goeambajue

la dosificacion de oligoelementos es esencial para el correcto funcionamiento de la
digestion anaerobia, los efectos sinérgicos y antagdnicos no se conocen en profundidad.
Ademas, los taxones electroactivos que intervienen en la resistehasandetandgenos

y los marcadores moleculares que sustentan la adaptacion 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 oligoelementasjdaosbios electroactivos

y los marcadores moleculares en el aumento de la resiliencia de los metandgenos 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 sintréficos de propionato y acetato. La descomposicion sintréfica
bipartita de propionato o acetato en hidrogeno y €@etanotiene lugar al borde del
equilibrio termodinamico, lo que conlleva una baja ganancia de energia. La resistencia de
este proceso depende en gran medida de una mayor transferencia de electronss entre la
especieglET). Las claves para reforzar la resiliencia de los metandgenos identificados
en el capitulo introductorio fueron: mejora de las rutatede bioaumentacion de los
microbios, adicion de materiales conductores y ajustes del proceso (bajas tasas de carga
organica, suplementacion con metales). De ellos, se identificaron tres efectores
principales de la resistencia metanogénica para ser analinddagualmente.

En el primer capitulo experimental se examind si la exposicion de granulos
metanogeénicos a una mezcla de oligoelementos (TE) junto con molibdeno (Mo),
wolframio (W) o selenio (Se) repercutiria en (i) el contenido de proteinas y carbohidratos
de las sustamas poliméricas extracelulares (EPS), (ii) la composicion microbiana y (iii)

el potencial funcional. Los resultados mostraron que, Mo y W aumentaron la
concentracion de Fe soluble en los controles abidticos, potenciando la retencion de Fe.
La presencia d&V, Mo, W+Se y Se tuvo un efecto positivo sobre la produccion de
metano, con W+Se y W potenciando la metanogénesis acetoclastica e hidrogenotrofica.
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Ademas, el Se aument6 el contenido de proteinas y carbohidratos del EPS en la biomasa.
Los cambios en la composicién microbiana del granulo se debieron principalmente al Mo
y al Se, que enriquecieron los taxon€spriciproducens Macelibacteroidesy
Clostridium sensu stricto 5. El analisis funcional sugiri6 un enriquecimiento del
metabolismo de nucleétidos y, o que es més importante, del potencial metabdlico de las
vitaminas (B12, B6 y B9). La principal conclusion fue que la dindmica del Fe dicta la
concetracion retenida de Mo, W y W+Se, lo que resulta esencial para optimizar la
produccion de metano mediante combinaciones de suplementos metalicos a medida.

El segundo capitulo experimental evalué la capacidad de mitigacion del estrés que los
taxones electroactivos proporcionan a los procesos de oxidacion de propionato y
metanogénesis tras sobredosis de oligoelementos. Para esto se utilizaron reactores
enrigueidos en propionato (PE) y los de enriquecimiento electroactivo (EE). Los
resultados mostraron que después de 62 dias de operacion, los reactores EE se
recuperarén mas rapidamente del estrés y por tanto de la bajada del rendimiento, inducida
por TE, logrado una mayor eliminacién de propionato (75% vs 57%) y una actividad
metanogénica especifica superior después de 33 dias. En patrticular, la biomasa de EE
retuvo significativamente mas tungsteno (290 frente a 45,7 mg\\kg la de PE. La

base de esto se relaciond con (i) el enriqguecimiento diferenci@edbacteraceano
cultivadas, (ii) la expresion mejorada de mcrA (iii) la respiracién putativa basada en
citocromos y (iv) la biosintesis putativa de hemo y cofactores. Esto demostré que las
Geobacteracemalimentadas con etanol pueden mejorar significativamente la retencion
de Wy Co y estabilizar la oxidacion del propionato y la metanogénesis bajo estrés TE
severo. Con un mayor tiempo de recuperacion, seria posible el rescate completo del
reactor. La indiacion de que los taxones electroactivos ayudaron a la robustez del
metanogeno fue critica. Sin embargo, dado que la biomasa del reactor se deterioro, la
identificacién de los modulos responsables resultaria compleja.

El tercero capitulo experimental tratd de identificar los medios por los que los taxones
electroactivos y los genes especificos transferencia directa de electrones entre especies
(DIET) impulsan a los oxidantes de propionato y a los metandégenos en coeslid®
dosificacion pulsatil de metales Reactor duplicado establecido en grupos denominados;
enriquecimiento con propionato (PE) y enriquecimiento electroactivo (EE). Los
resultados mostraron que después de 49 dias, 8 pulsos de (2 ppm/semana), Ias reactore
de prueba mantuvieron la eliminacién 6ptima de sCOD y la produccidon de metano con
un aumento de la metanogénesis dependiente de metilo. La dosificacion de W, Mn y Se
aumento la retencién de W (52 frente a 30 mg\W/kg>0,05). La biomasa del reactor

EE podujo metano incluso cuando se expuso a una concentracion de dosificacion de

metales 80X, mientras que el PE no lo hizo. Los principales genomas ensamblados del
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metagenoma (MAG) identificados fuer@mithellaceagSyntrophobacte(oxidante de
propionato), Methanothrix Methanospirillum (metandgeno) y Geobacteraceae
(electroactivo). Los metagenomas revelaron la presencia de un sistema de secrecion de
tipo 4, pili sistema de dos componentes (TCS) de tipo 4, genes de reduccién yle CO
mobdulos de modificacion de EPS/ lipopolisacar{d®S). En los capitulos 3 y 4 se
observé que la&eobacteraceaéacilitan la promocion de la metanogénesis basada en

W, elevando el 165, mediante mecanismos que probablemente retroadapten a los
metanogenos existentes como capaces de DIET.

