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Anaerobic processes such as Anaerobic Digestion (AD) and mixed culture fermentation (MCF) 
are important technologies in the bioeconomy context since they can be used to convert (waste) 
biomass feedstock into gaseous energy carriers and chemical commodities, theoretically 
without the use of any additional energy source. AD is a multi-step bioconversion process 
pursuing organic matter stabilization whose final product, i.e., biogas, can be used as an energy 
source. On the other hand, MCF employs open mixed cultures under non-sterilized conditions 
to produce carboxylates, i.e., short and medium-chain organic acids, which will serve as 
chemical building blocks after downstream processing.  

Limitations of biogas production are associated with the low CH4 content (≈50-60%), presence 
of impurities (like H2S) and unsuitable final pressure for direct connection to national grids. 
Thus, in recent years, the topic of biogas upgrading to biomethane (i.e., CH4>90%) has gained 
momentum and in-situ and ex-situ alternatives have been proposed with differences in financial 
and technical viability as well as achieved final CH4 content. While for the carboxylate 
production, major limitations are associated with process selectivity, presence of trace 
pollutants and too low broth concentrations for direct application inducing a need for “wet” 
and energy-intensive downstream processing.  

High-Pressure Anaerobic digestion (HPAD) is an innovative technology designed for 
simultaneous digestion and biogas upgrading. HPAD takes advantage of the large differences 
in solubility between biogas constituents, i.e., CH4 and CO2. Consequently, CH4 will 
predominantly remain in the gas phase after a pressure increase, whereas ionisable gases like 
CO2 and H2S will increasingly dissolve in the liquid. Thus, from a biogas production 
perspective, the proposed technology accomplishes higher CH4 content in the gas phase at the 
cost of increased dissolved CO2 levels. The process's overall performance under elevated pCO2 
has not been adequately addressed. Mechanistic explanations for the role of increased dissolved 
CO2 in the fermentation process remain speculative, partially due to the limited amount of 
published experimental work on high-pressure fermentation with open cultures. Since CO2 
exerts multiple roles in biological systems, increased dissolved CO2 could impact the kinetic 
and energetic feasibility of the reaction chain in AD and MCF, as well as the microbial 
community dynamics. These effects constitute a notorious knowledge gap that requires urgent 
attention. 

In this thesis, we examined the role of elevated CO2 partial pressure (pCO2) in anaerobic 
processes, based on the premise that due to its multiple roles in biological systems, elevated 
pCO2 could be exploited to deliberately steer towards biogas or selective carboxylates 
production. Chapter 1 describes the background and problem analysis and gives an overview 
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of relevant concepts for operation at elevated CO2 in the context of high-pressure AD and MCF 
and the scope of the research.  

In the content chapters of this thesis, we start examining the effect of elevated pCO2 in 
syntrophic conversions. Chapter 2 deals with a kinetic and thermodynamic analysis of the 
syntrophic conversion of propionate and butyrate. Results showed that increasing pCO2 from 
0.3 to 8.0 bar in lab-scale batch reactors decreased the maximum substrate utilization rate             
( maxsr ) for both syntrophic oxidations. It is then proposed that these kinetic limitations are 

linked to an increased overall Gibbs free energy change ( OverallG∆ ), leading to a redistribution 

of the available biochemical energy among syntrophic partners. However, these kinetic and 
bioenergetics constraints only helped to a certain extent to explain the observed effects during 
syntrophic conversions under elevated pCO2. Thus, incorporating physiological limitations on 
growth exerted by increased acidity and inhibition due to higher concentrations of 
undissociated volatile fatty acids is proposed to complement the initial explanatory mechanism.  

A latent issue in high-pressure operation is the uncertainty that observable effects can be either 
attributed to an increase in total operational pressure or to modifications of partial pressure of 
gas components in the headspace. In addition, the possibility of developed tolerance to pressure 
(piezotolerance) due to prior exposure to other environmental stress factors has been limitedly 
addressed. In Chapter 3, we investigate carboxylate production and stress-response to mild 
hydrostatic pressure (MHP), considering incubation temperature and halotolerance of a marine 
sediment inoculum (MSI) and an anaerobic digester inoculum (ADI). Results showed that 
MHP effects on microbial growth, activity and community structure were strongly 
temperature-dependent. In contrast to low and high temperatures, incubation at moderate 
temperatures in concomitance with MHP did not limit biomass yield and carboxylates 
production. Thus, a cross-resistance effect from incubation temperature and halotolerance is 
proposed. Moreover, results revealed that temperature impacts the microbial community 
structure during the enrichment period, and only slight differences were observed after 
subsequent microbiome exposure to MHP.  

Chapter 4 builds upon the understanding of cross-tolerance effects gained in chapter 3 and 
moves towards studying the effects of elevated pCO2 on the conversion of more complex 
substrates. Here directional selection, i.e., adaptive laboratory evolution (ALE), under 
increasing substrate load, is proposed as a strategy to restructure the microbial community. 
Also, to induce cross-protection mechanisms to enable glucose and glycerol conversion under 
elevated pCO2. After the ALE process, the evolved inoculum showed differences in carbon 
flux distribution under elevated pCO2. Glucose conversion correlated with higher cell density 
and viability, whereas glycerol addition led to high propionate production, whose enabled 
conversion reflected in an increased CH4 yield. High CH4 yield in the evolved inoculum was 
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ascribed to biomass adaptation and a restructured, more resilient microbial community. The 
evolved community was characterized by increased abundance in Methanosaeta and 
syntrophic propionate oxidizing bacteria (SPOB). Among the SPOB, the Smithella genus 
showed predominance, particularly after using glycerol as the substrate.  

Throughout this study, it was observed that operational conditions could restructure the 
microbial community. For example, biomass adaptation at increasing substrate to biomass 
(S/X) ratios at atmospheric conditions showed to be advantageous for CH4 production under 
elevated pCO2. Thus, it was imperative to study the interaction of elevated pCO2 with other 
operational conditions. Chapter 5 investigated whether interaction effects between substrate 
type, high S/X ratio, and the presence of an external electron donor (formate) could influence 
the possible steering effect of pCO2. It was hypothesized that we could limit CH4 production 
while promoting carboxylates production with this strategy. The results evidenced that the 
interaction effect between high substrate concentration (to increase S/X ratio) and elevated 
pCO2, while having formate present as additional electron donor, was significant to explain 
differences in metabolite predominance and cell density. Furthermore, the product spectrum 
was influenced by microbial community composition, which itself was modified by the 
interaction of pCO2 and the presence of formate as additional electron donor. The latter 
interaction effect also showed statistical significance in explaining differences in succinate 
production.  

Finally, in Chapter 6, the most relevant results from this thesis are interlinked and 
comprehensively discussed. The outlook for future research in HPAD and high-pressure MCF 
is presented in conjunction with envisioned roles for elevated pCO2 in AD and MCF in the 
context of negative emissions technologies. 
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Anaerobe processen zoals anaerobe gisting en fermentatie met gemende culturen (GCF) zijn 
belangrijke technologieën in de bio-economie, aangezien zij kunnen worden gebruikt om 
(afval) biomassa om te zetten in energie en chemische halffabricaten. Anaerobe gisting is een 
meertraps bioconversieproces waarbij organisch materiaal wordt gestabiliseerd en waarvan het 
eindproduct, biogas, als energiebron kan worden gebruikt. Fermentatie maakt gebruik van open 
gemengde culturen onder niet-steriele condities met als doel om organische zuren met korte en 
middellange keten te produceren, die kunnen dienen als halffabricaten voor de chemische 
industrie.  

De beperkingen van de conventionele biogasproductie houden verband met het lage CH4-
gehalte (≈50-60%), de onzuiverheid van het biogas door aanwezigheid van bijvoorbeeld H2S 
en de ongeschikte einddruk voor directe aansluiting op het regionale en nationale 
aardgasnetwerk. De laatste jaren is dan ook veel aandacht besteed aan de opwaardering van 
biogas tot biomethaan (d.w.z. CH4>90%) en er zijn in-situ en ex-situ alternatieven voorgesteld 
met verschillen in financiële en technische haalbaarheid en in het gerealiseerde CH4-gehalte. 
De belangrijkste beperkingen voor de productie van korte en middenlange vetzuren zijn  de 
selectiviteit van het proces, de onzuiverheid van het product en te lage concentraties in het 
fermentatiemedium voor directe toepassing. Daarom energie-intensieve processtappen 
noodzakelijk zijn om tot het gewenste product te komen. 

Hogedruk anaerobe gisting is een innovatieve technologie die ontworpen is voor gelijktijdige 
vergisting en opwaardering van biogas. Hogedruk anaerobe gisting maakt gebruik van de grote 
verschillen in oplosbaarheid tussen de bestanddelen van biogas, d.w.z. CH4 en CO2. Daardoor 
zal CH4 na een drukverhoging overwegend in de gasfase blijven, terwijl de andere gassen in 
toenemende mate in de vloeistof zullen oplossen. Vanuit het perspectief van biogasproductie 
kan met de voorgestelde technologie een hoger CH4-gehalte in de gasfase worden bereikt. Dit 
resulteert dan wel in een verhoogd opgelost CO2-gehalte in het reactormedium. Op dit moment 
is er te weinig bekend over de invloed hiervan op de fermentatie. De beschikbare 
mechanistische verklaringen over de rol van verhoogde opgeloste CO2 in het proces zijn 
speculatief, doordat er weinig experimenteel werk is verricht op hogedrukfermentatie met open 
culturen. Aangezien CO2 een meervoudige rol speelt in biologische systemen, zou een toename 
van opgelost CO2 een invloed kunnen hebben op de kinetische en energetische haalbaarheid 
van de metabolische routes in anaerobe gisting en fermentatie. Dit beïnvloed op zijn beurt weer 
de dynamiek van de microbiële gemeenschap, wat een belangrijke kennislacune vormt in dit 
vakgebied. 
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In dit proefschrift is gekeken naar de rol van de verhoogde partiële CO2 spanning (pCO2) in 
anaerobe processen. Als uitgangspunt is de hypothese gekozen dat door zijn complexe rol in 
biologische systemen, verhoogde pCO2 zou kunnen worden benut om de productie van biogas 
en korte en middellange vetzuren doelbewust te sturen. Hoofdstuk 1 omvat de achtergrond en 
probleemanalyse, een overzicht van relevante concepten om de werking bij verhoogde CO2 te 
plaatsen in de context van hogedruk anaerobe gisting en fermentatie van organisch afval. Ook 
de afbakening van het onderzoek is gepresenteerd in dit hoofdstuk.  

In de inhoudelijke hoofdstukken van dit proefschrift beginnen we me het onderzoeken van het 
effect van verhoogde pCO2 op syntrofe microbiële omzettingen. Hoofdstuk 2 gaat daarom in 
op de kinetische en thermodynamische analyse van de syntrofe conversie van gedissocieerd 
propion- en boterzuur. De resultaten toonden aan dat het verhogen van de pCO2 druk van 0.3 
naar 8.0 bar in reactoren op laboratoriumschaal leidde tot een afname van de maximale 
substraat omzettingssnelheid ( maxsr ) voor beide substraten. Er wordt vervolgens voorgesteld 

dat deze kinetische beperkingen gekoppeld zijn aan een toename van de verandering van de 
Gibbs vrije energie ( OverallG∆ ). Dit leidt tot een herverdeling van de beschikbare biochemische 

energie binnen syntrofe microbiële partners. Desalniettemin konden deze kinetische en bio-
energetische beperkingen maar de geobserveerde effecten maar gedeeltelijk verklaren. Her 
wordt vervolgens uit afgeleid dat het voorgestelde mechanisme aangevuld dient te worden met 
fysiologische beperkingen van de groei door een verhoogde zuurtegraad en remming door 
hogere concentraties van ongedissocieerde vluchtige vetzuren. 

Een inherent probleem van hogedruk gisting en fermentatie is dat de waarneembare effecten 
moeilijk zijn toe te wijzen aan de verhoging van de totale operationele druk of juist aan de 
partiële dampspanning van gasvormige eind- en tussenproducten. Bovendien is de 
opgebouwde tolerantie tegen druk (piëzotolerantie) als gevolg van voorafgaande blootstelling 
aan andere fluctuerende omgevingscondities slechts in beperkte mate onderzocht. In 
Hoofdstuk 3 onderzoeken we de respons van gedissocieerde vetzuurproductie als gevolg van 
blootstelling aan milde hydrostatische druk (MHD). Hierbij wordt er rekening gehouden met 
de oorspronkelijke omgevingstemperatuur en het zoutgehalte van de twee gekozen entstoffen: 
een microbiologisch actief sediment uit de Noordzee en een anaerobe cultuur uit een industriële 
vergister van afvalwater met een hoog zoutgehalte. Er is vastgesteld dat effecten van MHD op 
microbiële groei, kinetiek en gemeenschapsstructuur sterk temperatuurafhankelijk zijn. In 
tegenstelling tot lage en hoge temperaturen worden de biomassa-opbrengst en de 
ongedissocieerde vetzuurproductie niet beperkt door milde temperaturen in combinatie met 
MHD. Daarom wordt er gespeculeerd dat er kruistolerantie is opgetreden als gevolg van de 
incubatietemperatuur en halotolerantie. Bovendien is vastgesteld dat de temperatuur tijdens de 
verrijkingsperiode van invloed is op de structuur van de microbiële gemeenschap en dat er 
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slechts geringe verschillen worden waargenomen na blootstelling van de microbiële 
gemeenschap aan MHD.  

Hoofdstuk 4 bouwt voort op het begrip van kruistolerantie uit hoofdstuk 3, en bestudeert van 
de effecten van verhoogde pCO2 op de omzetting van complexere substraten. Hier wordt 
gerichte selectie, d.w.z. adaptieve laboratorium-evolutie (ALE), onder toenemende 
substraatbelasting voorgesteld als een strategie om de microbiële gemeenschap te 
herstructureren. Ook zou ALE een kruistolerantie kunnen induceren om de omzetting van 
glucose en glycerol onder verhoogde pCO2 te verbeteren. Na het ALE proces vertoonde het 
geëvolueerde entstof verschillen in de verdeling van de koolstofflux bij verhoogde pCO2: 
glucoseconversie correleerde met hogere cel dichtheid en hoger aantal levende cellen, terwijl 
glycerol leidde tot hoge propionaat productie, wat zich weerspiegelde in een verhoogde CH4 
opbrengst. De hogere CH4 opbrengst in het geëvolueerde entstof werd toegeschreven aan 
adaptie op cel niveau en aan de herstructurering van de microbiële gemeenschap. De 
geëvolueerde gemeenschap wordt gekenmerkt door een verhoogde aanwezigheid van 
Methanosaeta en syntrofe propionaat oxiderende bacteriën (SPOB). Bij de SPOB was het 
Smithella genus overheersend, vooral na het gebruik van glycerol als substraat. 

In de loop van deze studie werd vastgesteld dat de microbiële gemeenschap kan worden 
geherstructureerd door te sturen op operationele omstandigheden, bv. aanpassing van de 
atmosferische biomassa aan stijgende substraat/biomassa-verhoudingen (S/X) ratio. Dit bleek 
daarbovenop gunstig te zijn voor de CH4-productie onder verhoogde pCO2. Daarom was het 
noodzakelijk de interactie van verhoogde pCO2 met andere operationele omstandigheden te 
bestuderen. Hoofdstuk 5 onderzocht of interactie-effecten tussen  substraattype, hoge S/X ratio 
en aanwezigheid van externe elektronendonor (ongedissocieerd mierenzuur) het mogelijke 
sturende effect van pCO2 zouden kunnen beïnvloeden. De hypothese was dat met deze strategie 
konden we de CH4-productie beperken en tegelijk de productie van vetzuren bevorderen. De 
resultaten toonden aan dat het interactie-effect tussen hoge substraatconcentratie (verhoging 
van de S/X ratio) en verhoogde pCO2, bij aanwezigheid van ongedissocieerd mierenzuur als 
extra elektrondonor, significant was om verschillen in de verhouding tussen metabolieten en 
opgebouwde celmassa te verklaren. Het productspectrum werd beïnvloed door de 
samenstelling van de microbiële gemeenschap, die op zijn beurt werd beïnvloed  door de 
interactie van pCO2 met externe elektronendonor. Ook bleek de interactie van pCO2 met een 
externe elektronendonor noodzakelijk te zijn voor de productie van barnsteenzuur. 

Tot slot worden in Hoofdstuk 6 de meest relevante resultaten uit dit proefschrift met elkaar in 
verband gebracht en uitvoerig besproken. De vooruitzichten voor toekomstig onderzoek naar 
hogedruk anaerobe gisting en fermentatie worden gepresenteerd in combinatie met de 
verwachte rol van verhoogde pCO2 in de context van negatieve-emissietechnologie.
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Los procesos anaerobios, como la digestión anaerobia (DA) y la fermentación de cultivos 
mixtos (FeCM), son tecnologías importantes en el contexto de la bioeconomía, ya que pueden 
utilizarse para convertir materias primas (biomasa de desecho) en portadores gaseosos de 
energía y productos químicos, teóricamente sin utilizar ninguna fuente de energía adicional. La 
DA es un proceso de bioconversión en varias fases que persigue la estabilización de la materia 
orgánica y cuyo producto final, el biogás, puede utilizarse como fuente de energía. Por otro 
lado, la FeCM emplea cultivos mixtos abiertos, en condiciones no esterilizadas para producir 
carboxilatos, es decir, ácidos orgánicos de cadena corta y media, que servirán como bloques de 
construcción química tras un posterior procesamiento. 

Las limitaciones de la producción de biogás están relacionadas con el bajo contenido de CH4 

(≈50-60%), la presencia de impurezas (como el H2S) y una presión final inadecuada para la 
conexión directa a las redes nacionales. Por ello, en los últimos años, el tema de la mejora del 
biogás para convertirlo en biometano (es decir, CH4>90%) ha cobrado impulso y se han 
propuesto alternativas in situ y ex situ con diferencias en cuanto a la viabilidad financiera y 
técnica, así como al contenido final de CH4 alcanzado. Mientras que para la producción de 
carboxilatos, las principales limitaciones están asociadas a la selectividad del proceso, la 
presencia de contaminantes traza y las concentraciones demasiado bajas en el líquido de 
fermentación para su utilización directa, lo que induce a la necesidad de un procesamiento 
posterior caracterizado por un alto consumo energético.  

La digestión anaeróbica de alta presión (DAAP) es una tecnología innovadora diseñada para la 
llevar a cabo de manera simultánea el proceso de DA y mejora del biogás. La DAAP aprovecha 
las grandes diferencias de solubilidad entre los componentes del biogás, es decir, el CH4 y el 
CO2. En consecuencia, el CH4 permanecerá predominantemente en la fase gaseosa tras un 
aumento de presión, mientras que los gases ionizables como el CO2 y el H2S se disolverán cada 
vez más en el líquido. Así, desde la perspectiva de la producción de biogás, la tecnología 
propuesta consigue un mayor contenido de CH4 en la fase gaseosa a costa de un aumento de 
los niveles de CO2 disuelto. Sin embargo, no se ha abordado adecuadamente el rendimiento 
general del proceso bajo una pCO2 elevada. Las explicaciones mecanísticas sobre el papel del 
aumento del CO2 disuelto en el proceso de fermentación siguen siendo especulativas, en parte 
debido a la escasa cantidad de trabajos experimentales publicados sobre la DA y fermentación 
a alta presión con cultivos mixtos. Dado que el CO2 ejerce múltiples funciones en los sistemas 
biológicos, el aumento del CO2 disuelto podría afectar a la viabilidad cinética y energética de 
la cadena de reacción en la DA y la FeCM, así como a la dinámica de la comunidad microbiana. 
Estos efectos constituyen una notoria laguna de conocimiento que requiere atención urgente. 
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En esta tesis se examina el papel de la elevada presión parcial de CO2 (pCO2) en los procesos 
anaerobios, partiendo de la premisa de que, debido a su complejo papel en los sistemas 
biológicos, la elevada pCO2 podría ser aprovechada para orientar de forma deliberada la 
producción de biogás o carboxilatos. En el Capítulo 1 se describen los antecedentes y el 
análisis del problema y se ofrece una visión general de los conceptos relevantes para el 
funcionamiento en condiciones de elevada pCO2 en el contexto de la DAAP y la FeCM a alta 
presión, así como también el alcance de la investigación. 

En los capítulos de contenido de esta tesis, comenzamos examinando el efecto de la elevada 
pCO2 en las conversiones sintróficas. El Capítulo 2 presenta un análisis cinético y 
termodinámico de la conversión sintrófica de propionato y butirato. Los resultados muestran 
que el aumento de la pCO2 de 0.3 a 8.0 bar en reactores discontinuos a escala de laboratorio 
disminuyó la tasa máxima de utilización del sustrato ( maxsr ) para ambas oxidaciones 

sintróficas. Es así que se propone que estas limitaciones cinéticas están relacionadas con un 
aumento del cambio de energía libre de Gibbs ( OverallG∆ ), lo que conduce a una redistribución 

de la energía bioquímica disponible entre los asociados sintróficos. Sin embargo, estas 
limitaciones cinéticas y bioenergéticas ayudan a explicar los efectos observados en las 
conversiones sintróficas bajo elevada pCO2 sólo hasta un cierto punto. Por tanto, se plantea la 
incorporación de limitaciones fisiológicas al crecimiento microbiano debido a procesos de 
acidificación y la inhibición resultante de un incremento en las concentraciones de ácidos 
grasos volátiles no disociados como partes complementarias del mecanismo explicativo 
inicialmente propuesto.  