Por ultimo, en el cuarto capitulo experimental, se probd la utilidad de genes seleccionados
relacionados con DIET (pilA y hgtR) frente a marcadores establecidos (16SrRNA y
mcrA), para determinar sus respuestdasta donde sabemos, este capitulo investiga por
primera vez la respuesta de un panel de genes metabdlicos al estrés por tasa de carga
organica (OLR) en consorcios metanogénicos degradadores de propionato en reactores
anaerobio de flujo ascendente (UASBgscala de laboratorio. Las fases experinesta
incluyeron estabilizacion (1,2,8 g DQO/L/dia), enriquecimiento electroactivo, choque

OLR (6 g DQO/L/dia) y recuperacion temprana. Durante la estabilizacion, se produjeron
~200 mLCHoa/h, la relacion mcrA/16SrRNA fue de 0;2%64, y las abundancias de pilA

y hgtR fueron de 1,29,27 x 18y 2,124,37 x 10 copias/gVS, respectivamente. Tras el
choque OLR, la produccion de metano cesé por completo, acompafiada de un fuerte
descenso en la relacion mcrA/16S (60084) y de reducciones significativas en la
abundancia de pilA (1,4®9) y hgtR (1,340g9). En la &ise de recuperacion temprana del
reactor control se observé una recuperacion parcial de la abundancia de pilAy hgtR (1,19
x 1Py 8,57 x 10). Los resultados destacan la utilidad de mcrA, 16SrRNA, pilA, y sus
ratios relativas, como indicadores fiables ektés por sobrecarga en reactores UASB a
escala de laboratorio. Este capitulo avanzé la comprension de las respuestas moleculares
al estrés en consorcios metanogénicos degradadores de propionato, centrandose en DIET,
en la estabilidad y recuperacion gebceso.

En resumen, esta tesis doctoral aporté conocimientos tedricos y practicos sobre las
posibles vias para aumentar la capacidad de recuperacion y la estabilidad de los
metandgenos, asi como en la propuesta de nuevos indicadores de estabilidad y estrés en
digestores anaerobios, lo que conduciria a procgs@D mas solidos y resistentes
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CHAPTER 1

General Introduction
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CHAPTER 1
1. Research Background

1.1 Anaerobic digestion

Anaerobic digestion (AD) is the process of fermentation where degradation of organic
material produces biogalargely composing of methane among other gaseserobic
digestionoccurs daily irenvironments such as marshes, sediments, landfills and ruminant
guts. This process requires low redox potential, circumneutral pH and biodegradable
organic mattei(Zhu et al.,2022). AD is also widely applied to industrial wastewater
treatment processes for degradation of organic food or agricultural residuesicgs sl
removal. The core advantages of AD are reduced maintenance costs, process scalability,
high sludge retention, organic waste valorisatibigh quality digestateand energy
production via biemethaneor biogas Reducing energy inputs ultimately leading to a
selfsustaining process that overtime provides a good return on investment for
stakeholders inhe current global energy crigid/einrich 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.oAl@hese grounds respotadmultiple
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 torbethane and used as a substitute of natural gas.
This bio-methane can poweehicles or be injected into the natural gas (Zidu 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 nutdedigestas (Sorooshian,
2024)This shift reduces landfill use, waste treatment costs, and providdsezmly
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 {Sorooshian, 2024)y mitigating climate
change impacts through its significa@reenhousegas (GHG)reduction potential.
Methane, a potent GHG, is captured and used as biogas rather tharelezingd 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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CHAPTER 1

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 incinerafiomu et al., 2022).
JXUWKHUPRUH $'fV UROH LQ FRQYHUWLQJsHewsthB QLF ZDVYV
principles of a circular economy, a model essential for -tlengn environmental
sustainabiliy.

AD follows a multistep process where organic polymers are degraded to methe (

and carbon dioxide (Cg@ with traces ofammonia (NH), hydrogen sulphide @%$),
hydrogen (H), and water (HO) through a combination of reactions. The process involves
four sequential stages hydrolysis, acidogenesis, acetogenesis and methanogenesis
(Figurel-1). These processes are mediated by a complex mix of microbial communities.
Each microbial guild performs one degradation task.

Hydrolysis is the first step dhD, 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 corgx polymers, for example: protein to amino acids,
polysaccharides to sugars and lipids ildng chain fatty acids (LCFAXydrolysis is

often the rate limitig step particularly for substates with high suspended solids
concentrationThis warrants prreatment (chemical, physical or biological) to make the
process efficienfWeinrich 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 ferméwedrich andNelles, 2021)

This process results in the production of organic compounds such as volatile fatty acids
(acetate, propionatand butyratg CO,, H2, ammonia, ethanol and lactic acids. Presence

of VFAs determinsthe end productsisuallyH». At low H. partial pressure@H.) VFAs

are degraded to acetatélowever, highpH> due to inhibited hybgenotrophic
methanogens cause the generatiopropionate, butyrate, lactate and alcohol
Acetogenesiss carried outby acetogenic baat@. This process ithermodynamically
nonfavourable, 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 Gibbeifiergy of the reaction. To
remediate this bottleneck, syntrophic associattogure1-2) with methanogenic archea
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CHAPTER 1

is vital for maintaining stable operation of this stad@ue to their rapid growth,
hydrogenotrophstabilize syntrophic associatio(\&esterholm et al., 2011)
Methanogenesis is the ultimat&D step utilizing mainly two main substrates,
decarboxylated acetate ahd (electron donor) witlCO, (electron acceptorp CHs by
methanogenic archea.dthanogens utilising acetate are ca(kckbclastic methanogens
or acetoclasts whereas methanogens utilising hydrogen and cardooxide
(hydrogenotrophic methanogems hydrogenotrophs(Weinrich and Nelles, 2021)
Dominant sablemethane production-{0%) is attributed téermentation of acetate by
acetoclastsThereare two main species of acekastic methanogensMethanosarcina
sps andMethanothrix (formerly Methanosaeta Methanosarcinais a facultative
acetoclast, displaying metabolic adapt#piin terms of substrate usage. Substrates like
acetate, Bl CO,, methylamine, methanol and formate can all be converted to methane.

Methanothrixsp is a strict acetoclast only converting acetate to me{Adinet al, 2022)

Hydrolytic bacteria

Acidogenic bacteria

Hydrogen Propionyl-CoA Oxaloacetate

Methylmalonyl-CoA

e Succinyl-CoA

Butyryl-CoA
Acetogenic bacteria/ Syntrophic bacteria

Methanoegnic Archea

Hydrogen CO,

Figure 1-1. Steps of Anaerobic digestion with each metabaiction Adaptedfrom (Paglini
et al., 2022)

1.2 Microbial Members and theifunctional roles

The AD microbiome iscomplex and ischaracterized by intricate interdependencies,

functional diversity and metabolic specialisation among hydrolytic, fermentative,

syntrophic bacteria, and methanogeaichaeaThese guilds operate synergistically to
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CHAPTER 1

achieve stepwise degradation of macromolecules. Notably, versatile metabolic pathways,
intricate interaction between microbes and environment, interspecies interactions and
functionalredundancyare the most critical factors in degradatiof organic matter in

AD. Therefore,understanding the microbiaiembers and their interactiasm important

for the direct conversion of biomass to energy.

The hydrolytic step of AD takes place independently as the enzymes required for the
breakdown ofarge biomolecules ighroughextracellularly secreted enzymes specific to

the type of polymer to breakdown, for example various enzymes such as cellulase,
proteases and lipasdasam et al., 2010)This guild iscommonlybacterial andhas high
metabolicrates 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 significancéjtucor, Cladisporium

These taxa have diverse substrate specificity and are highly functionally reddrdsint
ensures stability and resilience of AD despdss of certain species. This functional
redundancy provides adaptabilityainly during pH or temperature fluctuatioasd is

one of the principles of complex microbion{&hanal, 2008)

Acidogenesis is th@ext step in the AD biochemical cascad#A compounds are
generated by fermentation of hydrolysed products. The owirpounds generatede
acetate, propionate, butyrate, ethanol, methanelahti CQ gases. Pyruvate and
specifically, phosphoenol pyruvate (PEP) is regarded as the central intermediate for this
process, from which various prodsdhrough nxed 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 arénighbly
functionally redundant antlave metabolic flexibility. They are adapted to survive at
lower or fluctuating pH (5.0 to 8)2 both mesophilic and thermophili,emperatures

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

VFA producers have fast growth rateseading to overproduain and process
destabilisation. hctate accumulation is particularly problematic as this implies
Lactobacillusdominance which are fast growers and inhibit growth of other acidogens,
severely affecting the ratio of VFA produced. This ratioriscal as certan VFAs have

higher market valuea large body of research is focused on optimizing the microkimme
shift the VFA ratio towards increasing a specific output from fermentation reactors
(Nzeteu et al., 2018).

Acetogenic bacteria convert propionate, butyrate, alcohols into acetated EQ which

are substrates for methanogenegiéhanal, 2008) The reaction fase certain
thermodynamic hurdleghis process occurs only whgr, are low or high cellular
juxtaposition is in plac§Westerholm etal., 2022. Many pathways that occuare
homoacetogenesis, ethanol fermentation, lactate conversion and, syntrophic butyrate,
propionate and acetate oxidatidrne 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 iexceptional This step cannot take placwlepenentlyi.e. it

has severatonstraints. They are sensitive to temperaturetamee at a narrow pH (6-8

7.2). Major thermodynamic limitations as higiH> causes theropionateoxidation
process to become endergonic and therefore unfavourable. For this reason, the
establishment of a relationship with a hydrogemsuming methanogen is essential to
make this process thermodynamically feasible. Additionally, sulphate reducirggi®act
(SRB)may competitively inhibimethanogens. SRB also limitcronutrientavailability

(for eg. iron, nickel and coba)twhich could extend this inhibitiolThese taxa also have

slow growth rates that limits their adaptability to rapid changes in feedstock composition
or organic loading rates, makitigemvulnerable to process imbaland@étiller et al.,

2010) The synergistic relationships with methanogens is essential to overcome these
constraints, specificallglectrontransfer hold significant capacity to maintain this step of
AD.

7KLV VI\QHUJLVWLF UHODWLRQVKLS KDV EHHQ WHUPHG D\
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, 2008yntrophy can be termed as a type of metabolic
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symbiotic relationship, specifically a resows@Evice type symbiosi@ronstein, 1994)

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

Figure 1-2. Metabolic reactions and associateibbs free energy gains from () syntrghic
propionate oxidation and (&%) methanogenic biochemical stepdaptedfrom (Westerholm
et.al, 2022)

From reactionsl-6 (Figure 1-2) it is noted that butyrate, propionate aratetate
degradation (Figure-2; reactionsl-4) along with the methanogenpartof the reaction
(reaction 56) have a very low differencef Gibbs free energyThis 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 retuneansstrict electronidransferconditions for

this processo function ideally(Morris et al., 2013)

Syntrophic interactions are heavily reliant on the movement of reducing equivalents to
electron acceptors within the bioreactor mien@eonment. Theelectronic movement
occuing between bacteria and archaee called interspecies electron transfer (IET).
These transfers are the heairtsyntrophic interactions and gpemarily carried out by
shuttle moleculg such a$l> and formate.

H2is a main method of IET as it is a simple diffusible shuttle which needs enzymes with
complex centers. However, the midpoint redox potential of #fid4Hcouple is414 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, NADHDHAare used to
compensate for this deficieyin midpoint redox potentiall hislatentenergetic problem

is the key toyntrophy, since the endergorezéigonic shift is dependent on the plhe
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hydrogenotroplpartner ismandatedo continuously remove Hand maintain reaction to

be exergonic nature for both partners. Most methanogens use cytochron®3 for
reductionwhile others might use efactor F420, quinones ¢errodoxin (as the midpoint
redox potential is near that of hydrogen).

Interspecies hydrogen trans{#fT) is greatly accelerated by cell aggregatfbettinga

et al., 1988h)due tdesscell-cell distances. Such densely packed aggregates are common
in high-rate anaerobic digestion reactors and sedin{datkson and Mclnerney, 2002)

IHT is not the only form ofET.

Interspecies formate transfer (IRTas later discovered to take place wheh could nd
explain the conversion of VF# methane. It has been reported that afbiDconversion

rate for formate transfer in propionate and butyrate degradhegltares, indicating that

this routeis highly effective at converting VFAs to methane. Formate dehydrogenases
wereidentified in syntrophic caultures and their tungsten and-nobvlybdenurmeedis

a requirement for high conversion efficienc{€sams and Dong, 193

The simultaneous utilisation of various redox mediatord therefore specific targets,
effectors and regulators of this process are complex to identify. Researchers in the field
tackle this problerby measuringlectron transfer processes independently dugagtor
trials to establishf shiftin electron transfer processes has taken place.