Una cuestión latente en el funcionamiento a alta presión es la incertidumbre de que los efectos 
observables puedan atribuirse a un aumento de la presión operativa total o a modificaciones de 
las presiones parciales de los componentes en la fase gaseosa. Además, la posibilidad de que 
la biomasa desarrolle una tolerancia a la presión (piezotolerancia) debido a la exposición previa 
a otras fuentes de estrés ambiental se ha abordado de forma limitada. Por ello en el Capítulo 
3, se investiga la producción de carboxilatos y la respuesta-de-estrés a la presión hidrostática 
moderada (PHM), considerando la temperatura de incubación y la halotolerancia de inóculos 
proveniente de un sedimento marino (ISM) y de un digestor anaerobio (IDA). Se estableció 
que los efectos de la PHM en el crecimiento microbiano, la actividad y la estructura de la 
comunidad dependen considerablemente de la temperatura. A diferencia de las bajas y altas 
temperaturas, las temperaturas moderadas en concomitancia con la PHM no limitaron el 
rendimiento de la biomasa ni la producción de carboxilatos. Por tanto, se propone un efecto de 
resistencia cruzada entre la temperatura de incubación y la halotolerancia. Además, se 
determinó que la temperatura afecta a la estructura de la comunidad microbiana durante el 
periodo de enriquecimiento, y sólo se observaron diferencias menores tras la posterior 
exposición del microbioma a PHM.  
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El Capítulo 4 hace uso del entendimiento ganado acerca de los efectos de resistencia cruzada 
(capítulo 3) y pasa a estudiar los efectos de la pCO2 elevada en la conversión de sustratos más 
complejos. Aquí se propone la selección direccional, es decir, un proceso de evolución 
adaptativa a nivel de laboratorio (EAL), bajo una carga creciente de sustrato, como estrategia 
para reestructurar la comunidad microbiana e inducir mecanismos de protección cruzada que 
permitan la conversión de glucosa y glicerol bajo una elevada pCO2. Tras el proceso de EAL, 
el inóculo evolucionado mostró diferencias en la distribución del flujo de carbono bajo elevada 
pCO2. La conversión de glucosa se correlacionó con una mayor densidad y viabilidad celular, 
mientras que la conversión de glicerol condujo a una alta producción de propionato, cuya 
reanudada conversión reflejó en un mayor rendimiento de CH4. El alto rendimiento de CH4 en 
el inóculo evolucionado se atribuyó a la adaptación de la biomasa y a una restructuración de la 
comunidad microbiana que se volvió más resiliente. La comunidad evolucionada se caracterizó 
por una mayor abundancia de miembros del género Methanosaeta y de bacterias sintróficas 
oxidadoras de propionato (SPOB) asociadas al género Smithella, especialmente tras utilizar 
glicerol como sustrato.  

A lo largo de este estudio, se estableció que la comunidad microbiana puede ser reestructurada 
por las condiciones operacionales, por ejemplo, en el caso de la adaptación de la biomasa al 
aumento de la carga orgánica en condiciones atmosféricas. Esta adaptación resultó beneficiosa 
para la producción de CH4 bajo una elevada pCO2 (capítulo 4). Por tanto, resultó imperativo 
estudiar la interacción de la elevada pCO2 con otras condiciones operacionales. En el Capítulo 
5 se investigó si los efectos de la interacción entre el tipo de sustrato, una alta relación 
sustrato/biomasa (S/X) y la presencia de un donador externo de electrones (formato) podían 
influir en el posible efecto direccionador de la pCO2. Se planteó la hipótesis de que con esta 
estrategia se podría limitar la producción de CH4 mientras se promovía la producción de 
carboxilatos. Los resultados evidenciaron que el efecto de interacción entre una alta 
concentración de sustrato (para aumentar la relación S/X) y una elevada pCO2 era significativo 
para explicar las diferencias en la predominancia de metabolitos y la densidad celular, mientras 
que se garantice la presencia de formato como donador adicional de electrones. Además, el 
espectro de producto se vio influenciado por la composición de la comunidad microbiana, que 
a su vez fue modificada por la interacción de la pCO2 y la presencia de formato como donador 
adicional de electrones. Este último efecto de interacción también mostró significancia 
estadística para explicar las diferencias en la producción de succinato. 

Por último, en el Capítulo 6, se interrelacionan y discuten exhaustivamente los resultados más 
relevantes asociados a los capítulos de esta tesis. Además, se presentan las perspectivas de la 
investigación en DAAP y FeCM a alta presión junto con el rol previsto para la elevada pCO2 
en el contexto de las tecnologías de emisiones negativas.  
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Abbreviations  

AA   absolute abundance  
ABE    acetone-butanol-ethanol  
AC   atmospheric control  
AcM   aceticlastic methanogenesis  
AD   anaerobic digestion  
ADI   anaerobic digestion inoculum  
AHPD   autogenerative high pressure anaerobic digestion  
ALE   adaptive laboratory evolution  
AnMBR  anaerobic membrane bioreactor  
ANC   acid neutralizing capacity  
CCA   canonical correspondence analysis  
CD   cell density  
C-mol   carbon mole (mol)  
COD   chemical oxygen demand  
CSTR   continuous stirred tank reactor  
DAF   dissolved air flotation  
DGGE   denaturation gradient gel electrophoresis  
DIC   dissolved inorganic carbon  
DIET   direct interspecies electron transfer  
EGSB   expanded granular sludge bed reactor  
EMC    engineered microbial communities  
EPS    extracellular polymeric substances  
FSC-H   forward scatter height 
FCM   flow cytometry measurement 
FW   food waste 
GC   gas chromatography  
HA   homoacetogenesis  
HAc   undissociated acetic acid  
HBu   undissociated butyric acid 
HPr   undissociated propionic acid 
HHP    high hydrostatic pressure  
HP   hydrostatic pressure  
HPAD   high pressure anaerobic digestion  
HP-MCF  high pressure mixed culture fermentation  
HRT    hydraulic retention time  
HyM   hydrogenotrophic methanogenesis  
IC   ion chromatography  
IEA   International Energy Association  
LC   liquid chromatography  
LCV   lower calorific value  
MBB   moving bed biofilm  
MCF   mixed culture fermentation 
MHP   mild hydrostatic pressure  
MP   microbial protein  
MSI   marine sediment inoculum  



 

 
 

NAD   Nicotinamide adenine dinucleotide 
NADH   Nicotinamide adenine dinucleotide + hydrogen  
NGS   Next generation sequencing  
NMC    natural microbial communities  
NMDS   Non-metric multidimensional scaling  
OAA   oxaloacetate 
OLR   organic loading rate 
OTU   operational taxonomic unit  
PBS    phosphate-buffered saline  
PBB   purple phototrophic bacteria  
PCR   polymerase chain reaction  
PEP   phosphoenolpyruvate 
PERMANOVA Permutation analysis of variance  
PHA   polyhydroxyalkanoate 
PTS   phosphotransferase transport system  
RA   relative abundance  
RID   refractive index detector  
SAO   syntrophic acetate oxidation  
SBO    syntrophic butyrate oxidation  
sCOD   soluble chemical oxygen demand  
SMP   soluble microbial products  
SMPR   specific methane production rate  
SMY    specific methane yield  
SPO    syntrophic propionate oxidation  
SPOB    syntrophic propionate oxidation bacteria  
SRB   sulfate reducing bacteria  
SRT   solids retention time  
SSC-H   side scatter height 
TAN   total ammonium nitrogen  
TCA   Tricarboxylic acid cycle  
tCOD   total chemical oxygen demand 
TOC   total organic carbon  
TP   total phosphorous  
TS   total solids  
TSS   total suspended solids  
UASB   up-flow anaerobic sludge blanket reactor  
VFA   volatile fatty acids  
VS   volatile solids  
VSS    volatile suspended solids  
WLP    Wood–Ljungdahl pathway 
 

Symbols  

�𝐶𝐶𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔� Dissolved gas concentration in the liquid  (mol L-1) 
𝐾𝐾𝐾𝐾𝐻𝐻𝐻𝐻 Henry’s constant  (mol L-1 bar-1) 
𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 Gas partial pressure  (bar) 
K Equilibrium constant  h-1 
∆𝑉𝑉𝑉𝑉≠ Reaction activation volume  cm3 mol-1 
R Universal gas constant  m3 Pa K-1 mol-1 
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T Temperature  K 
y Substrate concentration in the modified 

Gompertz equation 
(mg L-1) 

λ  Lag phase in the modified Gompertz equation (day) 
maxsr  Maximum substrate utilization rate in the 

modified Gompertz equation 
(mg L-1 day-1) 

A  the maximum substrate concentration (mg L-1) 
t Time in the modified Gompertz equation (days) 

0
RG∆  Gibbs free energy change for reaction R at 

standard temperature and pressure 
(kJ mol-1) 

01
RG∆  Gibbs free energy change for reaction R 

corrected by biological pH reference value 
(pH=7) 

(kJ mol-1) 

1
RG∆  Gibbs free energy change for reaction R 

corrected by actual operational conditions 
(kJ mol-1) 

OverallG∆  Gibbs free energy change for the syntrophic 
reaction corrected by actual operational 
conditions 

(kJ mol-1) 

Pr OxG −∆  Gibbs free energy change for propionate 
oxidation corrected by actual operational 
conditions 

(kJ mol-1) 

Bu OxG −∆  Gibbs free energy change for butyrate 
oxidation corrected by actual operational 
conditions 

(kJ mol-1) 

AcMG∆  Gibbs free energy change for aceticlastic 
methanogenesis corrected by actual 
operational conditions 

(kJ mol-1) 

HyMG∆  Gibbs free energy change for 
hydrogenotrophic methanogenesis corrected 
by actual operational conditions 

(kJ mol-1) 

rS Spearman’s correlation coefficient  
01

catG∆  Gibbs energy change for catabolism corrected 
for biological pH=7 

(J/ reaction) 

ΔGTr-HA Gibbs energy change for active transport acid 
molecule (HA) through the membrane 

(kJ mmol-1) 

m Gibbs energy change for maintenance (J d-1) 
mG Gibbs energy coefficient for maintenance 

purposes 
(kJ C-mol-1 X h-1) 

mtot Overall maintenance (C-mol substrate C-mol X-1 

h-1) 
YX/S   Biomass yield on substrate (C-mol X mol glucose-1) 
µ growth rate  (h-1) 
µmax   maximal growth rate  (h-1) 
µnet   net growth rate  (h-1) 
qs   overall substrate conversion flux (mol substrate mol-X-1 h-1) 
X biomass  (mol) 
ΔV   change in reaction volume (cm3 mol-1) 
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The pursuit of carbon neutrality is a pressing issue in our society (Bataille et al., 2018). Thus, 
technological developments for capture, sequestration, and utilization of CO2 toward value 
addition are on the rise (Shi et al., 2015). CO2, as the most oxidized form of carbon, plays an 
essential role in numerous natural processes. For example, atmospheric CO2 reacts with the 
Earth’s crust during the denominated weathering process (Schlesinger, 2005) and changes in 
atmospheric CO2 concentrations are regulated via the ocean carbonate system (Falkowski et 
al., 2000). Deep ocean carbon storage after sedimentation processes and terrestrial and marine 
primary production (e.g., via phytoplankton and plants) are important natural CO2 sinks 
(Schweitzer et al., 2021). On the other hand, inside the global carbon cycle, CO2 emissions 
result from respiration and decay processes of macro and microorganisms, volcanic emissions, 
forest fires and “anthropogenic” processes such as land-use change and fossil fuels combustion 
(Friedlingstein et al., 2020; Post et al., 1990). Understanding the intricate relationship of CO2 

with life could be invaluable from the perspective of achieving a balance between 
anthropogenic CO2 production and consumption and the essential ecosystem services that CO2 
provides.  

The spectrum of possible CO2 utilization/valorization alternatives extends beyond primary 
biomass production via photosynthetic processes, since CO2 exerts multiple roles in biological 
systems: electron acceptor, carbon source, intermediate and end-product of biochemical 
reactions, and contributor to the aquatic buffer system via the carbonate equilibrium (Bhatia et 
al., 2019; Connell et al., 2013; Lindeboom et al., 2016; Mikkelsen et al., 2010). The possibility 
of microbial CO2 fixation in bioprocesses and transformation into value-added commodities 
looks promising for balancing anthropogenic CO2 emissions when comparing energy 
requirements for catalyst-based CO2 transformation in chemical and biological routes 
(Jajesniak et al., 2014). Nonetheless, bottlenecks such as feasibility, productivity and economic 
aspects need to be overcome before a mainstream implementation is achieved (Kondaveeti et 
al., 2020). Bioelectrochemical conversion processes for formate production, acetate and 
medium-chain alcohols from CO2 are currently gaining momentum (Christodoulou et al., 
2017). The more traditional CO2 assimilation using algae and photosynthetic bacteria is being 
scaled up and is becoming important inside circularity approaches to diversify biofuel 
production, livestock feed and fertilizers (Lam and Lee, 2012). Syngas (i.e., mixture of CO, 
CO2 and H2) fermentation to value-added organic products, such as acetate and ethanol, is also 
a process of interest. Direct utilization of CO2 and H2 by methanogens in the anaerobic 
digestion (AD) process is possible, even under extreme pressure and temperature conditions 
(Mauerhofer et al., 2021; Rittmann et al., 2015).  
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At atmospheric pressure, AD is an organic matter stabilizing multi-step process whose final 
output, i.e., biogas, can be used as an energy source (Appels et al., 2011; Kleerebezem and van 
Loosdrecht, 2007; Mao et al., 2015; Van Lier et al., 2008). AD is a very well-established and 
robust technology (Appels et al., 2011), with a wide range of applications from sanitation 
(Kujawa-Roeleveld and Zeeman, 2006; Lohri et al., 2014) to bioenergy purposes (Mao et al., 
2015; Weiland, 2010). However, some drawbacks of AD applied to sludge and slurry digestion 
are associated with the relatively low CH4 content (≈55-65%) of the biogas due to the oxidation 
state of the substrate, impurities (H2S) and unsuitable final pressure. These drawbacks do not 
allow direct biogas recovery for injection into regional natural gas grids or biogas usage in 
other high-value applications such as vehicle fuel (Fu et al., 2021).  

Anaerobic microbiomes are versatile, diverse and resilient (De Vrieze et al., 2017), with 
fermenting capabilities widely distributed in various natural and “engineered” habitats such as 
marine environments, high salinity soils and sediments, the mammalian rumen and anaerobic 
digesters (Holtzapple et al., 2022). The diverse range of biocatalysts, i.e., anaerobic microbes, 
the presence of a high fraction of readily fermentable carbon in waste feedstock (Kleerebezem 
et al., 2015), as well as the demands for more sustainable and market-appealing chemical 
building blocks (Angenent and Kleerebezem, 2011), has motivated the revision of biogas as 
the ultimate product of the anaerobic conversion of (waste) biomass. The reasons mentioned 
above have paved the way for the emergence of the “carboxylate platform” as an alternative 
for biofuel production, under the condition of inhibited methanogenesis (Agler et al., 2011; 
Holtzapple and Granda, 2009; Stamatopoulou et al., 2020).  

Financial attractiveness in producing high-value end products (biopolymers) from a selective 
carboxylate production process instead of complete AD has also motivated research on the 
carboxylate platform. Kleerebezem et al. (2015) highlighted considerable differences in the 
value that could be added by high COD-wastewater treatment (8 g L-1) when targeting methane 
production with an end-product price (2015 price level) of 0.4 euro kg-1 or 
polyhydroxyalkanoates (PHA) at 2.0 euro kg-1. However, the prices of energy commodities are 
highly volatile and are influenced by external factors (geopolitics, natural disasters, climate 
change) (Ji and Fan, 2012). For example, the average Dutch gas price has almost triplicated in 
the winter of 2021/2022 compared to the same period in 2020 (CBS, 2022); thus, prices do not 
constitute a reliable and fair metric for comparison of the process output. Moreover, economic 
diversification with more than one economic output (e.g., carboxylates and biogas) from 
anaerobic processes in the framework of resource recovery from waste streams presents itself 
as a more sustainable alternative to reduce vulnerability, when facing a fast-changing economy. 
In this line, rather than focusing on prices, other authors have also pointed out the benefit of 
focusing on more complex, high value-added end-products in the context of market supply 
potential for “water resource factories” (Kehrein et al., 2020; Puyol et al., 2017b) and 
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biorefineries, the latter aiming for fuel and chemical production from biomass feedstock via 
integration of diverse conversion technologies (Brehmer et al., 2009; Cherubini, 2010).  

Since one of the limitations of traditional AD applied to waste treatment is the low methane 
content, higher operational pressures constitute a suitable alternative to increase it, due to the 
large differences in solubility between biogas constituents. Considering Henry’s law 

�𝐶𝐶𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔� = 𝐾𝐾𝐾𝐾𝐻𝐻𝐻𝐻 ∗ 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔     (1-1) 

which describes partitioning in the gas and liquid phase depending on partial pressures, CH4 is 
less soluble (kH= 0.0014 mol L-1 bar-1) than ionizable gases such as CO2 (kH= 0.033 mol L-1 

bar-1), H2S (kH= 0.100 mol L-1 bar-1) and NH3 (kH= 59 mol L-1 bar-1) (Sander, 2015) at a 
temperature of 25°C. Thus, subsequent to a pressure increase, CH4 will predominantly remain 
in the gas phase, whereas the other ionizable gases will increasingly dissolve in the liquid. The 
pressure can be externally supplied or autogenerated due to the microbial activity in digesters 
equipped with a pressure valve for biogas release. Autogenerative High-Pressure Digestion 
(AHPD) is a novel concept proposed by Lindeboom et al. (2011) to improve the CH4 content 
(>90%) and biogas pressure, in-situ, in a single step, avoiding costly post-treatment operations.  

A limitedly studied outcome of AHPD concerns the increased levels of dissolved CO2 and its 
effects on the overall performance of the high-pressure system beyond accumulating acidity 
(Lindeboom et al., 2013a). Limited attention has been paid to its possible impact on metabolic 
conversion routes, degradation rates and microbial community dynamics. Increased 
accumulation of short and medium-chain fatty acids such as propionate and valerate has been 
observed in high-pressure AD studies. Acid accumulation in the investigations by Lindeboom 
et al. (2013a, 2016) was attributed, to a certain extent, to accumulating partial pressure of CO2 
(pCO2) in the pressure reactor and increased cation requirement to achieve CO2 sequestration. 
In the case of Lemmer et al. (2017), acid accumulation was reported but not explicitly 
addressed. Hence, it is evident that mechanistic explanations are lacking for the proposed 
inhibitory effects of increasing dissolved CO2 due to elevated headspace pressure in the reactor.  

Furthermore, resulting changes in the microbial community dynamics, pathways up-or down-
regulation, possible pressure-induced alterations of the enzymatic activity and 
inhibitory/stimulatory thresholds for the activity of open cultures have not been adequately 
addressed in pressurized AD. Hence, a comprehensive mechanistic explanation for 
carboxylates accumulation at high pressure is required if further process exploitation is 
intended. New studies focusing on the effect of elevated pCO2 in pressurized AD or 
fermentation could reveal how this parameter could be used to influence process selectivity. 
Either alone or intertwined with other operational conditions, e.g., substrate type, the substrate 
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to biomass ratio and additional electron donors, elevated pCO2 could allow operational steering 
between biogas and carboxylates production in the same reactor.  

 

 

Hydrostatic pressure (HP) exerts unique effects on essential properties of biological systems 
such as cell structure and physiology, physical and chemical properties of the surrounding 
environment, and metabolic activity (Aertsen et al., 2009; Dong and Jiang, 2016; Qiao et al., 
2016). Traditionally, high-pressure treatment (250-700 MPa) has been used in food processing 
for microbial inactivation of food-borne pathogens or enzyme stabilization as an alternative to 
thermal processing (Bertucco and Spilimbergo, 2001; Patterson and Linton, 2008). However, 
the potential of sub-lethal pressure levels (< 50 MPa) to trigger specific physiologic and 
metabolic responses that could be of interest for applications in environmental biotechnology 
has not been sufficiently exploited (Ferreira et al., 2019; Mota et al., 2018, 2017). 

Moderate HP has been evaluated to optimize fermentation and biopolymer production. As 
some of the main advantages, results have shown modifications in the product spectrum 
(Bothun et al., 2004), faster fermentation rates in ethanol fermentation (Picard et al., 2007) and 
higher polymer content with adjusted density and composition in biopolymer production (Mota 
et al., 2019). Concomitantly, drawbacks such as a lowered catabolic conversion capacity and 
biomass growth (Iwahashi et al., 2005; Molina-Höppner et al., 2003; Mota et al., 2015; 
Tholosan et al., 1999), as well as increased maintenance requirements (Mota et al., 2018; 
Wemekamp-Kamphuis et al., 2002) also have been identified, but without detailed mechanistic 
explanations for their occurrence. Overall, HP-operation bottlenecks will depend upon the 
specific response of the involved microorganisms to pressure, i.e., piezotolerance (Bothun et 
al., 2004).  

Piezotolerance is the ability to grow when exposed to elevated HP. It is widely spread from 
subsurface ecosystems such as the deep sea (Canganella and Wiegel, 2011; Tamburini et al., 
2013) to shallow surface waters and coastal sediments (Jebbar et al., 2015; Marietou and 
Bartlett, 2014; Vossmeyer et al., 2012). Piezotolerance has also been evidenced in industrial 
strains, namely Lactobacillus and Clostridium spp. (Pavlovic et al., 2008; Vanlint et al., 2011). 
Considering the pressure levels where microorganisms could have an optimal growth rate, they 
can be classified as piezophilic (>50 MPa), piezo-tolerant (up to 50 MPa) and piezo-sensitive 
(low pressures). If piezotolerant organisms are exposed to a continuous high-pressure 
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environment, they could develop adaptations to these conditions and grow at an optimum rate 
through modifications in their enzymatic complexes (Abe and Horikoshi, 2001; Mota et al., 
2017). Moreover, previous exposure to sources of environmental stress could also trigger 
piezotolerance to a different extent, depending on the nature of the interaction among stressors, 
namely high/low temperature, pH and high salinity (Aertsen et al., 2009).  

 

Cross-resistance results from pre-incubation under other environmental stress conditions, e.g., 
temperature variation, non-neutral pH, and salinity extremes (Abe, 2007). In natural habitats, 
cross-resistance develops from the exposure to local-scale environmental gradients occurring 
due to tidal, seasonal and depth variations (Johnson et al., 2009; Tholosan et al., 1999). There 
is increasing evidence that microbial piezotolerance is related to halotolerance and 
thermotolerance (Booker et al., 2019; Harrison et al., 2013). Halotolerance adaptations at the 
cell level (Figure 1-1) are interlinked with piezotolerance (Booker et al., 2019, 2017). Among 
adaptations relevant to survival under elevated pressure, membrane configuration and 
composition, synthesis of compatible solutes (Martin et al., 2002; Oren, 2011), cytoplasmatic 
accumulation of salts (Kish et al., 2012), changes in the central carbon metabolism and 
production of extracellular polymeric substances (EPS) have been described in literature. 
Particularly, microbial biofilms have been highlighted as the “protective clothing” allowing 
microorganisms to thrive in microbiomes from extreme environments (Yin et al., 2019).  

Concerning temperature, cold exposure decreases the cell membrane fluidity and alters its lipid 
composition (Macdonald, 1984), which is an analogous effect to HP exposure. Conversely, 
high temperature increases fluidity; hence it might counteract the effects of high HP on the 
membrane (Fichtel et al., 2015; Winter and Jeworrek, 2009). Thermal stress triggers the 
synthesis of heat and cold shock proteins, which is also upregulated in the stress response under 
HP (Wemekamp-Kamphuis et al., 2002). The growth rate of non-adapted microorganisms can 
be affected by high HP and low temperature due to physiological and kinetic constraints 
(Jebbar et al., 2015). However, previous work shows that declining growth rates in Halomonas 
spp. after exposure to 0.1-35 MPa at 2°C improved when the medium total salt concentration 
was adjusted to 11% because of antagonistic effects of osmotic stress and HP in protein 
production and spatial configuration of the membrane (Kaye and Baross, 2004). 

Microorganisms from ecosystems with limited substrate availability, such as marine sediments 
(Chapter 3), are already adapted to survive with limited energy at low growth rates (Lipson, 
2015). In these natural habitats, microorganisms allocate higher energy for maintenance 
purposes compared to reactor-adapted microorganisms, which could be a strategy that allow 
them to thrive under several environmental stress conditions (Bonk et al., 2019).  
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Supercritical CO2, whose critical point occurs at 31.1 °C and 7.38 MPa, has been used in the 
food industry because of the inactivation effect on microorganisms and enzymes associated 
with food spoilage (Manzocco et al., 2017). In particular, bacteriostatic effects of high pCO2 
applied for sterilization occur at 4-30 MPa and 20-50°C. The bacteriostatic action leads to 
cytoplasm acidification, cell rupture, and the inactivation of key enzymes and transport proteins 
(Manzocco et al., 2017; Spilimbergo and Bertucco, 2003; Yu and Chen, 2019). Even though 
the technology is widely used, the exact mechanisms for the inactivation are not entirely 
elucidated. 

The effects of elevated pCO2 at the cell viability level can be attributed to the detrimental effect 
of increased H2CO3* concentrations on cell membrane permeability. Leakage of internal 
components, structural modifications, and internal acidification are part of the explanatory 
mechanisms (Garcia-Gonzalez et al., 2010; Wu et al., 2007). In bioreactors with a pressurized 
headspace, the effects of elevated pCO2 differ from inert gases, such as N2, which do not 
severely compromise cell viability (Wu et al., 2007). Considerably higher pressures of N2 are 
required to achieve the same inactivation levels as with elevated pCO2 (Aertsen et al., 2009).  

The detrimental effects of increased dissolved CO2 concentrations on cell membranes depend 
on localized conditions. Some microbial species have acid tolerance mechanisms involving 
enzymatic systems carrying out neutralization reactions, proton pumps and modifications in 
the cell membrane (Guan and Liu, 2020). Consequently, they can counteract ramping H+ 
concentrations due to H2CO3

* intracellular dissociation. Some authors observed during 
sterilization experiments that a reduction in water activity in the liquid medium decreases CO2 
dissolution, thus diminishing its intracellular diffusion (Chen et al., 2017; Kumagai et al., 
1997). In other cases, microorganisms induce the synthesis of compounds acting as compatible 
solutes, such as glutamate, which help tackle changes in osmolarity and CO2 toxicity (Oger 
and Jebbar, 2010; Park et al., 2020). Additionally, the presence of fats in the medium affects 
the porosity and structure of the cell wall or membranes, thus limiting CO2 penetration (Lin et 
al., 1994).   

The impact of “moderate” pCO2 from 0.1 up to 10 bar is less comprehensively described in the 
literature and is mainly attributed to a decreased intracellular pH (Watanabe et al., 2007). 
However, pH reduction by itself does not explain reduced microbial activity, as shown in the 
case of denitrifying bacteria after exposure to dissolved CO2 concentrations up to 30 000 ppm 
(Wan et al., 2016). Here, the authors provided experimental evidence that elevated pCO2 caused 
direct inhibition of the carbon metabolism, electron transport chain, enzymatic activity and 
substrate consumption. Furthermore, these effects occurred at the expense of providing an 
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increased buffer concentration to prevent a pH drop, evidencing that pH effects are only one 
aspect of the inhibitory mechanism of moderate pCO2 (Wan et al., 2018, 2016). 

 

Figure 1-1: Scheme summarizing the effects of high hydrostatic pressure (HHP), osmotic stress and temperature 
at the cell, community, and process level. Effects are colour-coded and distributed according to target: cell 
structure (orange), metabolism (purple), kinetics and bioenergetics (green), ecology (blue) and process 
performance (yellow).    

 

 

High HP pressure effects on enzymatic activity have not been extensively described as in the 
case of other operational parameters such as temperature (Coquelle et al., 2007) and pH (C. Li 
et al., 2018). However, high HP (<200 MPa) affects chemical equilibria and reaction feasibility, 
depending on the partial molar volumes of products and reactants, as described by the Eyring 
equation (1-2), where K is the equilibrium reaction constant (h-1), R is the universal gas constant 
(8.314 m3 Pa K-1 mol-1), T represents the temperature (K) and ΔV≠ is the activation volume (cm3 
mol-1) (Eyring, 1935; Martinez-Monteagudo and Saldaña, 2014). 
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In consequence, positive activation volumes are inhibited by HP, whereas reactions with 
negative volumes are enhanced (Bruins et al., 2006; Low and Somero, 1975). Furthermore, 
depending on the nature of the enzyme, limited, stabilized, or even enhanced activity can result 
from exposure to high HP, as in the case of some hydrolases, transferases and oxidoreductases 
(Eisenmenger and Reyes-De-Corcuera, 2009).  

High-pressure CO2 exerts a specific influence on physicochemical properties of enzymes, e.g., 
the secondary structure, and decreases activity due to lowered intracellular pH (Ishikawa et al., 
1996; Manzocco et al., 2016). Further, increasing the availability of intracellular CO2 
inactivates specific critical enzymes involved in glycolysis, transport of amino acids and ions, 
and proton translocation due to structural modification and effects on internal electrostatic 
forces (Dixon and Kell, 1989; Hong and Pyun, 1999). Ultimately, the exposure to supercritical 
levels of CO2 could lead to enzyme inactivation as a result of irreversible intracellular pH drop 
(Chen et al., 1992). On the other hand, the enzymatic activity could be upregulated or 
downregulated due to the internal availability of CO2. In the case of PEP carboxykinase (Song 
et al., 2007), pyruvate carboxylase (Boock et al., 2019; Parizzi et al., 2012), which are 
important enzymes for glycolysis and the TCA cycle, incrementing CO2 availability in a non-
biocidal range correlates with enhanced activity. Conversely, the decreased activity because of 
exposure to high pCO2 is still not clearly understood. It has been suggested that the release of 
intracellular components, due to cell membrane disruptions, contributed to explaining the 
lowered in-vivo activity of enzymes, such as alkaline phosphatase and ATPase (Bertoloni et 
al., 2006) on top of the acidification effect, due to lowered pH. 

 

At the community level, significant changes in structure have been observed when both low 
temperature and high HP (4˚C, 22 MPa) have been applied to mesophilic oil-degrading marine 
sediments (Figure 1-1) (Fasca et al., 2018). Other studies reported that during simultaneous 
application of high HP and temperature, e.g., in marine sediment degrading hydrocarbons at 
30 MPa and 5 or 20°C, temperature has a more pronounced modifier effect on the structure and 
taxonomic diversity than pressure (Perez Calderon et al., 2019). In studies on the degradation 
of organic matter in sinking marine particles, incubation under increasing HP (0.1 to 40 MPa) 
at 13˚C has shown to decrease the absolute abundance of archaea, generating a community 
predominantly dominated by bacteria (90%) of the phylum Gammaproteobacteria (Tamburini 
et al., 2009b). However, other studies have reported roughly equivalent relative abundances of 
archaea and bacteria in warmer and more oligotrophic environments and, in particular, have 
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identified a sustained abundance of phyla Euryarchaeota (≈10%), which includes 
methanogenic microorganisms (Tamburini et al., 2009a). Bacterial phyla such as 
Proteobacteria, Bacteroidetes, Actinobacteria and Firmicutes became predominant when 
samples from coastal sediments and surface marine water were incubated at high HP (Marietou 
and Bartlett, 2014; Perez Calderon et al., 2019).  

Elevated pCO2 has also shown effects at the ecological level in anaerobic microbial 
communities. The overall response to high CO2 concentrations, in terms of structure and 
taxonomic diversity, included a decrease in richness and lowered diversity, dependent on the 
actual prevailing pH (Fazi et al., 2019; Gulliver et al., 2014). Moreover, shifts in predominant 
bacterial and archaeal groups, e.g., acetogens and hydrogenotrophic methanogens, have been 
observed since CO2 is a reactant in these biochemical reactions; therefore, it could selectively 
enhance metabolic pathways fixing CO2 (Gulliver et al., 2014; Yu and Chen, 2019). However, 
recent studies have pointed out that microbial community dynamics is not an isolated effect of 
exposure to elevated pCO2, but results from its interaction with other operational conditions, 
in particular the absence or presence of additional electron donors, which strongly modifies 
microbial community structure and functionality (Baleeiro et al., 2021; Hu et al., 2010). Thus, 
it is foreseen that the elevated pCO2 under varying operational conditions may influence 
metabolic activity, community structure and, likely, the overall process performance. 

 

 

After the disintegration and enzymatic dissolution of complex organic matter, four stages 
within the AD process can be identified: a) hydrolysis of complex substrates; b) acidogenesis 
of hydrolysis products into carboxylates, alcohols, hydrogen and CO2; c) acetogenesis, 
characterized by the production of acetate, H2 and CO2 from acidogenic compounds and d) 
methanogenesis, by which the acetogenic products are converted into methane (CH4) by 
aceticlastic or hydrogenotrophic methanogenic archaea (Figure 1-2). CO2 is produced and 
consumed in different stages of the AD process, owing to its multiple roles in the various 
biochemical pathways. Hence, it is anticipated that CO2 availability should play an important 
role in AD biochemistry (Xu et al., 2021). In particular, increasing CO2 concentrations could 
stimulate the selection of CO2 fixation traits in the microbial community (Lemaire et al., 2020) 
and concomitantly improve the reaction feasibility of biochemical reactions capturing CO2 
(Figure 1-3A).  
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Figure 1-2: Schematic overview of the anaerobic digestion (AD) process. Biochemical reactions where CO2 is 
produced or consumed are indicated with coloured arrows. Figure adapted from Lindeboom (2014).  

 

If enough reducing equivalents are present, the main mechanisms likely enabling CO2 fixation 
in AD systems correspond to, e.g., the Wolfe cycle for hydrogenotrophic methanogenesis 
(Rouviere and Wolfe, 1988; Thauer, 2012). In this cycle, CO2 reduction is carried out by 
archaeal orders such as Methanobacteriales, Methanococcales, Methanocellales and 
Methanomicrobiales (Conrad, 2020; Mand and Metcalf, 2019). CO2 can also be fixed via the 
Wood-Ljungdahl pathway (WLP) for homoacetogenesis (Demirel and Scherer, 2008; Ragsdale 
and Pierce, 2008), carried out by acetogenic bacteria such as Acetobacterium and Clostridium 
spp. (Xu et al., 2021). Another process to consider is the coupling of glycolysis and WLP in 
acetogenic mixotrophy (Fast et al., 2015; Jones et al., 2016; Maru et al., 2018). Here, 
heterotrophic and autotrophic metabolism co-occur because external CO2 can be fixed into 
acetyl-CoA and eventually converted into acetate due to the availability of reducing equivalents 
from heterotrophic carbohydrate conversion. Acetate can be further converted via chain 
elongation if lactate or ethanol are present (Angenent et al., 2016; Coma et al., 2016) or taken 
up by acetotrophic methanogens. Depending on the established microbial community and 
provided substrate, bio-succinate production could also enable CO2 fixation to some extent 
(Ferreira et al., 2020; Lindeboom et al., 2014).  
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Figure 1-3: Impact of elevated partial pressure of A) carbon dioxide (pCO2) and B) hydrogen (pH2) on the Gibbs 
free energy change (ΔGcat

1) of selected biochemical reactions in anaerobic digestion, calculated at pH=7.5. 
Abbreviations: Syntrophic Acetate Oxidation (SAO), Pyruvate (Pyr). 

 

Recent studies concerning “CO2 enrichment” of digesters have shown that while accompanied 
by stoichiometric H2 provision (4:1 H2:CO2) or formate, CH4 production is enhanced due to 
promoted hydrogenotrophic methanogenesis (Xu et al., 2019; Zabranska and Pokorna, 2018). 
As well, if the ratio of electron donor - CO2 differs (e.g., 2:1) and in turn modifies the 
composition of the microbial community, exogenous CO2 could be indirectly converted to CH4 
via homoacetogenesis coupled to aceticlastic methanogenesis (Bajón Fernández et al., 2019; 
Pan et al., 2021). This mechanism has been proposed to explain the increased CH4 production 
after CO2 direct injection in a) single-phase laboratory digesters and b) pilot-scale digester 
treating food waste. These systems exhibited higher specific methane production (SMPR – m3 
CH4 kg VSfed

-1 d-1) than controls without direct CO2 injection (Bajón Fernández et al., 2015, 
2014), with reducing equivalents for CO2 reduction most likely coming from enhanced H2 
production from food waste fermentation.  

High H2 yields have been reported when food waste is used as substrate in fermentative 
hydrogen production at pH values between 5.0-6.3 (Ghimire et al., 2015; Han and Shin, 2004) 
and also at increasing organic loading rate (OLR) of easily degradable substrates, such as 
carbohydrates in food waste (Kraemer and Bagley, 2007). H2 production occurs via proton 
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reduction with the electron carrier ferredoxin (Fdred), a reaction that is thermodynamically 
enhanced by low pH (Lee and Rittmann, 2009). CO2 dissolution, in the absence of additional 
buffering capacity, will cause a pH drop due to the formation of H2CO3*. Thus, a pH drop may 
have enhanced acidogenesis from food waste, particularly of butyrate and acetate, whose 
presence correlates with high H2 yields at low pH (H. S. Lee et al., 2008). In turn, high H2 
concentrations could promote the presence of homoacetogens, characterized by higher 
threshold concentrations than hydrogenotrophic methanogens (350-700 nM vs 30-75 nM) 
(Cord-Ruwisch et al., 1988). Moreover, a liquid phase enriched with CO2, where its biocidal 
effects are evident in the absence of community priming, i.e., adaptation to extreme conditions 
(Rillig et al., 2015; Sarvenoei et al., 2018), could have led to enhanced availability of additional 
electron donor from increased cell lysis. Homoacetogenesis + aceticlastic methanogenesis 
could be seen as a suitable alternative for CH4 production under conditions of elevated pCO2 
when modification of process conditions (low pH, high OLR) impact the intrinsic formation of 
reducing equivalents and ultimately pH2, as recently reported by (Muntau et al., 2021) in 
continuous digesters subjected to CO2 enrichment.  

Increased CO2 concentrations in poorly buffered systems could further lower the pH than an 
eventual drop associated with carboxylates production. CO2 and its distribution towards 
different species in solution (H2CO3*, HCO3

- and CO3
2-) modify the carbonate equilibrium and 

concomitantly the pH of the AD reactor. Fluctuations in operational pH could negatively 
impact microbial physiology and enzymatic activity (Merkel and Krauth, 1999). Methanogenic 
archaea have an optimal level of performance at pH between 6.8-7.4 (Mao et al., 2015); thus, 
they are susceptible to pH variations outside of this range. At high CO2 levels, without 
increasing the acid-neutralizing capacity (ANC) of the system, an indirect, pH-dependant shift 
in product spectrum from CH4 towards carboxylates has been observed (Lindeboom et al., 
2016). If pH continues to drop, eventually, H2 could become a predominant product (Dareioti 
et al., 2014). On the other hand, if the system is buffered and circumneutral pH values are 
established, H2 production faces thermodynamic limitations (H. S. Lee et al., 2008). In that 
case, reducing equivalents from the fermentation could capture the extra available CO2 via 
homoacetogenesis (Zhou et al., 2017).  

 

Research on the impact of high pCO2 on AD is limited to observations relevant to oil reservoirs. 
Operational conditions of 50 bar pressure, 10% pCO2 and temperature of 55°C resulted in a 
shift from syntrophic acetate oxidation (SAO) to aceticlastic methanogenesis (Mayumi et al., 
2013). On the other hand, the usage of supercritical CO2, in a separate pre-treatment of 
lignocellulosic material denominated “CO2 explosion” (Park et al., 2001; Zheng et al., 1998), 
has shown to be beneficial for enzymatic hydrolysis. Increased yields of total reducing sugars 
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when employing, for example, agave and sugar cane bagasse (Benazzi et al., 2013; Navarro et 
al., 2021), corn stover (Van Walsum and Shi, 2004) and starch (Miyazawa and Funazukuri, 
2005), have been observed. However, moderate conditions in terms of total operational 
pressure and pCO2, at the mesophilic range, do not evidence enhancing effects for hydrolysis 
rates (Lindeboom et al., 2014).  

The particular effects of moderate pCO2 (<10 bar) in single-stage AD have not been thoroughly 
elucidated. The work of Hansson and Molin (1981) studied the effects of pCO2 until 1 bar in 
the overall AD process and concluded that there is an inhibitory effect of increased pCO2 in 
fermentative and acetogenic bacteria. Uncoupled acidogenesis and acetogenesis translated into 
slower glucose and propionate degradation rates. In the case of butyrate, whose catabolism 
does not produce CO2, degradation rates remained practically unchanged. These authors also 
established an inhibition effect on acetate utilization by methanogens at 1 bar pCO2, which 
reflected in a 20-30% reduction in the CH4 yield (Goran Hansson and Molin, 1981). 
Lindeboom et al. (2016) also observed a decline in the propionate oxidation rate at 5 bar pCO2. 
As part of the explanatory mechanism, an acidification process and reversible toxicity linked 
to carbamate formation were proposed. Both processes occur due to increased aqueous CO2 

concentration (H2CO3
*) resulting from enhanced CO2 dissolution in the liquid medium. 

Nonetheless, additional effects of elevated pCO2, e.g., on syntrophic conversions occurring in 
AD, may also be explained by more detailed analysis of bioenergetic, kinetic, and physiological 
effects, which have not been addressed in the current body of literature. 

 

The carboxylate platform proposes the use of methanogenic-arrested biomass1 for the 
conversion of low-value, carbon-rich feedstocks into a mixture of monocarboxylic acids, with 
carbon atoms varying from C1-C8 (Agler et al., 2011; Holtzapple et al., 2022; Holtzapple and 
Granda, 2009; Kleerebezem et al., 2015; Wu et al., 2021). The carboxylate mixture could 
subsequently undergo downstream processing with technologies such as nanofiltration, 
liquid/liquid extraction and anion exchange to directly recover the carboxylates (Agler et al., 
2011; Kleerebezem et al., 2015). Additionally, the carboxylate mixture could undergo a 
secondary fermentation to medium-chain fatty acids (Leng et al., 2017; Stamatopoulou et al., 
2020), alcohols or be used for electrosynthesis employing bio-electrochemical systems (Liu et 
al., 2017). 

Contrastingly to single-stage AD targeting biogas production, where the accumulation of 
intermediates such as propionate and butyrate is a symptom of reactor malfunctioning (L. Dong 

                                                 
1 Biomass with inhibited methanogenic consortium 
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et al., 2019), high carboxylate productivity and yield are intended in mixed culture 
fermentation. Some approaches proposed in the literature to favour carboxylates production 
rely on taking advantage of the dissimilarities between the bio-conversion rates of acidogenic, 
acetogenic and methanogenic microorganisms (Hickey and Switzenbaum, 1991). Hence, 
substrate overload (Amorim et al., 2018) and promoting disparities in the proportionality of 
syntrophic microorganisms by modifying operational conditions (Li et al., 2016; McMahon et 
al., 2004; Town and Dumonceaux, 2016) could be applied as selection pressures to favour 
carboxylate production.  