A novel electron transfer process Wagheridentified to convert ethanol to methane by
the association of electroactive taxaepbacter spsand methanogenSummers et al.,
2010) Rotaru etal, (2014a) identified thidgransferroutein anaerobic granular sludge
from brewery wastewater treatment plaatselectron transfer rates were not sufficiently
explained by IFT or IHT. This waserified in aggregating ceultures of the two
participants, and further demonstrated through FISH in the anaerobic methanogenic
granules the were isolated from (Rotaru at., 20140). Over decades of research this
electron transfer procesgs implied in &cilitating the electron transfer between electron
donatingbacteria and electron accepting nagtbgen in suspended aggregatednamed

direct interspecies electron transfer (DIEDJET is the predominant electron transfer
process irUpflow anaerobic sludge blanket reactor (BYy$nethanogenigranules with
Methanothrix(formerly Methanosaetgas its primary met#mogen. This process has even
been demonstrated to occur when syntrophic propionate oxidation takes place and is
responsible for higher removal rates, tolerance to Ipigh this was shown by the
presence ofseobactersps enriched after ethanol addition in AD biom@ssvley and
Holmes, 2021)However, he actual cause of the improvemehpropionae degradation

is unknown. SinceGeobacterdid not mssess propionate utilisatigmathways in
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metatranscriptomesr isotope labelling experiments. The dominant conjecture is that
Geobacterenrichment within granules act as a driver for the introduction-iflie
networks that favour methanogens which are Ddapable, which eventually benefit
syntrophic propionate oxidising bacter8ROB. 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-mlli were generated through genoroentric
metagenomics and Foldseq, demonstratengdidates involveth supporting syntphic
interactiongGiangeri 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 destgbiiee
system(Novaes, 1986)The shift in carbon flowvhen microbes are exposed to VFA
accumulation is paramount to the stability of AlcDaniel et al.(2023)shows that the
~70% of carbon is diverted through hydrogenotrophic methanogenesis during stressful
conditions. Acetoclastic methanogenesis breaks dawnt is weaker of both the
pathways. The latest hypothesis is that IHT, IFT and DIET all occur simultaneously.
Neverthelesshis has not been actively demonstrated in methanogenic systems. Various
other mechanismalsofacilitate IET processegroximal spae sharing by reduced cell

cell distance flagellum biosynthesis machinenpregulation, gnchronising metbolic
synthesis (eg. Amino acidstimulating thepools of public good¢Vitamins/ Quorum
sensingmolecule$ andmay contribute to IET capacifyVesterholm et al., 2022)

1.3 Trace Element dosing in anaerobic digestion

Various forms of trace elements (TE) which exist in a systeits ispeciation. It is
important to understangace elementspeciation as TEbehaviour is determined by its
chemical form. For example, trivalent chromium is cationic, has low solubility and is
beneficial, whereas hexavalent chromium is anionic and (®&dtz, 1991) Hence, the
information of total concentration of metal is not enough to understand response of
microbes torE.

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 bindingtdlee me
with proteins or extracellular polymeric substances (EPS) and reduce metal uptake
(Mathivanan et al.,, 2021)7KXV D PHWDO DOWKRXJK DYDLODEOH Z
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microbes. According tMarcato et al(2009 ELRDYDLODELOLW\ LV GHILQHG
which elements are available for interaction with biological systems; AccoSietgl,

(2002) MELRDYDLODELOLW\ LV WKH DPRXQW RU FRQFHQWUD
by an organism therebyeatingthe necessary concentration for surviwador 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(@©afd CuOH were found to be toxic

to freshwater algae although their toxicity levels are lower thait, Quplying that
hydroxyl complexes are bioavailable. Moreover, unlike aquatic media anaerobic
digestion systems are quite complex, heterogenoudyarainic(Sepulveda 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 inorgamadségand

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 @, ) and
micronutrients (metals, halogens). Syftimal conditions of any of these factors can
hinder metabolic activity of all or a specific group of microbes involved in AD process.
Amongall the microbes in ADmethanogenare reported to be the most sensitive group

to perturbationg(Roussel, 2013)

Given different group of microbes carry out different microbial process in the AD
process. Each microbial guildarries out metabolic reactions which are driven by
enzymes. The enzymes for its functionality need substrates, cofactors, activators,
regulators andTE. Metaldependent enzymes are involved in anaerobic processes,
methanogenesis is being the md&tenriched enzymes involving metabolic pathways
(Thanh et al., 2016Although exact requirement 0 depends on various factors, such

as substrate and microbial diversity, most abundantly reqiiees Fe, followed by
elements such amon (Fe),nickel (Ni), cobalt Co), copper Cu), manganeseMn) and

zinc (Zn). Vanadium Y), molybdenum 0), selenium $6 andtungsten V) are other

trace elements that are required; however, their requirement is low compared to th
previously mentionedlEs (Fermoso et al.,, 2008fFe serves as a redox carrier and
terminal electron accepteim an AD system and is as important structural component of
majority of ceenzymes present in AD process. Dosing of Fe has been discovered to be
useful in AD for reducing hydrogen sulphide>@) formation, increasing propionate

conversion, accelerating hydrolysis and acidogenesis, and reducing VFA accumulation
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(Choong et.al 206 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 existsfactoos, and
Znisfoundtoex VW DV VLQJOH VWUXFWXUDO DWRPV LQ HQJ\PHYV
cofactors (molybdopterin and tungstopterin). Se and V are also essential for
methanogenesis. This thesis considers the effects of Fe, Ni, Co, Cu, Mo, W,d\8g,an

as they are recrgntly added TEs in AD

The influence of TE dosing on AD reactorp&amount antas beemnesearched in depth
previously (Molaey et al., 2018)Dosing strategiedorms, concentrationsave been
studied and validatealk well(Fermoso et al., 2010)

Dosing form ofTEsis one major factor influencing tlmesponse 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
solubleTE-EDTA complexes. Moreover, further improvement in digester performance
was observed wheFEs were dosed 8E-ETA complexes instead of supplementirtes

and EDTS simitaneously.

Another decisionmaking factor regarding dosing strategy that can influence Imeta
requirements is themode of dosingcontinous, pulse or preloading. Continuous and pre
loading of metals can result in loss of metals thiotge effluent of reactor&éndvoort

et al., 2004 Pulse metal dosing procedure requigesmallernumberof metals and
wastage is minimum compatdo other forms of dosing=érmoso et al., 2008This

makes dosing frequency a main factor to consider, optimal frequency aiddoiking

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 addedig¢@statdfor optimal process performance
reprintedfrom (Weinrich and Nelles, 2021).

Concentration of metals reported in literatwary significantly (Figure %3). This is
becauseTE effects classified as stimulation, inhibition and toxicity depend on the
bioavailable metal fraction. Absence™E or presence below optimum levels can cause
metal deprivation, whereas metal supplied in excess can cause toxicity. Hence,
maintaining optimumTE concentration in the systems is significant, thereby adding
another factor to decide during metal supplementation redifiiesh 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 operati@l pH redox potential, ionic strength, operational
temperature (mesophilic/ thermophilic), organic loading rate (OLR), metal retention
capacity of he reactor which is dependent of factors like hydraulic retention time (HRT),
sludgeretention time (SRT) and background metal concentration in the reactor influenced
by feedstock digestion operating mode (monaligestion).

'XH WR YDULDWLRQ LQ HQYLURQPHQWDO FRQGLWLRQV I
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 ofEOFAZ to an UASB reactor

reduced metal retention capacity from 90% (when dosed with XL&€CB% as metal
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EDTA complexes were highly soluble and were easily washed out (Feanalso2003
George et & (2024 validated this through updated ADMI1 model, and found out the best
strategies to dosdEs in anaerobic digesters. The model compared continuous,
preloading, pulse dosing andsitu loading. The results indicated that the best way to
doseTEs is repeated pulse dosing at low concentration with high frequency. Preferable
dosing forms depend on reactor configuration and retention times. Metal chloedies ar
most favoured as compared to MeEDTA complexes. For batch or segontinuous

reactor, metal EDTA is ideal.

1.4 Operational challenges and limitationsf 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. Prreatment processes improve degradability, but also increase costs. Also,
variations in feedstock qugl and quantity upsets process stability, which is important
for high yield and conversion efficienci@&/ang 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 de(haa et al., 2023

Based on type of AD reactor typ€dqntinously stirred tank reacta€$ TR or UASB or
Expanded granular sludge bed reacEGEB), 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 migedbbcommunity dynamics to change rapidly
(Khafipour et al., 2020 Certain physic&hemical 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 react@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 ecosysterading us to tharea of microbial
management for high strenggedstockandoptimaloutput(Read et al., 20115tressed
conditions for example, VFA accumulation and pH dfépstePoinapen, 2014 LCFA

accumulation(Sun et al., 2022)conductive matéxl addition (Wu et al., 2019)
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temperature increase or decrease and certaitngagment processéikang et al., 20211

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 weaikiarts.
Thus,directingthe way for indepth 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, wefidigret key syntrophic

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

thermodynamic return.

1.4.1Volatile 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 dayhe 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 agricultlinaaste processin(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.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 biom@aélliams 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 expectedhowever process stability is observed in undisturbed reactors more than
reactors which have been exposed to regular si{&tkd et al., 2003)This revealshat

our understanding ehechanisms that aresonsible for reactor stability are insufficient.

- This is dependent on the configuration of a reactor, mostlylgms arise from CSTR
reactors that have undergone feedstock chéPige et al., 2003)

- Inhibitory substances: &umulation of toxic compounds like ammonia, heavy metals
typically found in industrial streams further suppress microbial activity and compound
VFA accumulationChen et al., 2007)
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1.5Microbial responses to process perturbations

The microbiome responses of anaerobic digestion is complex and mechanisms associated
with these microbeareinvestigatedThese 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 toe¢mgyme
M reductases (MCR). For example, Co deprivation supresses the synthesis of
cobalamin (Vitanrm B12), which is essential for methanogenesis and acetogenesis
(Fermoso et al., 2008This leads to metabolic bottleneck, forcing microbiomes to
adopt alternative pathwa. The enrichment of syntrophsuch asSyntrophomonas
spp., has been observed un@erdeficient conditions, as they oxidise acetate o
andCOy, which are then utilized by hydrogenotrophic methano@eas et al., 2020

2. Toxicity effects Trace elements toxicity is primarily mediated by oxidative stress,
protein denaturationand the disruption of cell membrane integrity. rHastance,
excessive Ni concentrations destabilize the redox state of coenzyme F430, inhibiting
methane formatio(Wang et al., 2019)Microbial communities mitigate toxicity
through mechanisms such as metallothiomeediated sequestratioafflux pumps,
and production of EP® chelate excess metgMathivanan et al., 2021)

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

(De Vrieze, 202Q) 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 ofE resistance traits are active in AD microbiomEsr instace,
Desufovibrio tolerating Cii through sulphate reductidhi et al., 2024) Pseudomonaxi

and Bacillots capacity to produce EPS that can sequestardieb or the Hg reduction

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

metal related stregkian et al., 2022)

The main microbial responseaoganic loading rate overloadirge as follows:

1. Acid tolerance mechanisms: Acidophilic and acidotolerant microbes employ adaptive
strategies to survive low pH conditions. Methanogens sud¥ieslsanosarcinaspp
demonstrate superior VFA tolerance due to their ability to form cellular aggregates,
which provide docalized buffering effect. Pton pumps, such as the ATPase system,
actively expel protons tonaintain intracellular pHHSP (heat shock proteins) or
chaperone proteins aid in the folding of denatured protéins et al., 2021).
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2. Metabolic Shifts: Organic overloading disrupts acetoclastic methanogenesis,
favouring the dominance of hydrogenotrophic methanogens B@.SThis shift,
while stabilizing VFA levels, is energetically less efficient. For instance,
Methanoculleussp gay critical role in converting accumulated; ldnd CQ into
methane, partially resting system functionality The selective suite of VFA
converting enzymes like acetate kinase and Propid€bafetransferase are dominant.
Hydrogenases become active to facilitateuptake and shuttling. This leads to higher
dependency on syntrophitteraction(McDaniel et al., 2023)

3. Community succession: Overloadinmgluced acidification triggers a microbial
succession patterAcidogenic bacteria, such @ostridiumspp, dominate in the early
stages due to their ability to ferment organic matter into VFAs. Overtime, the
proliferation of acietolerant methanogens and syntrophs enables recovemided
pH conditions stabilize. This is true until the microbial tolerance threshold is
approached, after this few species dominate the microbial landécageal., 2022)

4. Biofilm formation and EPS production: Polymeric matrix spaces betwekls are
filled with EPS and soluble microbial produdtst target acid stress, stabilizing the
cells in a protective niche. Increase the flocculation/ aggregation capacity of the
biomass and tolerate consistent drop in(pldsaniZadehet 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

electrondonor, producing toxic ¥6 (Fermoso et al., 2015)