The bottlenecks that currently constrain the advancement and scale-up of the mixed culture 
fermentation process inside a biorefinery concept are associated with low productivity 
(expressed as mg kg broth-1 day-1), selectivity (composition of the product profile) as well as 
the costs and energy intensity for the downstream processing (Agler et al., 2011; Arslan et al., 
2016). On the other hand, promising alternatives for mixed culture fermentation rely on the 
operation under extreme conditions, e.g., salinity, high/low pH, elevated pressure with resilient 
microbial communities from highly fluctuating habitats (rumen, marine environments and the 
deep sea, oil wells, sediments) (Holtzapple et al., 2022).  

 

 

The trophic diversity and numerous interspecies interactions in anaerobic microbiomes enable 
the utilization of complex compounds as feedstock inside biorefinery applications (Agler et al., 
2011; Braz et al., 2019; Marshall et al., 2013). In this way, complete mineralization of the 
organic matter to CH4 and CO2 in AD or intermediate production of carboxylates under 
conditions of inhibited methanogenesis in mixed culture fermentation can be achieved.  

The intrinsic diversity of anaerobic communities is also a challenge for process selectivity, 
which fundamentally relies on modifying environmental conditions (Angenent and Wrenn, 
2008; Kleerebezem and van Loosdrecht, 2007; Rodríguez et al., 2006). Several parameters and 
process conditions, either alone or as part of designed operational strategies, have shown a 
steering effect in mixed culture fermentation (Arslan et al., 2016). Substrate characteristics 
such as concentration in the range of 5-40 g COD L-1 to avoid inhibition and achieve product 
yields between 10-60%, presence of digestible lignocellulosic biomass, and adequate C/N ratio 
play a significant role in carboxylates production rate and product spectrum. Moreover, a low 
concentration of long-chain fatty acids and moderate concentrations of typical cations and 
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transition metals could significantly affect product yield and productivity (Coma et al., 2016; 
Hoelzle et al., 2021; Holtzapple et al., 2022; Jankowska et al., 2017).  

Among conventionally manipulated operational parameters to influence the product profile, 
pH (Tamis et al., 2015; Temudo et al., 2007; Zoetemeyer et al., 1982) and temperature (M. Lee 
et al., 2008; Zhuo et al., 2012) can be mentioned. The hydrolysis rate is regulated by pH, with 
mildly acidic values favouring its rate (Jankowska et al., 2017). Depending on the nature of the 
substrate, carboxylates production can be favoured at pH values around 6.0 or more alkaline 
levels (9.5-10.0) in the case of municipal or solid food waste (Cheah et al., 2019). The product 
spectrum can also be strongly defined by pH and its influence on microbial community 
dynamics: higher butyrate fractions have been observed at pH lower than 5.5, whereas pH 
around 6.5 was associated with an elevated fraction in the case of propionate (Min et al., 2005). 
Temperature affects microbial growth, biochemical production rates, enzyme activity and 
affinity; however, a clear effect of temperature on the product spectrum is not evident when 
considering the current literature (Arslan et al., 2016; Holtzapple et al., 2022).  

On the other hand, reactor configuration and operation (Dai et al., 2017; Khan et al., 2016) 
could also influence carboxylates formation and product spectrum. Studies report that in-situ 
product removal enhanced product yield in batch mixed culture fermentation (De Sitter et al., 
2018). As well biomass retention via, e.g., anaerobic membrane bioreactors (AnMBR) and 
continuous operation (Fernando-Foncillas and Varrone, 2021) have shown a positive effect on 
carboxylates production (Wu et al., 2021). Increasing the organic loading rate (OLR) under a 
threshold value that prevents instabilities due to system overload has also been reported as a 
possible modifier of productivity and product profile (Jiang et al., 2013; Lim et al., 2008). 
Literature also suggests that headspace composition can alter product spectrum due to the gas 
partial pressure (e.g., pCO2, pH2) effects on metabolic pathways (Arslan et al., 2013, 2012; 
Darvekar et al., 2019; De Kok et al., 2013). Despite the changes mentioned above in process 
parameters and operational conditions, strategies for steering toward carboxylates production 
in high-pressure mixed culture fermentation are lacking (Lindeboom et al., 2011). In such an 
operational strategy, partial pressures of biogas components, e.g., CO2, may play a prominent 
role in product selectivity and pathway steering (Arslan et al., 2012; Bothun et al., 2004; 
Lindeboom et al., 2016).  

CO2 availability can steer fermentation pathways because of a tuning effect in the activity of 
enzymes carrying out carboxylation and decarboxylation reactions. Among those enzymes, 
PEP carboxykinase, pyruvate carboxylase, and oxaloacetate decarboxylase can be mentioned 
(Amulya and Mohan, 2019; Sawers and Clark, 2004; Song et al., 2007). Reactions for carbon 
fixation and release are highly relevant for the anaerobic breakdown of substrates that share 
most of the glycolytic pathway, such as glucose and glycerol (Saint-Amans et al., 2001) (Figure 
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1-4). In this pathway, the carbon and electrons distribution towards the reductive or the 
oxidative branch occurs at the phosphoenolpyruvate (PEP) - pyruvate - oxaloacetate (OAA) 
node. This allocation occurs in response to cultivation conditions and encompasses CO2 
fixation and release (Sauer and Eikmanns, 2005). Concomitant to elevated pCO2, the type of 
substrate and OLR could be highly determinant of the product spectrum, biomass yields and 
selected microbial community in the anaerobic bioconversion.  

 

Figure 1-4: Simplified pathway representation for the anaerobic conversion of glucose and glycerol in undefined 
mixed cultures. As a generalization, reducing equivalents are represented as H2. PEP- Phosphoenolpyruvate. 
Figure adapted from (Agler et al., 2011; Ammar et al., 2014; Zhu et al., 2009).      

 

 

The AD process relies on syntrophy to overcome thermodynamic limitations for converting 
intermediate compounds, such as propionate and butyrate, with clear relevance for the scope 
of this thesis. The accumulation of these intermediates correlates with reactor disturbance due 
to increased organic loading rate, pH changes, and unpaired acidogenesis and methanogenesis 
(Henze, 2008). Since these conversions operate close to the thermodynamic equilibrium, subtle 
variations in substrate/product concentrations and environmental conditions can modify the 
actual Gibbs free energy change ( 1

RG∆ ) of a specific pathway (Heijnen and Kleerebezem, 

2010). A detailed bioenergetics analysis under real operational conditions in digesters and 
fermenters, as the one carried out in this research (Chapters 2 and 3), constitutes a valuable 
predictive and explanatory tool inside strategies aiming to steer product formation and prevent 
process instabilities (González-Cabaleiro et al., 2013; Xiao et al., 2020). On the one hand, 
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under the premise that microbial metabolism will proceed towards the pathway that maximizes 
energy harvest, bioenergetic analysis could explain pathway dominance at a particular set of 
environmental conditions (González-Cabaleiro et al., 2015). On the other hand, since the 
feasibility of the biochemical reactions is subjected to thermodynamic constraints, fluctuating 
operational conditions can exacerbate those limitations (Oren, 2011) and the abundance and 
interactions of syntrophic partners.   

Inhibition of syntrophic interactions has been mostly attributed to the high partial pressure of 
hydrogen (pH2). Values lower than 2.6 and 74 Pa of pH2 are required for syntrophic oxidation 
of propionate and butyrate to overcome the thermodynamic barrier of -20 kJ mol-1, respectively 
(Zabranska and Pokorna, 2018). This value is considered the smallest energy quantum required 
to sustain life (Kleerebezem and Stams, 2000; Leng et al., 2018; Schink, 1997). However, as 
seen in Figure 1-3A, increasing pCO2 levels might also redefine reaction feasibility. Studies 
performing bioenergetic simulations of methanogenesis occurring in subsurface environments 
destined for geological carbon storage (Jin and Kirk, 2016) have shown different outcomes on 
the 1

RG∆  of intermediate reactions due to elevated CO2. The energetic feasibility of substrate 

oxidation and aceticlastic methanogenic conversions decreased, whereas the contrary occurred 
for hydrogenotrophic methanogenesis (Jin and Kirk, 2016; Kirk, 2011). 

Bioprocess operation under environmental stress conditions, such as elevated pressure, could 
increase the energy requirements for maintenance (mG) due to the activation of stress response 
mechanisms such as the synthesis of cold and shock proteins and EPS production (Danevčič 
and Stopar, 2011; Gustafsson et al., 1993). Moreover, since anaerobic process are characterized 
by limited energy availability, an increase in mG due to moderate stress conditions could push 
for a decoupling between catabolism and anabolism to satisfy increasing maintenance 
requirements at the expense of biomass synthesis.  

Due to an apparent thermodynamic control exerted by pCO2, specific bacterial metabolisms 
may be promoted or inhibited, supporting a potential steering role of elevated CO2 in AD (Jin 
and Bethke, 2007). Lindeboom et al. (2016) indicated a negligible effect of elevated pCO2 (5 
bar) in the overall thermodynamics of syntrophic propionate oxidation. However, under 
simultaneously changing pCO2 and pH2, a new “niche” for reaction feasibility could develop. 
Under this particular set of conditions, the conversion of other intermediates such as butyrate 
and acetate may also be amended, highlighting the importance of bioenergetic analysis in 
anaerobic processes.  

A strong dependence on the thermodynamic feasibility of biochemical reactions and 
community structure in the AD or fermentation system can be speculated due to the importance 
of syntrophic interactions (Hao et al., 2016; Nobu et al., 2020). Hence, quantifying 
phylogenetic diversity could also help formulate mechanistic explanations and hypotheses 
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associated with pathway steering (Nakasaki et al., 2020; Treu et al., 2018). One of the most 
commonly used procedures for phylogenetic diversity quantification in anaerobic microbiomes 
is Next Generation Sequencing (NGS), with high-throughput techniques such as gene amplicon 
sequencing in the Illumina platform emerging as a popular and affordable choice in the field 
of environmental microbiology (Dumbrell et al., 2016; Vanwonterghem et al., 2014).  

The usage of NGS techniques has proven to be relevant in studies to evaluate the effects of 
environmental stressors on the community structure (De Vrieze et al., 2015b; Li et al., 2015; 
S. Wang et al., 2017; Ziganshin et al., 2013) and to elaborate hypotheses about microorganism 
associations in identified metabolic networks for anaerobic digesters and fermenters (B. Liu et 
al., 2020). However, despite its usefulness and increasing popularity, care should be taken with 
the outcome of the bioinformatics analysis associated with the amplicon sequencing data, since 
results reliability can be influenced by the choice of primers and the number of hypervariable 
regions selected for the analysis (Campanaro et al., 2018). Moreover, under the well-known 
premise in microbial ecology that “presence does not imply activity” (De Vrieze et al., 2016), 
conjectures about metabolic functionality in AD and mixed culture fermentation would remain 
highly speculative. Multivariate statistical tools that correlate environmental parameters and 
sequencing data give insight into the physiological potential but need further confirmation 
using complementary techniques such as metagenomics and proteomics (Regueiro et al., 2012; 
Vanwonterghem et al., 2014). These limitations and intrinsic biases limit the conclusions that 
can be withdrawn from these analyses to a set of general trends and further limit the 
comparability of different studies at the laboratory and full-scale operation.  

 

The composition of biogas under atmospheric conditions is majorly defined by the average 
carbon oxidation state in the converted substrate. In general terms, dealing with organic wastes, 
CH4 commonly corresponds to 50-70%, CO2 accounts for 30-50% and other gases such as 
NH3, H2S, and H2 are present in low concentrations (van Lier et al., 2020). The range of biogas 
applications can be widened and its economic value incremented when a higher “lower calorific 
value” (LCV) is achieved by removing CO2 and impurities. Hence, upgrading to biomethane, 
i.e., biogas with CH4 content >95% and an LCV of 36 MJ m-3 (Fu et al., 2021; IEA, 2020), is 
required and can be achieved by implementing several physicochemical and biological 
alternatives, with different commercial readiness and costs (Angelidaki et al., 2018; Fu et al., 
2021; Rotunno et al., 2017). Physicochemical upgrading includes processes such as physical 
absorption with water scrubbing systems or organic solvents (Bauer et al., 2013), chemical 
absorption using amine/aqueous alkaline salt solutions (Adnan et al., 2019), pressure swing 
adsorption (Augelletti et al., 2017) and separation using polymeric membranes (Díaz et al., 
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2015). These processes operate at moderate pressures between 3-10 bar, increase the CH4 
content to 96-99% and deliver upgraded biogas at pressures of around 1.3-10 bar, which are 
compatible with natural gas requirements (Angelidaki et al., 2018). Biological upgrading 
enhances hydrogenotrophic activity by increasing hydrogen availability at in-situ (Zhu et al., 
2020) or ex-situ conditions (Kougias et al., 2017).  

AHPD is also considered an in-situ biogas upgrading process. AHPD avoids external 
pressurization necessary for the physicochemical biogas upgrading process by letting the 
pressure build-up due to the increased concentration of gaseous end-products, originating from 
microbial activity, while operating a digester with a closed release valve (Lindeboom et al., 
2011). By this pressure increase, AHPD takes advantage of the differences in solubility 
predicted by Henry’s law among the main biogas components leading to a gas phase enriched 
in CH4 (See Background and problem analysis). Furthermore, if hydrogen is externally added 
as in biological biogas upgrading, the pressure built up in AHPD can increase the driving force 
for mass transfer (Díaz et al., 2020). Methane production can be further improved at elevated 
pressure due to enhanced H2 and CO2 transfer to the liquid being beneficial for 
hydrogenotrophic methanogenesis or homoacetogenesis coupled to aceticlastic 
methanogenesis.  

Moreover, operating bioreactors at high pressure might become a suitable alternative to steer 
product formation in mixed culture fermentation due to the modulatory effect of pressure on 
reaction rates depending upon activation volumes (Morild, 1981). In addition, pressure 
combined with other process conditions can trigger cross-resistance effects leading to increased 
microbial “fitness” under environmental stress conditions (Goel et al., 2012). Furthermore, by 
modifying the headspace composition and gas partial pressures, with associated kinetic and 
thermodynamic effects, pressure can have an effect on metabolic pathway regulation, allowing 
for increased selectivity in metabolite production (Arslan et al., 2012).  

A summary of recent and relevant studies concerning high-pressure AD (including particular 
applications for biogas upgrading) and high pressure mixed and single culture fermentation 
under anaerobic conditions is presented in Table 1-1 and Table 1-2. The selected body of 
literature reflects knowledge gaps in the application of high pressure to AD and mixed culture 
fermentation. Among them, a possible piezotolerance of microorganisms from genera 
frequently identified in anaerobic reactors has been limitedly addressed. This limits the 
conclusions that can be withdrawn from microbial community dynamics studies under high 
pressure. Moreover, hardware and setup configuration issues are usually not reported in detail 
in the materials and methods sections of the below mentioned studies, which limits the 
reproducibility of the high-pressure research. In terms of employed substrates, more research 
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is needed employing complex rather than well-defined substrates to address inhibition effects 
by the interaction of pressure with other inhibitory compounds.   

 

Table 1-1: Recent literature regarding the use of pressure technology to improve CH4 content in AD systems 

System Operational 
conditions 

Pressure Methane 
content 

Reference 

Fed-batch reactors with 
different working volumes 
(0.6, 1.7 and 13.5 L) 

T=30°C 
Substrate= 1-14 g COD 
L-1 

 

0.3-9.0 
MPa 

89-96% (Lindeboom et 
al., 2011) 

Fed-batch reactor for sodium 
acetate /acetic acid conversion  

T=30°C 
Substrate = 50 mM 
Buffered and non-
buffered system  
 

0.1-2.1 
MPa 

>80% (pH ~5-
6) 
>95% (pH~7) 

(Lindeboom et 
al., 2012) 

Fed-batch reactor treating 
VFA mixture (acetate, 
propionate, butyrate) 

T=30°C 
Substrate = 1-10 g 
COD  L-1 

 

0.1-2.0 
MPa 

>94% (Lindeboom et 
al., 2013a) 

Fed-batch reactor for glucose 
conversion + silicate minerals 
for CO2 sequestration  

T=30°C 
Substrate = 0-10 g 
COD- Glucose L-1 

 

0.1-1.0 
MPa 

75-88% (Lindeboom et 
al., 2013b) 

Fed-batch reactor for sodium 
acetate, glucose, and 
propionate conversion 

T=30°C 
 

0.1-2.0 
MPa 

75-86%  (Lindeboom et 
al., 2016) 

Three acidogenesis-leach-bed-
reactors and one pressure-
resistant anaerobic filter 

T=37°C 
OLR= 5.1 g COD  L-1 

d-1 
No pH adjustment 
(pH~ 6.5-7.2) 
 

0.1-0.9 
MPa 

66-75% (Chen et al., 
2014a) 

Six acidogenesis-leach-bed-
reactors and one pressurized 
anaerobic filter treating maize 
silage 

T=55°C 
OLR=5-17.5 g COD 
L-1 d-1 
No pH adjustment  
 

0.15-0.9 
MPa 

66-75% (Chen et al., 
2014b) 

Two-stage anaerobic digestion 
(leach-bed reactors (6) + 
pressurized anaerobic filter) 
treating maize silage or 
mixture grass+ maize silage 

T=55°C (leach bed) 
37°C (methane 
reactors) 
OLR= 5 g COD  L-1 

 d-1 
No pH adjustment 
 

0.1-0.9 
MPa 

87% (Lemmer et al., 
2015a) 

Two stage anaerobic digestion 
(leach-bed reactors (6) + 
pressurized anaerobic filter) + 
water scrubbing treating 
maize silage  

OLR= 5 g COD  L-1 d-1 

Recirculation ratio 5.9 
T=37°C 

0.1-0.9 
MPa 

75-87% (Lemmer et al., 
2015b) 

Batch reactors treating 
mixture grass + maize silage 

Substrate= 8.8 g COD 
L-1 
T=37°C 
 

1-3 MPa 22-39% 
(diluted 
because of N2 
in headspace) 

(Lemmer et al., 
2017) 
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Two-phase pressurized 
biofilm anaerobic reactor 

T=37°C 
OLR = 3.1 g COD L-1 
d-1 
No pH adjustment 
HRT= 7 days 
 

1.7 MPa 90.8% (Li et al., 2017) 

Two-stage system treating 
grass + maize silage 

T=55°C (leach bed) at 
atmospheric pressure 
and T=37°C (methane 
reactor) 
HRT= 4 days 
OLR= 4-4.5 g COD L-1 
d-1 
No pH adjustment 

1.0-5.0 
MPa 

79-91% (Merkle et al., 
2017b) 

Batch reactors treating 
hydrolysate mixture from 
maize silage + grass 

T=37°C 0.1-10 
MPa 

Specific 
methane yield 
(SMY) 230-244 
L kg-1 CODinput  

(Merkle et al., 
2017a) 

CSTR treating waste 
activated sludge  

HRT= 12 days 
T=37°C 
No pH control 

0.1-0.6 
MPa 

81% (Latif et al., 
2018) 

Two-stage system + micro-
filtration unit treating maize 
and grass silage   

T=37°C  
HRT=1.5 days 
No pH control 
OLR=4.5 kg m-3 day-1 

0.1-0.25 
MPa 

93% (Bär et al., 
2018) 

High alkalinity synthetic 
wastewater  

T=37°C 
Alkalinity between 
14.4-18.6 g L-1 as 
CaCO3 
Substrate = 5.6 to 11.2 
g COD in reactor as 
acetate or glucose 

≈0.1 MPa 88% vs 52.4% 
in atmopsheric 
control  

(Zhao et al., 
2020) 

CSTR (3L) treating food 
waste (FW) + H2 injection 

Substrate = 200 g COD 
L-1  
H2 injection= 0-0.25 L 
H2/g CODFW.fed 
T=37°C 
OLR= 2.7-3.1 g COD 
L-1 day-1 
No pH adjustment 

0.1-0.7 
MPa w/o 
H2 
injection 
0.5 MPa 
+ H2 
injection 

77% CH4 
 
 
 
>90% CH4 

(Kim et al., 
2021) 

Fed-batch thermophilic 
electromethanogenic system  

Inoculum from oilfield 
formation water  
Substrate= Sodium 
acetate (1.6 g L-1)  
T= 55°C 

5 MPa 
and 700 
mV 

91% CH4 (Kobayashi et 
al., 2017) 

Other applications 
 
Trickle-bed reactors for 
biomethanation  

H2:CO2 ratio= 4  
Retention time = 1.6-
9.8 h 

0.1-0.9 
MPa 

64-87% (Ullrich et al., 
2018) 

Semi-continuous reactor 
treating mixed sludge for 
direct biomethanation 
 

T=35°C 
H2 flow rate= 0.45-0.64 
NL Lrecirculation

-1 day-1 

0.2-0.3 
MPa 

69-93% (Díaz et al., 
2020) 
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Table 1-2: Relevant literature regarding the use of pressure technology to improve mixed and single culture 
anaerobic fermentation 

System Operational 
conditions 

Pressure Fermentation 
performance 
(productivity 
and product 
spectrum)  

Microbial 
community  

Reference  

Mixed culture fermentation  
 
Batch experiments 
in stainless steel 
CSTR to evaluate 
mixed culture 
homoacetogenesis 

T=25°C 
NaHCO3= 3.4 g 
L-1 as dissolved 
inorganic C-
source  
Initial pH=8.5 

pH2=0.1-2.5 
MPa (pH2 
hydrogen 
partial 
pressure) 

Highest 
concentration of 
total 
carboxylates 
(3.55 g L-1) at 
1.5 MPa 
 
Acetate at pH2       
≤ 1.5 MPa. 
Minor amounts 
of propionate 
and valerate at 
pH2 ≥1.5 MPa 
 

Dominance of 
Pseudomonadaceae 
and Clostridiaceae  

(Sivalingam 
et al., 2021) 

High-pressure 
syngas fermentation 
reactor combined 
with moving bed 
biofilm (MBB) 
carriers 

T= Ambient  
Agitation = 200 
rpm 

pH2=1.5 
MPa 

48 % 
enhancement in 
acetate synthesis 
rate (37.4 mmol 
L-1 day-1) at 1.5 
MPa + MBB 
reactor 

 (Sivalingam 
and 
Dinamarca, 
2021) 

Batch high pressure 
dark fermentation  

T= 37°C 
pH= 8.0 
Agitation = 100 
rpm  

pH2= 0.1-1 
MPa  

Total 
carboxylates 
concentration 
(3.5–3.7 g COD 
L-1) 
 
Lowest 
acetate/butyrate 
ratio (0.44-0.54) 
and highest 
lactate 
proportion (11-
24%) at pH2 = 
0.3-1 MPa 
 

Higher abundance 
of Lactococcus 
(20.1%), 
Enterococcus 
(18.3%), and 
Pediococcus 
(11.8%) and 
decreased 
abundance of 
Clostridium spp. 

(Lee et al., 
2018) 

Autogenerated high 
pressure anaerobic 
digestion  

T= 30°C 
Buffer= 150 
meq NaHCO3 
L−1 
Substrate= 
Glucose (14.4 g 
COD reactor-1) 

0.10-1.06 
MPa 
(autogenera-
ted) 
pCO2= 0.00-
0.5 MPa 

Propionate 
accumulation at 
0.50 MPa, 90% 
reduction in 
specific 
propionate 
conversion rate 
(from 30.3 to 
2.2 mg g-1 
VSadded day−1) 
 

Archaea: 
Methanosaeta 
concilii, 
Methanobacterium 
formicicum and 
Mtb. beijingense 
Bacteria: 
Kosmotoga-like 
(31%), 
Propioniferax-like 
(25%) and 
Treponema- like 
(12%)  

(Lindeboom 
et al., 2016) 
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Pure culture fermentation 
 
Stirred batch 
reactors inoculated 
with Clostridium 
ljungdahlii 

T= 37°C 
Substrate = 
glucose (5 g L-1) 
pH= 5.9 
 

0.1-0.7 MPa 
Gas mixture 
(53.3% vol 
H2 and 
26.7% vol 
CO2) 

4 g L−1 
of total products 
consisting of 
82.7 % formic 
acid, 15.6 % 
acetic acid, and 
1.7 % ethanol 

 (Oswald et 
al., 2018) 

Syngas fermentation 
Clostridium 
ljungdahlii 

T= 37°C 
pH= 5.9 
Agitation= 757 
rpm 

0.4-0.7 MPa  Acetate 
concentration 
decreased by 
85%.  
Formate as the 
main product of 
H2/CO2 
fermentation (2-
98 mmol L-1) 

 (Stoll et al., 
2018) 

Fed-batch glycerol 
fermentation with  
Citrobacter 
amalonaticus 

pH=7.0 
Substrate = 
Glycerol 

pCO2=0.06-
0.2 bar 

Succinate 
concentration of 
14.86 gL−1 was 
achieved, 
productivity of 
0.36 gL−1h−1 and 
yield of 52.10% 

 (Amulya et 
al., 2020) 

Glycerol/glucose 
batch fermentation 
with Lactobacillus 
reuteri  

T= 37°C 
 

0.1-25 MPa 1,3 propanediol 
titer increased 
15% relative to 
control 
at 0.1 MPa. 
Decreased 
production of 
ethanol and 
lactate 

 (Mota et al., 
2018) 

Batch tests with 
genetically modified 
Escherichia coli K12 

T= 37°C 
pH > 6.8 (8.0) 
Agitation= 500 
rpm 

0.1-1 MPa 
(H2:CO2 
mixture 1:1) 

Max. 0.5 mol 
formate L-1 and 
0.12 mmol 
formate mg-1 
total cell 
protein at 1 MPa 

 (Roger et al., 
2018) 

Batch fermentation 
with Clostridium sp. 

T= 37°C 
pH= 5.5 
Agitation= 500 
rpm 
Substrate= 
Glucose (60 g 
L-1) 

pH2=0.112 
MPa by H2 
recirculation  

Butanol 
concentration, 
productivity and 
yield of 21.1 g 
L-1, 1.25 g L-1 
h-1, and 0.8 mol 
butanol mol-1 
glucose 
(combined with 
butyric acid 
addition) 

 (Cheng et 
al., 2012) 

Lactic acid 
fermentation for 
yoghurt production  

T=43°C 
pH=8.9 
Reducing 
sugars=55 g L-1 

0.1-100 MPa Lactic acid 
concentration at 
5 MPa 2.5 g L-1 
after 600 min 
(comparable to 
0.1 MPa) 
Fermentation 
inhibition at 100 
MPa 

Streptococcus 
thermophilus, 
Lactobacillus 
bulgaricus, and 
Bifidobacterium 
lactis 

(Mota et al., 
2015) 
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Some remarks can be made from the studies presented in Table 1-1 and Table 1-2 regarding 
the impact of pressure on the bioconversion processes. Firstly, a clear effect of high pressure 
on conversion rates is not evident. For example, Lindeboom et al. (2013a) observed a reduction 
in maximum conversion rates for acetate, propionate, and butyrate at a final pressure of 20 bar. 
In the first instance, those effects were attributed to cation requirement (ratio Na+/K+) to keep 
pH stable and HCO3

- dissolved rather than to the accumulated pressure itself, end-product 
inhibition, or enhanced CO2 dissolution. Lemmer et al. (2017) stated that performing high-
pressure AD at 30 bar affected pH with a recorded reduction from 7.0 to 6.3. However, the 
pressure increment did not significantly influence organic degradation or CH4 yield despite the 
pH drop. Hence, more investigation is needed to elucidate how interactions between total 
operational pressure, pCO2, pH and substrate type/concentration can inhibit the overall AD or 
mixed culture fermentation processes.  

Secondly, the microbial community dynamics of high-pressure AD/ fermentation systems are 
not well understood. The response of the established community to synergistic interactions 
between pressure, pCO2 and other operational parameters has been limitedly explored. For 
example, the role of the archaeal genus Methanosaeta, consistently present in anaerobic 
digesters under high pressure and high acetate levels, needs to be revisited (Lindeboom et al., 
2016; Zhao et al., 2020). In anaerobic reactors operated at atmospheric conditions, a shift in 
the predominance of Methanosaeta to Methanosarcina has been observed under conditions of 
environmental stress and high acetate production (De Vrieze et al., 2012). However, 
Methanosaeta predominance at elevated pCO2 in high-pressure AD/fermentation systems may 
be explained by moderately increased acetate availability due to enhanced homoacetogenic 
activity and a particular syntrophic relation with aceticlastic methanogens that remains to be 
confirmed. Nonetheless, the “homoacetogenesis-aceticlastic methanogenesis” hypothesis is 
supported by reports from metagenomics analysis of sediments from deep seabed petroleum 
seeps (3 km water depth) where genes associated with the Wood−Ljungdahl pathway have 
shown high relative abundances (X. Dong et al., 2019). Furthermore, other studies suggest an 
increase in aceticlastic methanogenesis with ocean depth (Heuer et al., 2009).  

The stress-response at the microbial community level after perturbations, i.e., high pressure 
and elevated pCO2, needs to be researched to identify possibly detrimental effects in syntrophic 
interactions that could be correlated with shifts in the product spectrum (Shade et al., 2012). 
Microbial succession at the archaeal level also requires deeper investigation to find possible 
analogies with observations in AD under environmental stress (high TAN, low pH and high 
acetate concentrations). Under these conditions, a shift in the predominant archaeal genus from 
Methanosaeta toward Methanosarcina has been reported (De Vrieze et al., 2012). The effect 
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of high pressure as a selection parameter in AD/fermentation microbiomes needs to be further 
studied and possible cross-tolerance effects due to temperature, substrate, among others, need 
to be identified.  

During long-term operation of high-pressure AD systems, Lindeboom et al. (2013a) and 
Lemmer et al. (2017) observed accumulation of carboxylates (propionic, valeric acid). The 
mechanisms underlying this accumulation need to be further explored to establish if this 
observation can be explained by a) “reversible CO2 narcosis” of a part of the community or b) 
uncoupled acidogenesis – methanogenesis rates due to higher acid production but restrained 
consumption as a consequence of constrained syntrophy. If a cohabitation of the “biogas 
economy” and the “carboxylates economy” is envisioned, the selective production and 
accumulation of carboxylates, which could have been considered an “operational problem” in 
AD, may redeem itself into a “default operational advantage.”  

The role of designed operational strategies to steer product formation towards selective 
carboxylates production in emerging technologies, such as AHPD, has not been adequately 
addressed. Possible steering effects of headspace composition in AD could be magnified by 
applying elevated pressure (Lemmer et al., 2015a; Lindeboom et al., 2011). Moreover, 
inoculum selection and adaptation could play a significant role in these strategies. Previous 
studies have shown that the directional selection of microbial community through adaptive 
laboratory evolution (ALE) processes is highly effective in improving stress tolerance and 
selectively enhancing product formation by activating downregulated pathways (Dragosits and 
Mattanovich, 2013; Portnoy et al., 2011). In particular, ALE has shown to trigger the 
development of features such as acid resistance mechanisms (Kwon et al., 2011) and other 
physiological mechanisms to conserve cell membrane integrity. It needs to be corroborated if 
such insights could act as cross-protection mechanisms against stressful pCO2 levels and 
improve metabolic activity. Moreover, it would be interesting to assess if this “ecological 
specialization” in environmental stress conditions could be conserved in the long term in mixed 
culture communities as observed in single-species cultures (Cooper and Lenski, 2000; 
Dragosits and Mattanovich, 2013).   

 

This investigation aimed to expand the current knowledge regarding the role of elevated pCO2 
in high-pressure systems (AD and mixed culture fermentation) to unravel its potential as a 
steering parameter. The research project has been structured as follows:  

Chapter 2 presents a detailed thermodynamic and kinetic study describing the direct and 
indirect influence of elevated pCO2 in the syntrophic conversion of propionate and butyrate. 
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This analysis is complemented with experimental evidence from batch experiments under 
mesophilic conditions. An anaerobic inoculum from a membrane bioreactor (AnMBR) treating 
wastewater from the food and feed industry was selected for the experiments. This inoculum 
showed superior performance under elevated pressure than inocula from a UASB treating 
waste activated sludge from a municipal wastewater treatment plant in the Netherlands and 
another one treating the effluent from a sugar beet processing factory. 

Chapter 3 aims to provide experimental evidence to differentiate the effects of mild hydrostatic 
pressure (MHP) from the ones of elevated pCO2 studied in other chapters. Moreover, it deals 
with the importance of inoculum history and cross-tolerance effects associated with incubation 
temperature and intrinsic community halotolerance to improve carboxylate production under 
MHP.  

Chapter 4 describes the approach of adaptive laboratory evolution (ALE) adapted from pure 
culture to open culture microbiology to promote alternative and more robust metabolic 
pathways under environmental stress conditions. In particular, the ALE strategy was selected 
to show that limited propionate oxidation under conditions of elevated pCO2 can be overcome 
by selecting key and versatile microbial genera with better adaptations to environmental 
stressors.  

Chapter 5 builds upon knowledge gained in the previous chapter and changes the lens through 
which elevated pCO2 has been treated. Instead of ascribing effects only to the presence of 
elevated pCO2, the perspective was widened to include the analysis of how interaction effects 
with operational conditions such as the provision of mixed substrate, a high substrate to 
biomass ratio (S/X), and presence of external electron donor (formate), could contribute to 
steering product formation in high pressure mixed culture fermentation. Concomitantly, 
changes in the microbiome were monitored to propose further correlations between community 
structure and shifts in product spectrum.  

Finally, Chapter 6 highlights the main findings of this investigation and discusses them in an 
integrative manner to establish to what extent the knowledge regarding high-pressure AD and 
mixed culture fermentation has been expanded. It is envisioned that process development in 
high-pressure biotechnology could be carried out more comprehensively, bridging the gap 
between the microbiological component and process operation based on the main outcomes 
discussed throughout this document. Complementarily, some elaboration is made about the 
future perspectives of the emerging field of high-pressure biotechnology and the opportunities 
for enhancing carbon neutrality through anaerobic bioprocesses.  
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CHAPTER 2
EFFECTS OF INCREASED pCO2
ON SYNTROPHIC CONVERSIONS

This chapter is based on:

Ceron-Chafla, P., Kleerebezem, R., Rabaey, K., B. van Lier, J., & Lindeboom, R. E. F 
(2020). Direct and Indirect Effects of Increased CO2 Partial Pressure on the 
Bioenergetics of Syntrophic Propionate and Butyrate Conversion. Environmental 
Science & Technology, 54(19), 12583–12592. https://doi.org/10.1021/acs.est.0c02022



 

 

Simultaneous digestion and in-situ biogas upgrading in high-pressure 
bioreactors will result in elevated CO2 partial pressure (pCO2). With the 
concomitant increase in dissolved CO2, microbial conversion processes may be 
affected beyond the impact of increased acidity. Elevated pCO2 was reported to 
affect the kinetics and thermodynamics of biochemical conversions since CO2 
is an intermediate and end-product of the digestion process and modifies the 
carbonate equilibrium. Our results showed that increasing pCO2 from 0.3 to 8 
bar in lab-scale batch reactors decreased the maximum substrate utilization rate 
( maxsr ) for both syntrophic propionate and butyrate oxidation. These kinetic 
limitations are linked to an increased overall Gibbs free energy change                    
( OverallG∆ ) and a potential biochemical energy redistribution among syntrophic 
partners, which showed interdependence with hydrogen partial pressure (pH2). 
The bioenergetics analysis identified a moderate, direct impact of elevated 
pCO2 on propionate oxidation and a pH-mediated effect on butyrate oxidation. 
These constraints, combined with physiological limitations on growth exerted 
by increased acidity and inhibition due to higher concentrations of 
undissociated volatile fatty acids, help to explain the observed phenomena. 
Overall, this investigation sheds light on the role of elevated pCO2 in delicate 
biochemical syntrophic conversions by connecting kinetic, bioenergetic and 
physiological effects. 
 

Elevated CO2 partial pressure, syntrophic oxidation, high-pressure anaerobic 
digestion, Gibbs free energy, carbonate equilibrium  
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In this chapter the impact of elevated pCO2 on the kinetics and bioenergetics of the syntrophic 
conversion of propionate and butyrate was studied. It is hypothesized that an increase in the 
overall available Gibbs free energy for substrate conversion, due to increased pCO2, could 
provoke an unbalance in the energy share among syntrophic partners that might translate into 
kinetic limitations. A scenario analysis is proposed to understand the individual and combined 
effects of pCO2 and pH in the bioenergetics of syntrophic conversions. Furthermore, the 
relationship between bioenergetic and kinetic data is evaluated through a correlation analysis 
aiming to provide insight into the system's response to changing available energy. 

 

 

Five initial operational pCO2, i.e., 0.3, 1, 3, 5, 8 bar, were selected for the experimental 
treatments based on pH equilibrium calculations performed with the hydrogeochemical 
software PHREEQC (version 3, USGS). The application of an elevated buffer concentration of 
100mM as HCO3

- in the system, allowed to maintain circumneutral pH, despite the elevated 
pCO2. Batch experiments at 0.3 and 1 bar were carried out at atmospheric pressure in 250 mL 
Schott bottles sealed with rubber stoppers. In parallel, the elevated pressure experiments were 
performed in 200 mL stainless steel pressure-resistant reactors (Nantong Vasia, China). The 
experiments were conducted at a liquid: gas ratio of 1.5:1 and inoculum: substrate ratio of 2:1 
gCOD gVSS-1. The liquid medium consisted of macronutrient and micronutrient stock solution 
(6 mL L-1 and 0.6 mL L-1, respectively) prepared according to Lindeboom et al. (2011), plus 1 
g COD L-1 of the substrates propionate or butyrate.  

The headspace of bottles and reactors was replaced with N2 gas (>99%) to ensure anaerobic 
conditions after filling. Then, the bottles were flushed with the corresponding gas mixture: 
70:30% N2: CO2 for 0.3 bar pCO2 or >99% CO2 for 1 bar pCO2. Elevated pressure reactors 
were subjected to three consecutive pressurization-release cycles to ensure complete N2 
replacement by CO2 (>99%) at the intended pressure. Temperature and agitation speed were 
controlled using an incubator shaker (Innova® 44, Eppendorf, USA) set to 35±1°C and 110±10 
rpm. Pressure was online-monitored using digital sensors (B+B Thermo-Techniek, Germany) 
and a microcontroller (Arduino Uno©, Italy). The experiments had a fixed duration of 14 days.  
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Preliminary batch experiments of propionate anaerobic conversion under 1 bar pCO2 were 
conducted in triplicates using three mesophilic inocula collected from A) sludge digester 
treating excess sewage sludge, B) UASB reactor treating sugar beet wastewater and C) 
Anaerobic Membrane Bioreactor (AnMBR) treating food industry wastewater. The three 
inocula were characterized in terms of physicochemical parameters (Table 2-1). Anaerobic 
conversion of propionate was monitored for nine days for inocula A, B, C and the results are 
presented in Figure 2-1. Inoculum C showed the fastest propionate conversion. Inoculum B 
showed an unusually low level of activity and was discarded for additional testing. Propionate 
conversion by inoculum A seemed to be halted after two days of incubation, which hindered 
further assessment of conversion rates. The main differences between inoculum A and C, in 
terms of the physicochemical characteristics, were associated with the initial alkalinity as well 
as the NH4

+ concentration (Table 2-1). Bacterial and archaeal communities differed among 
inoculum A and C, with the latter showing a higher abundance of uncultured microorganisms 
and hydrogenotrophic methanogens (Figure 2-2). This preliminary data led to the selection of 
C as the working inoculum for further experiments. 

Table 2-1: Physicochemical characteristics of the three inocula initially selected for the study of propionate 
oxidation activity at pCO2=1 bar. SD=Standard Deviation. 

Parameter Inoculum 
A 

SD Inoculum 
B 

SD Inoculum 
C 

SD Units 

COD 34.63 0.19 38.99 2.33 22.22 0.52 g L-1 
sCOD 0.64 0.01 5.37 0.08 1.92 0.04 g L-1 
P 0.25 0.00 1.06 0.01 0.11 0.00 mg L-1 
N-total 1.93 0.03 2.08 0.08 ND ND mg L-1 
N-NH4+ 1.08 8.66 0.93 0.01 0.11 0.00 mg L-1 
Alkalinity 120.10 0.01 182.22 0.52 36.29 0.50 meq L-1 
VSS 21.47 0.02 30.42 0.15 13.62 0.01 g L-1 
TSS 28.88 0.06 57.42 0.60 15.87 0.07 g L-1 
VSS/TSS 74.35  52.97  85.80  % 
pH 7.10  7.25  7.30  - 
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Figure 2-1: Evolution of propionate concentration (mg L-1) for the experiments of anaerobic substrate oxidation 
under moderate pCO2 (1 bar) using three different inocula (A, B and C).  

 

 

Figure 2-2: Absolute abundance of different genera for bacteria and archaea. Samples E, F and G correspond to 
starting inoculum C. Samples J and K correspond to starting inoculum A. Samples L and W correspond to negative 
controls. 
 

 

Experiments were carried out in a triplicate incubation; however, due to the small working 
volume of the reactors (200 mL), a sampling strategy for liquid and gas samples was designed 
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that enabled us to account for replicate variability, minimizing disturbance of the batch 
incubations (Table 2-2). Headspace composition and volatile fatty acids (VFAs) were analyzed 
using gas chromatographs (7890A GC system, Agilent Technologies, US). In the first one, gas 
samples (5 mL) taken twice per week at atmospheric pressure were measured via a thermal 
conductivity detector and directed through an HP-PLOT Molesieve GC column (30m length x 
0.53mm inner diameter x 25μm film thickness). Helium was used as the carrier gas at a constant 
flow of 10 mL min-1. The oven and detector were operated at 45°C and 200°C, respectively. In 
the second one, VFAs were determined according to Ghasimi et al. (2016). Total and soluble 
COD, Total Suspended Solids (TSS), Volatile Suspended Solids (VSS) and pH were measured 
at the beginning and end of the experiment according to Standard Methods (American Public 
Health Association, 2017). 

Table 2-2: Sampling strategy for the triplicate incubation carried out for the experiments of syntrophic propionate 
and butyrate conversion under elevated pCO2. 

pCO2 

(bar) 
Propionate Butyrate 
Time 
(days) 

Replicate Liquid 
(1.5 mL) 

Gas 
(5 mL) 

Time 
(days) 

Replicate Liquid 
(1.5 mL) 

Gas 
(5 mL) 

0.3,  
1,  
3,  
5,  
8 

0,  
10,  
13 

1 x x 0,  
5,  
12 

1 x x 
2 x x 2 x x 
3 x x 3 x x 

Other 1 x  Other 1 x  
2  x 2  x 
3 - - 3 - - 

        

Biomass pellets stored at -80°C, were thawed and DNA was extracted according to the 
instructions included in the DNeasy Ultra- Clean Microbial kit (Qiagen, Germany). Quality 
and quantity of the obtained DNA were checked by means of Qubit 3.0 DNA detection (Qubit® 
dsDNA HS Assay Kit, Life Technologies, U.S).  