1.6 Current augmentation straegies for AD system stability

Reactoroperators have certain intervention to alleviate AD stregser&@or based
(Buffering agents, real time proactive monitoring of TE, VFA, VFA:Alkee organic
acids: Total inorganic carbon (FOS:TA@®)etrics, co-digestion, high HRT, gradual
loading, long adaptation times), additivesbd (TE, conductive materialsyuffering
agent$, inducing biofilm formation, applying ecological theories d¢ounter stress
tolerance (deterministic or stochastic progg&8u et al., 2022)

Bioaugmentation: The introduction of specialized microbial consortia has been shown to
enhance system resilience. For example, supplementatioeittanosarcinaspp and
Syntrophobacteconsortia improved methane yields and accelerated recovery following

organic shock¢Basak et al., 2022)

38



CHAPTER 1

Trace element supplementation: Controlled addition of deficient trace can restore
enzymatic activity. For example, studies demonstrate that supplementing Co at an
optimized concentration (0.20.2 ppm) significantly enhance acetoclastic methanogenic
activity while avoiding toxicity.Continous trace element dosing is often coupled with
chelating agnts to improve bioavailabilityermoscet al, 2015).

Buffering and OperationaStrategies 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 substratkave also proven effective in mitigating organic
overloading shock&hanal, 2008)

Metabolic engineering: Advances in synthetic biology have enabled the design of
microbial strains with enhances tolerance to stressors. Enginéégdthnococcus
maripaludis strains with overexpressed hydrogenases genes demonstrated improved
methane productions under Ni deprivat{tu et al., 2023)

Several studies highlight the successful implementation of augmentation strategies. For
example, bioaugmentatnowith a mixed culture of syntrophnd hydrogenotrophic
methanogens accelerated recovery from MR@uced inhibition, reducing downtime by
40% compared to neaugmented systemgTown and Dumonceaux, 2015)
Bioelectrochemical systems also reduce VFA stress by stimuld@iig based
mechanisms, also a study suggested that lignin degrading consortia have thg tmpaci
increase AD output by 11040%(Ozsefil et al., 2024)

1.7Knowledge gaps in mrobial interactions within AD

Chemical inhibitors such as ammonia, sulphides ¥R@é 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 methanogereagtbhng et

al., 2017. While some studiehighlight the adaptability oMethanosarcinasp to
ammonia, their dominance comes at the cost of metabolic diversity and process efficiency
(Yietal., 2023)

Similarly, sulphides generated ISRB inhibit key enzymes in methanage shifting
microbial balance away from methane produc{©@remland and Polcin, 1982)

Microbial Constraints Syntrophic interactions between acetogens and methanogens are
critical for AD stability, yet they remain poorly understodet, the thresholdatwhich

thesanteractionscollapse are not clearly defin@d/esterholm et al., 2022%tudies have
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identified community shifts under stress as the proliferation oftatgdant methanogens,

yet the metabolic tradeffs of theseshifts require deeper investigations.

Furthermore, the role ghretaxa in stress tolerance and adaptation remains unexplored,
limiting the design of robust microbial consortia.

Molecular constraints: Mechanistic insights iBti=T 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. Whileoméis
studies have identified potential DIEEEsociatd genes such as PilA and OntS et

al., 2024) these finding lack corroboration through -gitu functional assaygvan
Steendam et al., 201Additionally, the variability in DIET efficiency acrossibstrates,
reactors andonditions suggest that our current understanding is not comprehensive.
Technical and analytical Constraint8nalytical tools for reatime monitoring of
microbial dynamics and electron transfer mechanisms remain inadequate. Cyclic
voltammetry andio electrochemicainethods show promise for studying DIET but are
limited by their ex situ application and lack of standardization. Current 16S rRNA
sequencing and metagenomics provide commdeitgl insights but fail to resolve
functional interactions at the species levighis gap highlights the need for integrated
approaches that combine spatial, metabolic, antretdemical analyses (Van Steendam

et al., 2019)Also, lack of robust molecular markers that carubed to monitor reactor
process closely.

Reactor Design and Operation: Reactor configurations frequently fail to accommodate
the diverse environmental conditions required for microbial interactions. Sitagje
reactors often promote inhibitory feedback loops, such as VFA accumulation and pH
drops, while multistage systems introduce complexity and operational costs (Meegoda
et al., 2018). Furthermore, scaling laboratory findings to industrial reactors faces
challenges due to substrate variabilapd environmental fluctuations and lack of
resouces to carry out such studies.

Bioinformatics andviodelling: Current computational models of AD focus on steady
state conditions, failing to capture the dynamic inteoastiwithin microbial consortia,
typically observed during stressed conditiofise inability to integrate omics data into
predictive models limits their applicability in reabrld systems. Moreover, the lack of
high-resolution datasets hampers the development of robust models capable of simulating
microbial responses to perturbaso(Li et al., 2024)While, the inculation of flux
balance analysis is in its nascent stg@esBernardini et al., 2022is 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 constsaoptimization efforts. For instance, studies
have demonstrated that promoting DIET through conductive materials enhances methane
production, but the variability in DIETfiecacy across systems indicatecomplete
mechanistic knowledge (Van Steendam et al., 2019). Similarly, stessed 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 microbialantes.
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 gapshow that liminitationsabout TE
supplementation DIET mechanismsand organic loading shockexist These gaps
directly, limit the strengths of methanogenic consoditimately hindering reactor

biomass optimization.
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2. Thesis objectives
The aimof this thesis is telaborate orthe contributions oftrace element interaction
electroactive microbesand molecularstress responses building and tracking
methanogen resilienceinder environmental and operational stre$be specific

objectives of this thes&reas follows:

a) To measure coccurrence effect of a typical traeeementmix when mutually
present with tungsten, molybdenum and seleniumroathanogenic 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 degradiethanogenidigesters

3. Research Approach andThesisscope

Gaps and opportunitiesf anaerobic digestion microbiomesrecoveredin Chapter 1.
Based orthis knowledge from literature, processesicrobial communitiesand factors

that impact stress resilience of anaerobic digestiemrecritically identified Response of
biomass to trace metals were first recogni§dthpter 2 focused on a pertinguiestion

in dosing combination of TE anifl co-occurrence impaabn anaerobicbioprocess.lt
discussed how the presence of Mo, W, and Se with a routinely used TE mix (Fe, Ni, Co
and Cu) impacted metal retemi profiles. The chapteshowedimpact of Mo and Wbon