Library construction and sequencing were performed at the Roy J. Carver Biotechnology 
Center, University of Illinois at Urbana-Champaign. Their internal procedure summarizes as 
follows: Approximately 1ng of DNA was used for amplification with the bacterial 16S 
V3_F357_V4-R805 and archaeal 349F-806R primers in the Fluidigm Access Array. The 
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barcoded amplicons generated from each sample were harvested, transferred to a 96 well plate, 
quantified on a Qubit fluorometer (ThermoFisher, CA) and the average size of the amplicons 
was determined on a Fragment Analyzer (AATI, IA). All amplicons were pooled in equimolar 
concentration, size selected on a 2% agarose Ex-gel (Thermofisher) to remove primer dimers 
and extracted from the isolated gel slice with a Qiagen gel extraction kit (Qiagen). Cleaned size 
selected product was quantitated and run on a Fragment Analyzer again to confirm appropriate 
profile and for determination of average size. The pool was diluted to 5nM and further 
quantitated by qPCR on a CFX Connect Real-Time qPCR system (Biorad, Hercules, CA) for 
maximization of number of clusters in the flowcell.   

The pool was denatured and spiked with 20% non-indexed PhiX V3 control library provided 
by Illumina and loaded onto the MiSeq V2 flowcell at a concentration of 8 pM for cluster 
formation and sequencing. The PhiX control library provides a balanced genome for 
calculation of matrix, phasing and prephasing, which are essential for accurate base-calling. 
The libraries were sequenced from both ends of the molecules to a total read length of 250nt 
from each end. The run generated .bcl files which were converted into demultiplexed fastq files 
using bcl2fastq 2.20 (Illumina, CA). 
   

 

The modified Gompertz equation (Do et al., 2008) 

( )* 1

,
e

y
 
− − + 
 

=
r * esmax λ t

A

A* e      (2-1) 

where y  represents the substrate concentration (mg L-1), λ  the lag phase (day), maxsr  the 

maximum substrate utilization rate (mg L-1 day-1), A  the maximum substrate concentration 
(mg L-1) and t the time (days), was used to fit the data from the atmospheric and pressure 
experiments. The kinetic parameters were estimated using non-linear minimization methods 
from the package nlstools in R (v3. 6. 1) (2019). 
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1
RG∆ , the actual Gibbs free energy change for the reactions was calculated according to 

(Kleerebezem and Van Loosdrecht, 2010):    

  1 01

1
ln( ),

n
R

R R Si Si
i

G G RT Y a
=

∆ = ∆ + ∑     (2-2) 

where 01
RG∆  is the Gibbs free energy at pH 7 and 308.15 K, R the gas constant (8.31 J K-1  

mol-1), T the temperature in Kelvin, R
SiY  the stoichiometric coefficient of compound i and Sia  

the molar concentration of compound i. 01
RG∆  was corrected for temperature using the Gibbs-

Helmholtz equation (Kleerebezem and Van Loosdrecht, 2010). The values at standard 
conditions, 0

RG∆ , were taken from Heijnen and Kleerebezem (2010). 

 

The stoichiometry of the overall syntrophic reaction and the intermediate catabolic reactions is 
presented in Table 2-3. From the acetotrophic reactions, only aceticlastic methanogenesis 
(AcM) was included in the analysis since syntrophic acetate oxidation (SAO) was considered 
unlikely to occur under our experimental conditions and initial community composition (Figure 
2-2). The stoichiometric coefficients of AcM and hydrogenotrophic methanogenesis (HyM) 
for each substrate correspond to the balance of the formed species during the oxidation (Schink, 
1997). At the initially adjusted circumneutral pH, the dissolved inorganic carbon (DIC) 
corresponds to H2CO3

* and HCO3
-. H2CO3

* can be expressed in terms of pCO2 using Henry’s 
law with its proportionality constant (kH) corrected by temperature. The equations presented in 
Table 2-3 are deliberately written in terms of the H+ concentrations and pCO2 to illustrate the 
effect of these variables on the thermodynamic calculations.  

1
RG∆  for the reactions presented in Table 2-3 can be affected by pCO2, pH, or by a combined 

interaction. The nature of the effect will depend on the role of the parameter in the catabolic 
reaction, meaning it acts as a reagent, product, or is not directly involved. As well, the 
magnitude of the effect might be amplified due to an initially less negative 01

RG∆ . A scenario 

analysis was performed to understand the impact of changing pCO2 and pH on the 1
RG∆ of the 

overall and intermediate catabolic reactions. The resulting calculations, subsequently, were 
used to estimate the change in the potential biochemical energy share. A summary of input 
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parameters in each scenario (A, B and C) is presented in Table 2-4. The calculations were 
performed using a pH2 value of 1x10-5 bar, typical for ADs (Patón and Rodríguez, 2019) and 
at which syntrophic reactions become thermodynamically feasible (Schink, 1997).  

 

Table 2-3: Stoichiometry of the main sub-reactions related to syntrophic propionate and butyrate oxidation with 

their corresponding 01
RG∆  (kJ mol-1) calculated at biochemical standard conditions of temperature= 298.15 K, 

concentration of aqueous reactants= 1 mol L-1, pressure of gaseous reactants= 1 bar, and pH= 7. 

Substrate Reaction 01
RG∆  

(kJ 
mol-1) 

Propionate Overall 
3 5 2 2 4 20.5 1.75 1.25C H O H H O CH CO− ++ + → +  

-60.2 

Oxidation 
(Pr-Ox) 3 5 2 2 2 3 2 2 22 3C H O H O C H O H CO− −+ → + +  

+73.7 

Aceticlastic 
methanogenesis 
(AcM) 

2 3 2 4 2C H O H CH CO− ++ → +  
-35.8 

Hydrogenotrophic 
methanogenesis 
(HyM) 

2 2 4 23 0.75 0.75 1.5H CO CH H O+ → +  
-98.0 

Butyrate Overall  
4 7 2 2 4 22.5 1.5C H O H H O CH CO− ++ + → +  

-88.8 

Oxidation 
(Bu-Ox) 4 7 2 2 2 3 2 22 2 2C H O H O C H O H H− − ++ → + +  

+48.2 

AcM 
2 3 2 4 22 2 2 2C H O H CH CO− ++ → +  

-71.6 

HyM 
2 2 4 22 0.5 0.5H CO CH H O+ → +  

-65.4 

 

Table 2-4: Summary of input parameters for the bioenergetics scenario analysis of syntrophic propionate and 
butyrate conversion. The initial concentrations of propionate, butyrate and acetate were fixed at 10, 7 and 0.1 mM, 
respectively. Temperature was fixed at mesophilic conditions, 308 K. The employed bicarbonate concentration 
corresponded to the initial amount of buffer supplied to the system, 100 mM as HCO3

-. The initial partial pressure 
was selected at 0.001 bar for CH4 and 1x10-5 bar for H2. 

Scenario pCO2 
(bar) 

pH Scenario pCO2 
(bar) 

pH Scenario pCO2 
(bar) 

pH 

A 0.1 
1 
3 
5 
8 
10 
20 

7.0 B 0.3 7.9 
6.9 
6.4 
6.2 
5.9 
5.8 
5.5 

C 0.1 
1 
3 
5 
8 
10 
20 

7.9 
6.9 
6.4 
6.2 
5.9 
5.8 
5.5 
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The Spearman’s rank-order correlation coefficient (rs) was calculated via the function rcorr() 
of the package “Hmisc” in R (v3.6.1) (R Core Team 2019, 2019), ordered using hierarchical 
clustering and plotted using the package “corrplot” (Wei and Simko, 2017).  

 

 

Subplots A and C in Figure 2-3 show the decrease in substrate conversion rates in the 
experimental treatments at increased pCO2 ranging from 0.3 to 8 bar during the 14 days. The 
reduction in maxsr was further quantified using the process parameters extracted from the data-

fitting to the modified Gompertz equation presented in Table 2-5. Data from the 8 bar pCO2 
experiment is not included since it was not possible to determine the kinetic parameters 
accurately. Increasing pCO2 from 0.3 to 5 bar led to a 93% reduction in maxsr  for propionate, 

whereas for butyrate, the maxsr dropped by 57%. The calculated specific maxsr  for propionate at 

0.3 bar pCO2 is already in the low-range of the values proposed in the literature: 150-292 mg 
Propionate g VSS-1 day-1. In the case of butyrate, the specific maxsr  at 0.3 bar pCO2 was one 

order of magnitude lower than the inferior boundary of the theoretical range: 3.9 to 10.9 g 
Butyrate g VSS-1 day-1 (Van Lier et al., 2008) For both cases, elevated pCO2 resulted in a 
concomitantly increase in the lag phase (λ ), which is likely associated with inadequate levels 
of adaptation to operational conditions. A considerable effect on the production and 
consumption of acetate was not evident in the propionate experiment; however, for butyrate, a 
decrease in acetate production occurred (Figure 2-3, B and D). Lower methane production was 
observed in the propionate experiment only at 8 bar pCO2, while it appeared already at 5 bar 
pCO2 for butyrate (Figure 2-4, A and B).  

Hansson and Molin firstly reported the adverse effects of pCO2 on the propionate and butyrate 
anaerobic conversion rate (Gora Hansson and Molin, 1981). These authors observed a decrease 
of 70% in the maxsr  in propionate degradation when increasing pCO2 from 0.2 to 1 bar. The 

effect for butyrate was not significant, as opposed to our current work in which we identified 
an 18% reduction in maxsr  at a comparable pCO2 increase. In a previously reported experiment, 

using suspended pressure-cultivated inoculum that originated from anaerobic granular sludge 
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degrading propionate (Lindeboom et al., 2016), it was shown that 5 bar pCO2 caused a 93% 
reduction in the maxsr . This value agrees with the calculations presented here (Table 2-5). 

Table 2-5: Overview of the kinetic parameters estimated using the modified Gompertz equation for propionate 
and butyrate oxidation at the different conditions of initial pCO2: 0.3, 1, 3, and 5 bar. The measured equilibrium 
pCO2 and the calculated equilibrium pH are additionally provided.  

Substrate Propionate Butyrate 

Parameter Initial 
pCO2 
(bar) 

0.3 1 3 5  0.3 1 3 5 

Eq. 
pCO2 
(bar) 

0.3 1 1.5 2 0.3 1 1.5 2.0 

Eq. pH 7.4 6.9 6.4 6.2 7.4 6.9 6.4 6.2 

A (mg L-1)  667.9 
*** 

681.8 
*** 

664.8 
*** 

587.5 
** 

516.2 
*** 

540.1 
*** 

465.9 
*** 

525.9 
*** 

maxsr  
(mg L-1  
day-1) 

 223.9 
*** 

149.5 
** 

89.8 
*** 

14.4  
() 

291.2  
( ) 

238.9 
*** 

216.9  
* 

126.6  
** 

λ   
(day) 

 3.3  
*** 

3.4    
** 

6.6  
*** 

4.7    
() 

4.3   
*** 

4.8  
*** 

6.3  
*** 

7.3    
*** 

Specific 
maxsr  

(mg 
substrate g-1 
VSS day-1) 

 117.2 78.3 46.9 7.5 138.7 113.8 103.3 60.3 

Levels of significance of the parameters estimation: p-value ( ) < 0.1, * < 0.05, ** < 0.01 and *** < 0.001 
 
 

 OverallG∆

Figure 2-5 shows the effect of pCO2 on the overall available Gibbs free energy (
OverallG∆ ) during 

syntrophic propionate and butyrate conversion calculated using the actual concentrations of 
reactants during the atmospheric and pressure experiments and at pH2= 1x10-5 bar.  
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Figure 2-3: Evolution of substrate consumption and acetate production during mesophilic syntrophic substrate 
oxidation under 0. 3, 5 and 8 bar initial pCO2. A) and B) correspond to the propionate and acetate concentration 
(mg L-1) for the propionate experiment, respectively. The concentrations shown in time points 0, 10, 13 days 
represent the average of three sampled reactors with a relative standard deviation <16%. C) and D) correspond to 
the butyrate and acetate concentration (mg L-1) for the butyrate experiment, respectively. The concentrations 
presented in time points 0, 5 and 12 days represent the average of three sampled reactors with a relative standard 
deviation <18%. Data points represent experimental data. Continuous lines correspond to the simulated data using 
the modified Gompertz equation, which significance levels are presented in Table 2-5. 

 

Results showed a less steep increasing trend over time for OverallG∆  from 1 bar pCO2 onwards, 

indicating that the two syntrophic reactions became less energetically feasible due to decreased 
substrate consumption or product accumulation. At day 0, the OverallG∆  at 0.3 bar pCO2 for 

propionate oxidation was -85.0, compared to -145.0 kJ mol-1 for butyrate oxidation. At 8 bar 
pCO2, the OverallG∆  for propionate increased to -78.0 compared to -137.9 kJ mol-1 for butyrate. 
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The calculated dissimilarity in the OverallG∆  of the reactions (≈40%) might have weakened the 

driving force to carry out propionate conversion at increased values of pCO2 at atmospheric 
and pressurized conditions. This observation relates well with what Kleerebezem and Stams 
(2000) proposed in their metabolic network analysis of syntrophic butyrate conversion, where 
they highlighted the possibility of a lowered specific reaction rate as a function of increased 
Gibbs free energy change of the catabolic reaction. 

 

Figure 2-4: Evolution of daily methane production (mg COD) during mesophilic syntrophic substrate oxidation 
under 0.3, 1, 3, 5 and 8 bar initial pCO2. Data points represent experimental data. A) Propionate experiment. 
Values presented in time points 0, 10, 13 days represent the average of three sampled reactors with a relative 
standard deviation <14%. B) Butyrate experiment. Values presented in time points 0, 5 and 12 days represent the 
average of three sampled reactors with a relative standard deviation <20%. 

 

1
RG∆  responds to direct and indirect changes in biochemical reactions (Jin and Kirk, 2018a). A 

deliberate change in the concentration of one or more biochemical species is considered a direct 
intervention. A change in the concentration of the species induced by the modification of 
another operational parameter is an indirect intervention. The predominance of a direct or 
indirect effect of increased pCO2 on the OverallG∆  and intermediate biochemical reactions of 

syntrophic conversions has not been thoroughly elucidated in literature. We tried to gain further 
insight into the individual and combined effect of elevated pCO2 and pH on the bioenergetics 
using scenario analysis. By such analysis, possible bioenergetic limitations caused by an 
increase in the OverallG∆  value might be identified.  
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Figure 2-5: Change in the overall available Gibbs free energy ( OverallG∆ ) during mesophilic syntrophic A) 

propionate oxidation and B) butyrate oxidation at 0.3, 1, 3, 5 and 8 bar initial pCO2 calculated with measured 
concentrations of reactants and products during the experimental period. Aqueous concentrations were used (in 
mol L-1), the partial pressure of gases (in bar), T=35°C and a theoretical value of pH2= 1x10-5 bar.  

 

Figure 2-6 visualizes the change in 1
RG∆  value when the parameters pCO2 and pH are 

independently and concomitantly modified in syntrophic propionate and butyrate conversion. 
Lines represent the change in Gibbs free energy at increasing pCO2 or decreasing pH for the 
intermediate biochemical reactions: substrate oxidation ( Pr OxG −∆ , Bu OxG −∆ ), AcM ( AcMG∆ ), 

HyM ( HyMG∆ ) and for the overall reaction ( OverallG∆ ). An increase in the OverallG∆  in the 

subplots of Figure 2-6, means that less energy is available for all the sub-reactions, whereas a 
decrease implies that more energy is at hand. In scenario A, the OverallG∆  for the syntrophic 

conversion of propionate and butyrate was calculated for an initial pCO2 increasing from 0.1 
to 20 bar, to amplify the effect of elevated pCO2 in comparison to our experimental range (0.3 
to 8 bar). An elevated pCO2 of 20 bar increased the OverallG∆  of propionate by 19% and butyrate 

by 15%, compared to 0.1 bar (A and D). In scenario B, OverallG∆ was calculated using the 

corresponding equilibrium pH values at pCO2 ranging between 0.1 and 20 bar and buffer 
concentration of 100 mM as HCO3

-. A pH change from 7.9 to 5.5 caused the OverallG∆  to 

decrease by 14% and 10% for propionate and butyrate, respectively (B and E). In scenario C, 

OverallG∆  was calculated with pCO2 of scenario A and the pH values of scenario B. Under these 

conditions, there is a marginal increase in OverallG∆  for the conversion of both substrates (C and 

F).  
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Concerning the intermediate reactions at 20 bar pCO2 in scenario A, Pr OxG −∆  increased by 44% 

and Bu OxG −∆  remained constant since CO2 is not a reaction product. Regarding the 

methanogenic reactions, AcMG∆  increased by 30%, whereas HyMG∆  decreased by 40% for both 

substrates (A and D). The pH decrease to 5.5 in scenario B did not strongly affect the reactions 
where H+ ions are not produced, i.e., Pr OxG −∆  and HyMG∆ . Contrastingly, Bu OxG −∆  increased by 

32% and AcMG∆  decreased by 27% and 28% for the propionate and butyrate-fed assays, 

suggesting enhanced energetical feasibility of this reaction (B and E). In scenario C, Pr OxG −∆  

and Bu OxG −∆  changed analogously to scenario A. AcMG∆  remained the same in the entire pCO2 

range, which could be attributed to the simultaneous variation of pCO2 annihilating the pH 
effects on the bioenergetics. The behaviour of HyMG∆  resembled scenario A due to the absent 

effect of H+ production (C and F).  

Scenario A highlighted the adverse effects of increased pCO2 on the bioenergetics of syntrophic 
reactions. In this regard, Jin and Kirk (2016) postulated that increasing pCO2 from 0 to 30 bar 
in simulated non-buffered and buffered aquifer systems made SAO and AcM less energetically 
feasible, whereas the contrary was calculated for HyM. Moreover, they proposed additional 
effects of elevated pCO2 on biochemical reactions due to induced changes in aqueous 
speciation, ionic strength and in the reduction potential of redox couples such as H+/H2. Kato 
et al. (2014) found that increasing pCO2 from 0 to 1 bar strongly suppressed syntrophic activity 
in a model bacterial consortium for SAO, including the bacterium Thermacetogenium phaeum 
and the archaea Methanothermobacter thermautotrophicus and Methanosaeta thermophila. 
They established a 91% reduction in the maxsr  of acetate, coincidently occurring when Ac OxG −∆  

became higher than -20 kJ mol-1, which is considered the smallest quantum to sustain life 
(Schink, 1997). In our experiments, maxsr  values decreased when pCO2 increased from 0.3 to 8 

bar and the most significant drop also occurred when, theoretically, Pr OxG −∆  was higher 

than -20 kJ mol-1 (Table 2-6).  

Scenario B showed that decreasing pH modifies the bioenergetics of syntrophic propionate and 
butyrate conversion in a different direction than elevated pCO2. Interestingly, pH can directly 
change the 1

RG∆  when reactions produce or consume protons and indirectly as a result of 

modified chemical speciation (Bethke et al., 2011; Jin and Kirk, 2018a). From the bioenergetics 
point of view, proton (H+) consuming reactions, namely syntrophic oxidation and AcM (Table 
2-3), could be promoted when decreasing pH inside a physiologically reasonable range. The 
more negative OverallG∆  value in this scenario indicates a potential increase in the driving force 

to carry out the syntrophic reaction. Nonetheless, this might be compromised by physiological 
limitations and enhanced toxicity effects (Ali et al., 2019) observed at decreased pH levels, 
particularly in the case of methanogenic populations (Mao et al., 2015). In consequence, 
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bioenergetics does not suffice to elucidate the detrimental effects observed in the syntrophic 
conversions if pH is considered as the main explanatory variable. 

 

 

Figure 2-6: Effect of changing selected operational parameters in the 1
RG∆  in the proposed scenarios for the 

syntrophic conversions. Scenario A – partial pressure of CO2 (pCO2) in propionate and butyrate conversion (A 
and D, respectively). Scenario B – pH in propionate and butyrate conversion (B and E, respectively). Scenario C 
- concomitant effect of pH and pCO2 in propionate and butyrate conversion (C and F, respectively). Lines 

represent the 1
RG∆  for the intermediate biochemical reactions: dotted-light blue (hydrogenotrophic 

methanogenesis - HyMG∆ ), dashed-blue (oxidation of propionate - Pr OxG −∆  or butyrate - Bu OxG −∆ ), short-dash-

dotted green (aceticlastic methanogenesis - AcMG∆ ), solid navy blue (overall reaction - OverallG∆ ). The 

experimental conditions (pH, pCO2 and pH2) that remained fixed during the calculation are included for reference 
in the upper part of the subplots. Values are presented as log pCO2 for data linearization purposes. Concentrations 
of liquid reactants (mol L-1) and gases (bar) correspond to the initial experimental conditions at T=35°C presented 
in the heading of Table 2-4.  
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Table 2-6: Pr OxG −∆ calculated for different pCO2 used in Scenario A to evaluate the effect of increased pCO2 in 

the thermodynamic feasibility of syntrophic conversion of propionate and butyrate 

 pCO2 
(bar) 

log pCO2 
Pr OxG −∆  

(kJ mol-1) 

 0.10 -1.00 -31.0 
Experimental 
 range 

0.30 -0.52 -28.2 
1.00 0.00 -25.1 
3.00 0.48 -22.3 
5.00 0.70 -21.0 
8.00 0.90 -19.8 

 10.00 1.00 -19.2 
 20.00 1.30 -17.4 

    

 

The distribution of available biochemical energy between the syntrophic partners is expected 
to change due to the direct and indirect effects of increasing pCO2 on 1

RG∆  of the overall and 

intermediate reactions (Figure 2-7). In our results, the biochemical energy allocation is 
proposed under conditions of fixed pH2. Under conditions of changing pH2, pH and pCO2 
(Figure 2-8, scenarios D, D.1 and D.2), a new thermodynamic equilibrium will be established, 
which can further modify the biochemical energy distribution among partners in syntrophic 
propionate and butyrate conversion. Values of pH2 lower than 6x10-4 bar will have a positive 
effect on reaction feasibility, whereas higher values will reduce the feasibility “niche”. The 
impact of increasing pH2 on the available Gibbs free energy has been previously discussed in 
the literature (De Kok et al., 2013); nevertheless, its interaction with increased pCO2 and 
decreased pH, to the best of our knowledge, has not been thoroughly described.  

A correlation analysis with hierarchical clustering of bioenergetic and experimental data was 
performed in order to verify whether the highlighted trends of the scenario analysis were still 
valid at a varying pH2. (Figure 2-9). Two theoretical values were chosen: a typical value for 
ADs at which syntrophic reactions are thermodynamically feasible (1x10-5 bar) (Patón and 
Rodríguez, 2019) and the lowest detection level of the used gas chromatograph (6x10-4 bar).  

A strong negative correlation was found between pCO2 and maxsr (rS=-0.82, p<0.05) for both 

propionate and butyrate. Concerning the Gibbs free energy change, a strong negative 
correlation was encountered only between Bu OxG −∆  and pH (rS=-0.78, p<0.05). AcMG∆  was 

strongly negatively correlated with HyMG∆  (rS=-0.87, p<0.05), evidencing the role of increasing 

pCO2 and pH2 in modulating the feasibility of methanogenic reactions.  
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This study highlighted a possible relation between bioenergetic limitations and the observed 
kinetic effects occurring due to increased pCO2. However, additional limitations cannot be 
discarded. For example, in our experiments, the dissolution of CO2 from the headspace could 
decrease pH levels, irrespective of the applied high buffer concentration (100 mM HCO3

-). 
Changes in pH disrupt cell homeostasis and impose limitations for growth, maintenance, and 
metabolic activity. In particular, syntrophic butyrate oxidizers (SBO) and syntrophic 
propionate oxidizers (SPO) demonstrate moderate growth at a pH lower than 6.5 (Balk et al., 
2008) and 6.0 (Li et al., 2012), respectively. The increased lag phases and limited conversion 
under elevated pCO2 could then be explained by the combination of pH effects on, e.g., Bu OxG −∆  

and physiological limitations affecting SBO and SPO at a different extent.  

 

Figure 2-7: Theoretical share of OverallG∆  for each of the proposed scenarios for the syntrophic conversion of 

propionate and butyrate. Scenario A – partial pressure of CO2 (pCO2) in propionate and butyrate conversion. 
Scenario B – pH. Scenario C - concomitant effect of pH and pCO2. All the scenarios were calculated at T=35°C 
and pH2= 1x10-5 bar.  
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As well, the acidification of the fermentation medium modifies the equilibrium between 
undissociated and dissociated forms of the VFAs (Xiao et al., 2016), further altering cell 
homeostasis. At the applied pCO2 of 8 bar and resulting equilibrium pH of 5.9, the 
concentrations of undissociated propionic acid (HPr) were slightly above inhibitory levels, i.e., 
20 mg L-1 HPr (Maillacheruvu et al., 2013) (Table 2-7). The concentration of undissociated 
butyric acid (HBu) remained below 500 mg L-1 HBu (Monot et al., 1984), proposed in literature 
as inhibitory for growth in, i.e., Clostridium acetobutylicum. Acetic acid concentrations (HAc) 
remained below indicative inhibitory levels in methanogenesis (Xiao et al., 2013). However, 
the detrimental effects of elevated pCO2 in our experimental treatments were already seen at 1 
bar pCO2. Consequently, increased undissociated VFAs concentrations do not explain the 
observed phenomena.  

At elevated pCO2, the equilibrium dissolved CO2 concentration in the liquid medium increased 
from 320 to 8 620 mg L-1 (Table 2-7). These dissolved CO2 concentrations are in line with 
values reported by Wan et al. (2016) (3 000 – 30 000 ppm), which negatively impacted the 
nitrogen removal efficiency due to increased membrane permeability, thus inhibiting electron 
transport and protein expression.  

Furthermore, Salek et al. (2015) showed that there is at least one order of magnitude difference 
in the kinetically controlled rate of physical reactions such as CO2 dissolution and biochemical 
reactions, such as production of VFA. This, in turn, may affect the concentration of the various 
species that are responsible for the reactions used in the thermodynamic calculations, leading 
to disparities in the calculated and observed bioenergetic effects at specific time points. More 
accurate pH2 measurements in the low range, e.g., <6x10-4 bar, are required to further validate 
the occurrence of the postulated effects on the feasibility of syntrophic reactions due to 
concomitant variation of pH2 and pH or pCO2. The possible role of other electron shuttles, 
whose appearance is favoured by the presence of hydrogen and elevated pCO2, particularly 
formate, needs to be further addressed (Oswald et al., 2018; Roger et al., 2018).  
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Figure 2-8: Effect of changing selected operational parameters in the 1
RG∆  in the proposed scenarios for the 

syntrophic conversions. Scenario D – partial pressure of H2 (pH2) in propionate and butyrate (A and D, 
respectively). Scenario D.1 – concomitant effect of pH and pH2 in propionate and butyrate (B and E, respectively). 
Scenario D.2 - concomitant effect of pH2 and pCO2 in propionate and butyrate (C and F, respectively). Lines 

represent the 1
RG∆  for the intermediate biochemical reactions: dotted-purple (hydrogenotrophic methanogenesis 

- HyMG∆ ), dashed-orange (oxidation of propionate - Pr OxG −∆  or butyrate - Bu OxG −∆ ), short-dash-dotted green 

(aceticlastic methanogenesis - AcMG∆ ), solid black (overall reaction - OverallG∆ ). The experimental conditions 

(pH, pCO2 and pH2) that remained fixed during the calculation are included for reference in the upper part of the 
subplots. Values are presented as log pCO2, log pH2 for data linearization. Concentrations of liquid reactants (mol 
L-1) and gases (bar) correspond to the initial experimental conditions at T=35°C presented in the heading of Table 
2-4.  
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Figure 2-9: Correlogram for the measured and calculated data from the experiments of syntrophic propionate (A) 
and butyrate (B) conversion under conditions of elevated pCO2. The correlation was calculated using the 
Spearman correlation coefficient (rS) and ordered through hierarchical clustering. Circles with increased diameter 
represent a stronger correlation. According to the scale included to the right of the figure, values closer to 1 (in 
blue) represent a significant positive correlation, whereas values closer to -1 (in green) represent a significant 
negative correlation. Abbreviations correspond to the overall Gibbs free energy (Gibbs_Ov), the sub-reactions 
(Substrate oxidation: Gibbs_Ox, Acetoclastic methanogenesis: Gibbs_AcM, Hydrogenotrophic methanogenesis: 

Gibbs_HyM) and to the maximal substrate utilization rate ( maxsr ). 

 

Table 2-7: Calculation of the dissolved CO2, undissociated acid concentrations corresponding to the experimental 
conditions of this study 

Initial pressure (bar) 0.3 1 3 5 8 
 

Eq. pCO2 (bar) 0.3 1 1.3 2 3.5 
CO2(aq) (g L-1) 0.3 1.1 3.8 5.4 8.6 
HCO3- (g L-1) 6.1 6.1 6.1 6.1 6.1 
Eq. pH 7.4 6.9 6.8 6.6 6.3 
Compound Exp. Initial 

Concentration 
(M) 

Exp. 
Concentration 
(gCOD L-1) 

pKa 
(35°C) 

Undisso-
ciated 
specie 

Concentration range in the experiments 
(mg L-1) 

Acetate 0.02 1.0 4.76 HAc  26.9 - 45.1 
Propionate 0.01 1.1 4.89 HPr  2.3 - 27.3 
Butyrate 0.01 1.2 4.81 HBu  1.6 - 18.9 

*Undissociated acids calculated using carbonate equilibrium constant k1 = 5.54 x 10-7 corrected by temperature 
(35°C), Henry’s equilibrium constant kH = 0.0245 mol L-1 bar-1 corrected by temperature (35°C). 
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Elevated pCO2 influences the kinetics and bioenergetics of the syntrophic conversion of 
propionate and butyrate. Based on this study, we propose that kinetic effects might appear as 
an evident sign of thermodynamic limitations, which is different for each compound. From 
detailed bioenergetic calculations, it was concluded that pCO2 increases the Pr OxG −∆ , induces 

pH changes that make Bu OxG −∆  more positive and increases the OverallG∆  of the syntrophic 

conversion. The more positive OverallG∆  at elevated pCO2 likely induces a redistribution of the 

available biochemical energy among the syntrophic partners that, if unbalanced, will translate 
into kinetic constraints. However, the here discussed biochemical energy limitations could not 
fully explain the strong kinetic effects in the system at increasing pCO2. Presumably, the 
overall effects resulted from the concomitant impact of reduced thermodynamic feasibility, 
physiological effects associated with a lowered pH, and a minor detrimental impact of 
increased concentrations of undissociated VFAs. The observed kinetic and bioenergetic 
aftermath of elevated pCO2 exposure might confer potential for steering metabolic pathways, 
if limitations are overcome. Furthermore, the use of energy-rich substrates such as sugars, 
proteins or lipids, could minimize the physiological impact of lowered pH and relieve 
bioenergetic limitations. Under such conditions, the steering potential of elevated pCO2 on 
biochemical pathways in mixed culture anaerobic conversions could be unravelled. 
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CHAPTER 3
EFFECT OF PRE-INCUBATION
CONDITIONS IN FERMENTERS AT MILD
HYDROSTATIC PRESSURE 



 

 

Fermentation at elevated hydrostatic pressure is a novel strategy targeting 
product selectivity. However, the role of inoculum history and cross-resistance, 
i.e., acquired tolerance from incubation under distinctive environmental stress, 
remains unclear in high-pressure operation. In our here presented work, we 
studied fermentation and microbial community responses of halotolerant 
marine sediment inoculum (MSI) and anaerobic digester inoculum (ADI), pre-
incubated in serum bottles at different temperatures and subsequently exposed 
to mild hydrostatic pressure (MHP <10 MPa) in stainless steel reactors. Results 
showed that MHP effects on microbial growth, activity and community 
structure were strongly temperature-dependent. At moderate temperature 
(20°C), biomass yield and fermentation were not limited by MHP; suggesting 
a cross-resistance effect from incubation temperature and halotolerance. Low 
temperatures (10°C) and MHP imposed kinetic and bioenergetic limitations, 
constraining growth and product formation. Fermentation remained favourable 
in MSI at 28°C and ADI at 37°C, despite reduced biomass yield resulting from 
maintenance and decay proportionally increasing with temperature. Microbial 
community structure was modified by temperature during the enrichment, and 
slight differences observed after MHP-exposure did not compromise 
functionality. Results showed that the relation incubation temperature – 
halotolerance proved to be a modifier of microbial responses to MHP and could 
be potentially exploited in fermentations to modulate product/biomass ratio. 
 

Anaerobic fermentation, halotolerance, mild hydrostatic pressure, 
piezotolerance, psychrotolerance.   
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Operation at elevated hydrostatic pressure (HP) has been evaluated to optimize fermentation 
processes and biopolymer production. HP conditions induce synthesis of stress metabolites 
with industrial relevance, such as trehalose and glutathione (Dong and Jiang, 2016). Elevated 
HP also steers the fermentation product spectrum towards alternative value-added products, 
e.g., ethanol (Bothun et al., 2004). Concerning biopolymer production, HP increases the 
intracellular polymer content with adjusted density and composition (Mota et al., 2019). 
Lowered biomass productivity and growth (Iwahashi et al., 2005; Molina-Höppner et al., 2003; 
Mota et al., 2015; Tholosan et al., 1999), as well as increased microbial maintenance 
requirements (Mota et al., 2018; Wemekamp-Kamphuis et al., 2002) have been identified as 
drawbacks but without detailed mechanistic explanations for their occurrence. HP-operation 
bottlenecks depend on the specific response of the involved microorganisms to elevated HP, 
i.e., whether or not the biomass shows piezotolerance (Bothun et al., 2004), which constitutes 
a defining feature to promote the usage of this technology.  

Piezotolerance refers to the ability of microorganisms to grow when exposed to elevated HP 
and is widely spread in subsurface ecosystems like the deep sea (Canganella and Wiegel, 2011; 
Tamburini et al., 2013). It is also encountered in shallow surface waters and coastal sediments 
(Jebbar et al., 2015; Marietou and Bartlett, 2014; Vossmeyer et al., 2012), as well as in specific 
industrial strains (Pavlovic et al., 2008; Vanlint et al., 2011). In particular, Lactobacillus and 
Clostridium spp. have shown piezotolerance after short-term treatments with HP (7 to 50 MPa), 
or it was attributed to developed cross-resistance (Mota et al., 2013).  

Cross-resistance refers to the microbial capacity to resist negative impacts of environmental 
stress potentially resulting from a) pre-incubation under other environmental stress conditions, 
e.g., low to high temperature variation, non-neutral pH, water activity and salinity extremes; b) 
differences in the growth stage of microbial cells and c) starvation effects (Abe, 2007; Gao et 
al., 2021; Lanciotti et al., 1996; Scheyhing et al., 2004). In natural habitats, cross-resistance 
develops from the exposure to local-scale environmental gradients occurring due to tidal, 
seasonal and depth variations (Johnson et al., 2009; Tholosan et al., 1999). The stress-response 
associated with cross-resistance effects comprises adaptations at the cellular level, such as 
accumulation of compatible solutes and salts, protein synthesis and reorganization of cell 
membrane lipids (Kish et al., 2012). As well, it includes the modulation of metabolic pathways 
and growth rates (Gao et al., 2021) and, ultimately, the modification of microbial community 
functionality and composition due to differences in stress tolerance, energy investment and 
exacerbated competition between microbial species (Rillig et al., 2015).  
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Enhancing product selectivity and overall process productivity by carrying out mixed culture 
fermentation at sub-lethal or mild hydrostatic pressure (MHP < 10 MPa) has been limitedly 
explored in the field of high pressure biotechnology (section 1.2). Moreover, in the context of 
high pressure application in anaerobic processes is important to differentiate effects associated 
with exposure to MHP (this chapter) and with changes in gas partial pressures, particularly 
CO2, occurring from headspace pressurization (chapters 2, 4 and 5). In this study, we 
investigated whether the combination of inoculum halotolerance - temperature adaptation can 
trigger cross-resistance mechanisms to MHP, leading to enhanced/sustained carboxylate 
production under environmental stress. Fermentation experiments at MHP with two 
halotolerant inocula adapted to different operational temperatures were conducted to test our 
cross-resistance hypothesis. In alignment with the mentioned links between temperature and 
HP, adjusting operational temperature might be a viable operational process strategy to 
improve process performance under HP (Lopes et al., 2019). Metabolic energy analysis was 
performed to identify energy limitations as part of the explanatory mechanism for reduced 
biomass/ product yields and changes in product spectrum. Finally, these results are discussed 
concerning their influence on process efficacy and resilience. 

 

 

Two anaerobic inocula without prior exposure to MHP were used in the experiments. Marine 
sediment inoculum (MSI) was enriched from a manually homogenized mixture of three 
sediment samples obtained from a subtidal mud accumulation site located approximately 5 km 
offshore from Oostende (51°16.30N, 2°54.30E, West-Flanders, Belgium) at an average water 
depth of 12 m (HP of 0.12 MPa) (van de Velde et al., 2016). Mesophilic anaerobic digestion 
inoculum (ADI) was enriched from a sample of a full-scale up-flow anaerobic sludge blanket 
(UASB) reactor of 5.5 m height (HP of maximally 0.05 MPa at the bottom of the reactor), 
treating saline wastewater from a petrochemical industry. The physicochemical 
characterization of both inocula is presented in Table 3-1.  

The medium described in Table 3-2 with adjusted salinity and glucose as substrate (2.45 g 
COD L-1) was used to enrich MSI and ADI for 27 days, with enrichment cycles lasting 5-7 
days. MSI enrichment experiments were carried out at 10 and 20˚C (MSI-10, MSI-20). These 
temperatures are comparable to the seasonal environmental regime of the site of sediment 
collection. An additional experiment was conducted at 28˚C (MSI-28), a temperature close to 
the typical range for anaerobic carboxylates production (Arslan et al., 2016; Infantes et al., 
2011) and in the upper range for growth of psychrotolerant marine bacteria (Groudieva et al., 
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2003). ADI enrichment was carried out at the operational temperature of the UASB of origin, 
i.e., 37˚C (ADI-37 ). Initial MSI inoculation was done from re-suspended sediment to final 
volatile solids (VS) concentration of 1.4 mg VS mL-1 in serum bottles, prepared according to 
Table 3-2. In parallel, ADI was first diluted with marine medium to the same initial VS 
concentration as MSI and added to prepared serum bottles. Effective volume reached 45 mL 
after inoculation and the liquid to gas ratio was kept at 1.7: 1.0.  

Table 3-1: Physicochemical characterization of marine sediment inoculum (MSI) and anaerobic digester inocum 
(ADI). 

Parameter Marine Sediment Inoculum 
(MSI)* 

Anaerobic Digester Inoculum 
(ADI) 
 

Total Solids (%) 47.53 ± 1.1 6.07 ± 0.09 
Volatile Solids (%) 10.50 ± 0.39 45.79 ± 1.13 
Total COD (g L-1) 0.43 ± 0.12 64.32 ± 11.89 
Alkalinity (g HCO3- L-1) 15.36 ± 0.39 19.49 ± 1.31 
Conductivity (mS cm-1) 19.74 1400 
Temperature natural/adapted 
habitat (°C) 

9 37 

pH 8.77 7.37 
*The sampling campaign was carried out in March 2019. After collection, the sediment samples were stored in 
vacuum-sealed containers and kept for two months at 5°C before utilization. 

An in-house developed flush system was used to exchange the headspace of the serum bottles 
with a mixture of N2: CO2 (90:10). On average, 20 cycles per bottle were applied to guarantee 
anaerobic conditions after inoculation and set an initial overpressure of 0.005 ± 0.001 MPa. 
Enrichment cycles were concluded when recovered COD-glucose into carboxylates 
corresponded to ≥ 70%. Afterwards, 5 mL non-pooled transfers (i.e., replicates were not 
combined) to fresh anaerobic saline medium were carried out. All the experimental treatments 
were carried out in triplicates plus a negative control without substrate. Serum bottles were 
shaken at 120 rpm in orbital shakers. 

 

A non-pooled transfer from each biological replicate and negative control of the last cycle of 
the MSI and ADI enrichment was performed to sterile 5 mL syringes, previously flushed with 
N2: CO2 (90:10) (Figure 3-1). The same liquid to gas ratio as in the serum bottles was kept. 
After inoculation and medium addition, syringes were closed using two-way valves and 
positioned inside six high-pressure stainless-steel reactors (Parr, USA) filled with deionized 
water. Due to reactor availability, MHP experiments at different temperatures were carried out 
in a sequential incubation. The increment of hydrostatic pressure to 5 and 8 MPa, to achieve 
CO2 partial pressures comparable to our previous work (Ceron-Chafla et al., 2020, 2021), was 
done by pumping distilled water inside the reactors using a manual hydraulic pump. One 
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syringe from each replicate and negative control of the enrichment was incubated in parallel 
under atmospheric conditions (AC) at a pressure of 0.1 MPa (Figure 3-1). Experiments lasted 
between 8-12 days depending on each pressure, temperature and inoculum tested. On the final 
day, reactors were depressurized through liquid release. Syringes were left to stabilize to 
atmospheric pressure (0.1 MPa) for 30 min. Afterwards, total liquid content was recovered and 
distributed as follows: a) carboxylates determination, b) DNA extraction from biomass pellet 
to be stored at -20°C and c) flow cytometry measurement (FCM) from samples fixed with 1% 
glutaraldehyde. 

Table 3-2: Description of fermentation medium and additional solutions used in the enrichment and mild 
hydrostatic pressure (MHP) experiments of glucose anaerobic conversion at 5 and 8 MPa with marine sediment 
(MSI) and anaerobic digester (ADI) inocula 

Saline 
mediuma 

Tungstate and 
selenite 
solution 

Alkaline 
earth metals 
solution 

Trace 
elements 
solution 

Growth 
factors 
and 
vitamins 
solution 

Substrate Reducing 
agent 

Seawater 
composition 
Millero et 
al. (2008) 
Medium 
recipe 
proposed by 
Patil et al. 
(2015) 

Na2WO4• 2 H2O  
(4 mg L-1) 
Na2SeO3• 5 H2O 
(3 mg L-1) 
NaOH  
(0.5 g L-1) 

MgCl2• 6 H2O 
(11 g L-1)  
CaCl2 • 2 H2O 
(1.6 g L-1) 
SrCl2 • 6 H2O 
(0.03 g L-1) 

Prepared according to 
Patil et al. (2015) 

Glucose 
concentrated 
solution (103 
g L-1), 
sterilized and 
added to a 
final 
concentration 
of 2.45 g 
CODb L-1  

1 mL filter-
sterilized 
Na2S solution 
(final 
concentration 
0.08 g L-1) 

Total 
volume 
36 mL  
bottle-1 

1 mL L-1 saline 
medium 

2 mL  
bottle-1 

0.1 mL 
bottle-1 

0.1 mL 
bottle-1 

1 mL  
bottle-1 

1 mL  
bottle-1 

aSulfate (SO4
2-) was deliberately not added to the medium in order to limit the sulfate reducing activity of sulfate 

reducing bacteria (SRB) present in the inoculum  
bCOD: Chemical Oxygen Demand  

 

 

Collected samples were fixed using 25% glutaraldehyde solution (final concentration 1% v/v) 
and marine medium. Prior FCM, fixed samples were sonicated for three minutes using a 
sonication bath (Elma, Germany) at controlled temperature (20° C). Based on an internal 
preliminary study to establish the effect of the sonication time on the measured cell density for 
marine sediment samples (Figure 3-2), three minutes were selected as treatment time. This 
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sonication time is a conservative estimate also based in previous analyses of other marine 
sediment samples (unpublished results and not part of this thesis) and the visualization of 
agglomerate disruption via fluorescence microscopy (Zeiss Axioskop microscope, 
Oberkochen, Germany). After sonication, the samples were vortexed for approximately 30 
seconds to ensure detachment. Next, they were filtered using 20 µm falcon, sterile, syringe-
type filters (BD, San Jose, USA).  