Fe dynamicin batch reactorsvhich drovea microbial enrichmenh nutrientsufficient
methanogenic granulesOnce the background metal concentrations, microbiome
members and methanogeiictivity of the biomasswas established. Chapter 3 focused
deeper on thamicrobial guildspecific toAD stress toleranc€SPOBand methanogens
interactions) This chapter through lagécale enrichments showed that electroactive taxa
impact stress tolerance to continuous metal overdoses, largely by stimulating
methanogenic capacity in barely surviving reactors. Chapteuded on TE pulse dosing

as a mode to firlune metal stress tolerance in 4stale enrichments, this chapter
demonstrated how and why electroactive taxa augment methanogenic granules to be
highly tolerant to metal stress and thetential genomic features responsible for this
phenotype Genonic featurescan be used agrocess quantification tool€hapter 5
applied the information ofselect genomic featuresto measurechange inactive
component®f methanogenigranulesas compared to establishewasuresultimately
detecting their utility ageaktime monitoring tools fo stable and stressed reactors.
Chapter 6 summarised the outcoraesl shared perspective tins thesis and provided
context for future research that is needed to disrupt the field.
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CHAPTER 2

Introduction

The increased implementation of anaerobic biotechnologies for the treatment of organic
wastes provides pathways towards sustainable environmental management and underpins
WKH 81V 6XVWDLQDEOH '"HYHORSPHQW *RDOV &SDUWLFXO
sanitation, and affordable and clean endjyu 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 indivieifial s
aggregating and retentive methanogenic granules. Indeedrateggranular bioreactors

are popular due to their capacity to treat a variety of high strength/ toxic wastewaters,
complemented by high sludge retention within the bioreadDmspite 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 resilier(d4ills et al.,2024).

AD functions are supported by four microbial guitds/drolysers, acidogens, acetogens,
and methanoger®Veinrich and Nelles, 2021Fach of these guilds require macamd
micronutrients, involved in the maintenance of homeostatic function. Populations within
each trophic group consistently require essent@b., iron (Fe), nickel (Ni) and cobalt

(Co) zand trace elements, e.gungsten (W), molybdenum (Mo) and selenium (Se) for
energy conservation, biosynthesis, and cellular mainter{@im®nget 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, 20E2,athu
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
SUREOHPV &DIDULPp HW DO

W, Mo and Sere routinely included in micronutrient mixtures for standard biomethane
potential (BMP) tests (Angelidalket al., 2009), synthetic (Wornet 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 amtiltares Chenet 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 instahes, Se
shown to stabilise performance in bioreactors under high ammonia stress treating chicken
manure(Molaey et al., 2018), ithermophilic(Yirong et al., 2015and mesophilic AD

abibuLp HW DO ZLWK KLIJK FRQFHQWUDWLRQV RI YR
increased nanoparticle precipitates of selenide causing higher total solids/ volatile solids
(TS/VS), and settling velocitft ogan et al., 2023). Additionallycetogens are known to
respire using Se cofactoes terminal electron acceptdian et al., 2016)hrough the
WoodLunghdahl pathwayvhich support antioxidant defence mechanisms (Staicu and
Barton, 2021). Additional Mo or Se resulted in80% higher methane production from
food waste (FW), even when combined with a metal mixture (Faetltah,2013). Mo
also prevents the formation of toxic sulphides which can precipitate and deplete the
microbiome of TE (Nema#t al.,2001). W and Mo act as enzymatic cores in metal based
pterins, transcriptional regulators and regulators of FeMo cofactor biosynthesis (Aguilar
Barajaset al.,2011, lobbiNivol and Leimkihler, 2013, Hillet al.,2016). W, has been
shown to improve biogas production efficiency from food waste (Das and Mondal, 2013),
DOOHYLDWH 9)%$ DFFXPXODWLRQ abDIDULp HW DO DQ
TE-deficient systems (Arthur et al., 2022).

Since Mo, W and Se are central to anaerobic metabolisitiejsandent enzymes require

W for full functionality and Se® 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 bioreactor8dditionally, as W and Se are mechanistically distinct i.e.

W impacts redox enzymes, while Se impacts EPS, protein synthesis andrstiexsson.
Therefore, a combined metabolic and structurabperation 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
Seinfluencesmethanogenic granulesprecisely 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
understandhow abiotic interactions of W, Mo and Se influences Fe, Ni, Co, Cu solubility
and retention, and record synergistic or antagonistic impacts on the biopoments 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-scéldl bioreactor
(NVP Energy, Ireland) treating skimmed dairy milk wastewater at ambient temperatures
(8-25°C). The sludge was stored at 4°C under-fiNghed conditions, and was

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

2.2 Fedbatch 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 experimen
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 conditionsigure2-1b and Tale 2-1), each involved five teseéactors

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 (gCOEL): 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 (BN-morpholino) propane sulfonic acid) (10 mM) due tono

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

The bioreactors were operated in-tetch mode, with a cycle consisting of three stages;
pMILOOY MUHDFWY DQG PGHFDQWY 7KH )LOO VWDJH LQYRC
(9.8 gCOD 11), respective trace metal solutions (Tab 1) to aliquoted b®(@8sgVS

1), reaching a substrate-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 pressseevaues noted, thus obtaig 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 feebatch cycles were performed. Batche3 (Days 09) were considered

the stadup period, where only synthetic medium was added. This facilitated
acclimatisation of biomass to synthetic medium and environmental conditions. Batches
4-8 (Days 924) represented the test period, when the effect of respective TE, -and co

occurrences, were determinddgure 21).
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Figure 2-1 Schematic illustration of the experimental layout for the fed batch trial. a)

Representation of the fdzhtch 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(uM) Co(uM) NiE™M) Cu(EM) | Mo(uM) W(uM) Se(M)
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 cextraction, and SEMEDX analysis. Sacrificial saples

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

exposure).
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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 miminl; 3 ml gas sampled from reactor headspace using syringes. COD was
quantified using a kit (Reagcon, Shannon, Ireland3¥B00 mg 11 range), following the
PDQXIDFWXUHUYVY LQVWUXFWLRQV DQG XVLQJ D +DI
Spectrophotometer at OD 435 nm. MOPS increased COD measurement therefore the

COD of abiotic contrts were subtracted from test reactor. A portable (Thermo
ScientificE EutechE 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 7@ 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 curvesamerated 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 ieglent F1of carbohydrates and mg of BSA equivalent |

1 of protein, then normalised to gVS biomass.

2.5 Metal Quantification

Concentration of soluble metals from effluent was obtained by filtration (0.22 um filter)
and acidification (~ 5% nitric acid). The filtrate was subjected tcOES (inductively
coupled plasmatoptical emission spectroscopy) 5110 synchronous verticalvieia
(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 | minl; nebulizer flow: 0.70 | mi1).

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 um filter
and subjected to inductively couple plasidass spectrometry (Operating conditions:
viewing mode: radial; viewing height: 10mm; radiofrequency power: 1600 W; plasma
gas 15| min1; nebulizer flow: 0.61 | mil). Certified reference material sludge (ERM®

- CC144) was used as a positive control to validate extraction efficiBacssEMEDX,

the biomass was stored in a sodium cacodylate and glutaraldehyee 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 polyt - lysine coated glass slides and secured using double sided
carbon tabs. Samples were then spudtated 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 YA current. Energy dispersive
X-ray (EDX) spectroscopy coupled with SEM was used for elemental analysis of granular
sludge biomass. For each conditiorlDsections 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 vlv;
1.5 atm) was added to triplicate sets of 150 ml serum vials each containing 5 g wet
biomass (~1 g VSL) 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, beheéating tubes (Macherdyagel Bead Tubes Type A,
Germary), flashfrozen in liquid nitrogen and stored -&0°C. DNA and RNA was co
extracted from the biomass following a pheobloroformisoamyl alcohol (25:24:1)
protocol (Griffiths et al., 2000), incorporating a minor modification in the lysis buffer

composiion 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 Fisher Scientific). Samples were normalised to (50 ng)uéand 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 llumina NovaSeq 6000 platform (Novogene,
Cambridge, UK).

To investigate the active prokaryotic community, aliquots of the DNA/RNA&xtacts

ZHUH WUHDWHG ZLWK '1DVH 1=<WHFK /LVERQ 3RUWXJLC

instructions. DNas#reated samples were then cleaned using an NZY total RNA isolation
kit, the absence of genomic DNA was validated by-gmdt PCR. cDNA was
synthesized from purified RNA using a Luna Script cDNA synthesis kit (NEB, MA,
86% ZLWK 1R 5HYHUVH WUDQVFULSWLRQ FRQWUROYV
Active bacterial comunity 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 N&ax, with default parameters (Rami@arcia et al., 2018).
Taxonomy was assigned using SILVA 138 SSURef database (Quast et al., 2012). Alpha
and bed 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 efjptat 2
(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 oneZzD\ $129% . RU RWKHUZLVH PHQWLRQHG
significant difference (HSD) post hoc test to categorise pairwise differences. All data
points are provided as mean of triplicate measurements + standard deviation or
UHSUHVHQWHG E\ HUURU EDUV &RUUHODWLRQ ZDV
coefficient and tested using one tailaegt.
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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 | (Zulkifli et al., 2019). The actual production of methane by the
bioreactos was in the range 0.ZB43 1 i.e., 6486% 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
themeasurement of COD,; therefore, tCOD is used as a metric of carbon conversion and

steady state condition.
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Methane vyield by day 15 (maximum methane production from the batch) was
significantly (p<0.05) (186 %) higher in THeplete bioreactors than in Jdeplete
incubations. Furthermore, in the case of TE+Se (p<0.05@33%) a higher rate than

in TE-deplee conditions were noted, while revealing no other significant differences

between groups (Fige 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.
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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 groupse(Ped).
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 (mIGH)VS?! day?) from acetate (30 mM),
H2: COr (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.
ISignificance tab as footnote.

Conditions
Methanogen TE- TE-
pathway Inoculum deplete replete TE+Mo TE+W TE+W+Se TE+Se
Acetate 218+7 18312 207+7 200+32  187+7**  232+21* 203+5
H2: CO2
(80:20%) 28+7 2716 331 40+6 49+6 47+15 3715
Methanol 25+6* 210 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 ofepkete vs other
groups (n=2). Effective concentrations during exposure were¢l9 uM W, 1.3£1.5

UM Se, 1.9 UM Mo, 63.3 uM Co, 36.1 uM Ni and 27.6 uM Cu at eachidatth cycle in

metal addition phase.

Markedly, the presence of W and Mo resulted in higher concentrations of soluble Fe (from
58- 61 uM to 134 uM) when both metals-czcurred in the abiotic control. The soluble
metals present in the reactors were successfully removed. However, removaFé&o for

and Cu reduced across batches.

1*: indicates statistically significant (p<0.01) difference between; Acetate (TE+W+Se addpl&e) 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 weté®g Fe kg1 dwt and 810

mg Co kg-1dwt, respectively (Figre 23a). Moreover, under Mo, W, and W+Se dosing,
retained Fe increased from 10.9 to >13.3 g Felkigvt.

Here, cedosing caused a substantial increase in total Co concentration compared to TE
deplete conditions. Co concentration increased when W was present (1481 mglCo kg
dwt), compared to TE replete group (1292 mg CoXkgwt) (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 deplete group, from 65 and 41 after start up to 159 and
309 after takedown respectively (big 23c and2-3d).

The ceoccurrence of W and Mo also slightly increased Cu and Ni concentrations; within
TE+W group, Cu increased from 475 to 647 mg Culkdwt and in TE+Mo group from

475 to 586 mg Cu kel.dwt. while within TE+W group, Ni increased from 923 to 1109
mg Nikg -1dwt and in TE+Mo group from 923 to 1130 mg Ni-kglwt (Figure 23c and
2-3d).
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Figure 2-3 Solid metal concentration of a) Fe, b) Co, ¢) Ni, and d) Cu expressed as g or
mg metal kgl 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);
(*) indicates statistically significant difference (p<0.05) between TE+Mo arndeplete
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groups, (**) indicates statistically significant difference (p<0.05) betweeddfitete and
all groups.

We observed the presence of Mo, W, Se and S metals, meanwhile verifying the absence
of these metals in other groups (kg 24). In regard to cmccurrence of W and Se, W

was retained at a higher concentration when present on its own (100 mg Mnkdy
compared to when added with Se (83 mg W-kdwt) (Fig 4a). Despite no dire