 

Figure 3-1: Experimental design applied for the inoculum enrichment at atmospheric pressure and the non-pooled 
biomass transfer for the glucose conversion experiments at mild hydrostatic pressure (MHP) of 5 and 8 MPa. 
Experiments with marine sediment inoculum - MSI were carried out at 10, 20, 28˚C and the experiments with 
anaerobic digestion inoculum - ADI at 37 ˚C. For all the experiments, triplicate incubation syringes (biological 
replicates) plus a negative control without substrate were placed inside the pressure reactors. The time points 
where samples from sacrificial pressure reactors were recovered are represented by t1, t2 and t3.    

 

Pre-treated samples were once more vortexed at the same speed for 30 seconds, diluted (x100 
or x1000 depending on their density) with filtered marine medium (0.22 µm) and placed in 
96-well plates. The Accuri C6+ was checked daily using CS&T RUO beads (BD Biosciences, 
Belgium) and for every acquisition, the stability of FL1 over time was monitored. The channels 
forward scatter height (FSC-H), side scatter height (SSC-H), and fluorescence intensity 
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(FL1-H, FL3-H) were used for data analysis. The flow cytometry data were imported in R 
(v3.3.2) using the flowCore package (v1.40.3) (62). The Phenoflow package (v1.1.1.) was used 
to assess the phenotypic structure of the bacterial communities, and to calculate the total cell 
density (Props et al., 2016).  

After pre-treatment, cells were counted using flow cytometry. Diluted samples (x 1 000) were 
stained with SYBR Green I and incubated at 37°C for 13 min following the protocol of van 
Nevel et al. (2013) and immediately analyzed in an Accuri C6+ flow cytometer (BD 
Biosciences, Belgium). The Accuri C6+ was equipped with four fluorescence detectors (530/30 
nm, 585/40 nm, >670 nm and 675/25 nm), two scatter detectors and a 20-mW 488-nm laser, 
and was operated with Milli-Q (Merck Millipore, Belgium) as sheath fluid.  

 

Figure 3-2: Effect of high-range and low-range sonication time in measured cell density for the triplicate 
incubations during the first cycle of enrichment at atmospheric pressure. Samples correspond to marine sediment 
inoculum (MSI) at 10°C (samples 1, 2, 3, 10), 20°C (samples 4, 5, 6, 11) and 28°C (samples 7, 8, 9, 12). 

The DNA extraction was carried out according to the protocol of Vilchez-Vargas et al. (2013). 
Agarose gel electrophoresis and PCR analysis were used to determine the quality of DNA 
extracts. The PCR was carried out using the bacterial primers 341F and 785Rmod following 
an in-house PCR protocol (Boon et al., 2002). After quality validation, DNA extracts were sent 
to LGC genomics GmbH (Berlin, Germany) for amplicon sequencing of the bacterial 
community through the 16S rRNA gene V3-V4 hypervariable region on the Illumina MiSeq 
platform. After processing the amplicon sequencing data, a table was generated with the 
relative abundances of the different OTUs and their taxonomic assignment of each sample. 
Next, absolute abundances were estimated based on the FCM data according to Props et al. 
(2017) and statistically analyzed. 
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The forward primer 341F 5’- NNNNNNNNNTCCTACGGGNGGCWGCAG and reverse 
primer 785R 5’- NNNNNNNNNNTGACTACHVGGGTATCTAAKCC (Klindworth et al., 
2013) were used. The PCR mix included 1 µl of DNA extract, 15 pmol of both primers in 20 
µL volume of MyTaq buffer containing 1.5 units MyTaq DNA polymerase (Bioline) and 2 µl 
of BioStabII PCR Enhancer (Sigma). For each sample, the forward and reverse primers had the 
same unique 10-nt barcode sequence. The PCR contained 30 cycles with 2 min 96°C 
predenaturation; 96°C for 15 s, 50°C for 30 s, 70°C for 90 s. 

The DNA concentration of the amplicons was determined by gel electrophoresis. Next, 20 ng 
amplicon DNA of each sample was pooled for up to 48 samples carrying different barcodes. 
The amplicon pools were purified with one volume AMPure XP beads (Agencourt, US) to 
remove primer dimer and other small mispriming products, followed by an additional 
purification on MinElute columns (Qiagen, The Netherlands). Finally, 100 ng of each purified 
amplicon pool DNA was used to construct Illumina libraries using adaptor ligation using the 
Ovation Rapid DR Multiplex System 1-96 (NuGEN, US). Illumina libraries were pooled and 
size selected by preparative gel electrophoresis.  

The Mothur software package (v.1.42.3), and guidelines developed by Schloss et al. (2009) 
were used to process the raw Illumina data on a GNU/Linux 3.16.0-46-generic x86_64 system. 
The forward and reverse reads were assembled into contigs by a heuristic approach, taking the 
Phred quality scores into account. Ambiguous contigs or with unsatisfying overlap were 
removed, and the remaining sequences were aligned to the mothur formatted silva seed v132 
database. Those sequences not aligning within the region targeted by the primer set or 
sequences with homopolymer stretches with a length > 12 bp were removed. The sequences 
were pre-clustered, allowing mismatch for every 100 bp of sequence. Chimeric sequences were 
removed with VSEARCH (v2.13.0) (Rognes et al., 2016). Classification of the sequences was 
carried out by a naïve Bayesian classifier (Wang et al., 2007), with an 85% cut-off for the 
pseudobootstrap confidence score. Taxa that were annotated as Chloroplast, Mitochondria, 
unknown, Archaea or Eukarya at the kingdom level, which are due to a specific amplification, 
were excluded. Sequences were clustered into operational taxonomic units (OTUs) with 
average linkage, and at a 97% sequence identity, using the OptiClust method (Westcott and 
Schloss, 2017). Representative sequences were picked for each OTU as the most abundant 
sequence within that OTU. 
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Statistical analyses from microbial community analysis data were carried out in R version 3.6.1 
(http://www.r-project.org) (R Core Team 2019, 2019). The R packages vegan (Oksanen et al., 
2016) and phyloseq (McMurdie and Holmes, 2013) were used for bacterial community 
analysis. 

The non-metric multidimensional scaling (NMDS) plots, based on the bacterial amplicon data, 
were constructed using the Bray-Curtis (1957) distance measure. Significant differences (p < 
0.05) in microbial community composition between the different inocula, temperatures or 
pressures were identified employing pair-wise Permutational ANOVA (PERMANOVA) with 
Bonferroni correction, using the adonis function (vegan). The PERMANOVA method was also 
used to evaluate the significance (p < 0.05) of the relation of lactate, formate, acetate, 
propionate and butyrate with community structure, and their effect was visualized via canonical 
correspondence analysis (CCA) plotting. Significant differences in cell numbers and residual 
VFA concentrations associated with pressure and temperature in the different inocula groups 
were identified through non-parametric Kruskal-Wallis H test. Order-based Hill’s numbers 
were used to evaluate the α-diversity. These Hill’s numbers represent richness (number of 
OTUs, H0), the exponential of the Shannon diversity index (H1) and the Inverse Simpson index 
(H2) (Hill, 1973). 

The chemical oxygen demand (COD), volatile solids (VS) and pH were measured according 
to Standard Methods (American Public Health Association, 2017), whereby alkalinity 
measurements used an automatic titration unit (Metrohm, Switzerland). Electroconductivity 
was measured using an electroconductivity meter (C833 Consort, Turnhout, Belgium). Organic 
acids (lactate, formate, acetate, propionate and butyrate) were measured using ion 
chromatography (Metrohm 930 Compact IC Flex, Herisau, Switzerland) and a Metrosep 
Organic acid 250/7.8 column coupled to a Metrosep Organic acids Guard/4.6 column using 
0.001 M H2SO4 as eluent. The lower detection limit was 1 mg L-1 for all the acids. 

The catabolic Gibbs free energy change (
01

catG∆ ) is the amount of Gibbs free energy from a 

redox reaction between an electron donor and acceptor (Heijnen and Kleerebezem, 2010). We 

calculated 
01

catG∆  based on the final product spectrum of each temperature-adapted treatment 
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at 5, 8 MPa and AC (Table 3-3). Based on each 
01

catG∆ , a) the energy requirements for 

maintenance (m – J d-1) to sustain the initial biomass in the inoculum and b) the “theoretical” 
biomass (X) yield (YX/S) on the substrate were estimated. The stoichiometry of catabolic 
reactions was proposed for the different pressure-temperature-inoculum incubations. These 
equations were constructed based on the final soluble COD distribution in the MSI and ADI 
experiments at 5 and 8 MPa and atmospheric controls.  

We followed an adapted procedure based on the work of Lee et al. (2008) and Heijnen and 
Kleerebezem (2010). The metabolite proportions calculated based on the final measured COD 
were used for the construction of a combined electron acceptor equation for the catabolism. 
The proposed equations required additional inspection for element and charge balance since 
COD balances from the experiments were not closed. The effects of temperature variation, 
MHP exposure, and pH were incorporated in the calculation of the Gibbs free energy for 

catabolism (
01

catG∆ , kJ mol glucose-1). 
01

catG∆ was used to calculate the catabolic flux for 

maintenance purposes (m, mol glucose C-mol biomass-1 h-1).  

Based on the final product composition of the different experimental treatments for anaerobic 
glucose conversion at 5 MPa, 8 MPa and their respective controls, the proportion of each 
metabolite was calculated on a COD basis and employed to construct a mixed electron acceptor 
equation for the catabolic reaction (Lee and Rittmann, 2009).  

Glucose was used as the carbon and energy source for defining the anabolic equation. The 
metabolism was calculated via the coupling of catabolic and anabolic equations using the 
energy dissipation approach proposed by Heijnen and Kleerebezem (2010). From the different 
metabolic equations of the inoculum-temperature-pressure groups, the biomass yield on 
substrate (YX/S) was calculated. Due to the employed biomass composition for the calculations 
(CH1.8O0.5N0.2), the metabolic equations express the Gibbs free energy per C-mol of biomass.  

Gibbs free energy values for the catabolic, anabolic and metabolic equation were corrected for 
the different incubation temperatures using the Gibbs-Helmholtz equation. Additionally, 
correction due to higher hydrostatic pressure was also applied, according to Mayumi et al. 
(2013). Finally, the obtained Gibbs free energy values were corrected for pH measured after 
decompression.  

3



Chapter 3: 

90 

The Gibbs free energy requirements for maintenance (m) were computed according to Tijhuis 
et al. (1993) and were corrected for the different temperatures using the Gibbs-Helmholtz 
equation (Kleerebezem and Van Loosdrecht, 2010). This value was converted to units of kJ     
C mol-1 employing the conversion procedure described in the normalization section. The Gibbs 
free energy for maintenance per cell was multiplied by the final measured number of cells in 
each experimental treatment.  

Gibbs free energy values for the catabolic, anabolic and metabolic equation and maintenance 
were expressed on a per-cell basis. For this, the final cell concentration in cells mL-1 was 
converted to C-mol using theoretical values for the biovolume and carbon content per cell of 
anaerobic bacteria, according to Fry (1990).
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As a proxy for biomass growth, cell density was monitored via FCM, simultaneously with 
carboxylates production. The absolute change in cell density in temperature incubations and 
AC (Figure 3-3) was calculated by subtracting endogenous decay estimated from controls 
without substrate. A decreasing trend in the final cell density is observed in most cases except 
for condition MSI-20, where the absolute change is positive over time and higher than the 
absolute maximum change observed during the enrichment (Figure 3-3B). The most negative 
absolute change was assessed for MSI-28 (Figure 3-3C) and in particular for ADI-37  (Figure 
3-3D).  

Differences in the absolute cell density change were evaluated by the non-parametric Kruskal-
Wallis H test using temperature and MHP as grouping variables. In experiments with MSI at 
5, 8 MPa and the AC, significant differences in cell density absolute change were found 
considering incubation temperature as determining parameter (p=0.0002). Differences 
evaluated with MHP as determining parameter were non-significant (p=0.09). Post-hoc tests 
revealed that MSI-20 was significantly different from MSI-28 and MSI-10 (p=0.0002 and 
0.005, respectively). There were no significant differences (p=0.26) ascribed to MHP exposure 
for the case of ADI-37 .  

 

The product spectrum (expressed in mg COD L-1) in the glucose conversion experiments at 5 
and 8 MPa using temperature-adapted halotolerant enrichments is presented in Figure 3-4. 
Measurements were performed at three time points for pressurized incubations and the end-
point for AC. Product spectrum in all incubations is consistent with glucose primary 
fermentation to lactate and secondary fermentation to propionate and acetate. A similar 
composition was observed during the enrichment at different temperatures (See Appendix). 
The statistical analysis (Kruskal-Wallis) showed that there were significant differences in 
lactate (p=0.001), as well as propionate and formate concentrations (p<0.001) of MSI 
incubations at the three different temperatures. In addition, significant differences in acetate 
concentrations were found when MSI incubations were analyzed in function of temperature 
(p<0.001) or applied MHP (p=0.01). 
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Regarding carboxylates production for ADI-37  incubated at different MHPs, significant 
differences were only found for acetate (p=0.009) and to a lesser degree for propionate 
(p=0.08). The fraction of initial COD recovered as soluble products is presented in the different 
subplots as dotted coloured lines. For incubations MSI-10 and MSI-20 at 8 MPa, a notable 
reduction in the percentage of COD recovered as soluble products was observed compared to 
the AC (Figure 3-4 A and B). COD recovery was almost identical for all tested conditions in 
MSI-28 (Figure 3-4 C). Similarly, just a slight decrease in COD recovery was determined for 
ADI-37  (Figure 3-4 D).  

 

Figure 3-3: Absolute change in the final cell concentration in the marine sediment inoculum (MSI) at 10°C A), 
20°C B) and 28°C C) and in the anaerobic digester inoculum (ADI) at 37°C D) along the incubation at MHP of 5 
and 8 MPa. The atmospheric control (0.1 MPa) was measured only at the end of the incubation. Bars represent 
the average of three biological replicates in pressure treatments and six replicates in the atmospheric controls. 
Bars with stripped pattern differentiate the final time point for each experiment. Error bars correspond to the 
standard deviation. Dotted red line corresponds to the maximal absolute change in cell density measured during 
the enrichment before MHP incubation. 
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The MSI inoculum replicates presented distinctive differences in absolute and relative 
abundance of the top 13 OTUs (Figure 3-5, Figure 3-6) despite the initial homogenization. 
Absolute abundances in MHP treatments were impacted by the exposure to 5 and 8 MPa. In 
MSI-10, the exposure to 5 MPa resulted in a generalized, but statistically non-significant 
decrease in the average absolute abundance of genera such as Marinifiilum, Dethiosulfatibacter 
and Psychromonas compared to the AC. The abundance of fermentative bacteria was 
negatively impacted by MHP of 8 MPa, which led to the predominance of Trichococcus. For 
MSI-20, the exposure to 5 MPa caused a distinct increase in the average absolute abundance 
of genera Psychromonas, Marinifillum and a decrease in Trichococcus and Dethiosulfatibacter 
(p=0.05). At 8 MPa, the average absolute abundance of identified genera decreased except for 
Desulfomicrobium (Figure 3-5A). In MSI-28, the average absolute abundance of Trichococcus 
(p=0.04) increased after exposure to 5 MPa. However, the absolute abundances of sulfate-
reducing bacteria (SRB) genera, namely Dethiosulfatibacter and Desulfomicrobium (p=0.05) 
decreased. The exposure to 8 MPa decreased absolute abundances of predominant fermentative 
genera, excluding Ilyobacter, which became the main fermenter (Figure 3-5A). For ADI-37 , 
average absolute numbers of Ercella, Proteiniphilum, Desulfomicrobium (p=0.05), 
Halolactibacillus and Dethiosulfovibrio also decreased after exposure to 5 and 8 MPa 
compared to AC (Figure 3-5B).  

Significant differences in MSI richness (H0, p=0.006) were found in function of incubation 
temperature rather than MHP (Figure 3-7). Conversely, when analyzed as a function of MHP 
exposure, H0 in the ADI experiments was significantly different (p=0.020). In terms of β-
diversity, we found significant differences in community structure when incubation 
temperature was the grouping variable (p=0.001, Figure 3-8 A). However, when grouped by 
MHP, differences were non-significant (p=0.84, Figure 3-8 B). Additionally, significant 
differences in community structure were identified as a function of formate (p=0.0136), 
propionate (p=0.0001) and butyrate (p=0.013) concentrations (Figure 3-9).  
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Figure 3-4: Product spectrum (in mg COD L-1) at three selected time points during anaerobic glucose conversion 
by temperature adapted halotolerant enrichments. The marine sediment inoculum (MSI) was evaluated at 10°C 
A), 20°C B) and 28°C C) and the anaerobic digester inoculum (ADI) at 37°C D). The pressure of atmospheric 
controls was 0.1 MPa (included in the subplots as reference) and the hydrostatic pressures were 5 and 8 MPa. Bars 
represent the average of three biological replicates in pressure treatments and six replicates in the atmospheric 
controls. Error bars correspond to the standard deviation. Dotted lines represent the average fraction of COD 
recovered with glucose as feed in the atmospheric controls (red) and in the experiments at 5 MPa (blue) and 8 
MPa (green). 
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Figure 3-5: Absolute abundances of bacterial top 13 OTUs in the different experimental treatments and calculated 
based on flow cytometry (FCM) data. Columns represent biological replicates for the atmospheric controls (0.1 
MPa) and the mild hydrostatic pressure (MHP) experiments at 5 and 8 MPa. A) Marine sediment inoculum - MSI 
experiments for different temperatures (10, 20 and 28 C°) - MHP combinations. B) Anaerobic digester inoculum 
- ADI experiments at 37°C and different MHP. 

 

 

Figure 3-6: Relative abundances of bacterial top 13 OTUs in the different experimental treatments and calculated 
based on flow cytometry (FCM) data. Columns represent biological replicates for the atmospheric controls (0.1 
MPa) and the mild hydrostatic pressure (MHP) experiments at 5 and 8 MPa. A) Marine sediment inoculum - MSI 
experiments for different temperatures (10, 20 and 28 C°) - MHP combinations. B) Anaerobic digester inoculum 
- ADI experiments at 37°C and different MHP. 

 



Effect of pre-incubation conditions in fermenters at mild hydrostatic pressure 

97 

 

Figure 3-7: Alpha diversity indices for marine sediment inoculum (MSI) at 10, 20 and 28°C and the anaerobic 
digester inoculum (ADI) at 37°C after exposure to mild hydrostatic pressure (MHP) of 5 and 8 MPa. Atmospheric 
controls at 0.1 MPa are included as references. A) Richness - H0, B) Exponential of the Shannon diversity index 
- H1, C) Inverse Simpson index - H2 and D) Pielou’s evenness 

3
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Figure 3-8: Non-metric distance scaling (NMDS) analysis of the Bray-Curtis dissimilarity index of the 
bacterial community at OTU level for the marine sediment inoculum (MSI) anaerobic digester inoculum 
(ADI) considering A) Temperature of 10°C, 20°C and 28°C and 37°C as well as B) Hydrostatic pressure of 
0.1, 5 and 8 MPa 

 

Figure 3-9: Canonical correspondence analysis (CCA) of the bacterial community of the marine sediment 
inoculum - MSI and the anaerobic digester inoculum - ADI samples at the OTU level. PERMANOVA was carried 
out to evaluate the relation between the concentrations of lactate, formate, acetate, propionate and butyrate and 
community composition. Arrows represent significant correlations (p<0.01) 
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Figure 3-10A summarizes the 
01

catG∆  for each incubation condition at MHP and its 

corresponding AC. The lowest values for 
01

catG∆  were found for MSI-10 and MSI-20 at 8 MPa. 

A low 
01

catG∆  indicates a low ATP yield, considering an energy requirement of +31.8 kJ mol-1 

ATP based on the hydrolysis of acetyl coenzyme-A (Thauer et al., 1977). YX/S showed a 
decreasing trend with increasing MHP (Figure 3-10 D), particularly for MSI-10 and MSI-20. 
Notably, only for MSI-10 at 8 MPa, the calculated m was higher than the value for AC (Figure 
3-10 B). 

 

Figure 3-10: A) Gibbs free energy available to carry out catabolism (
01

catG∆ ) for each temperature incubation at 

0.1 MPa (atmospheric control – AC) and mild hydrostatic pressure (MHP) of 5 and 8 MPa. B) Gibbs free energy 
requirements for maintenance (m) to sustain the initial biomass density used to inoculate AC and the pressurized 
treatments. C) Measured biomass yield (YX/S) based on cell numbers converted to units of C-mol biomass. D) 
Theoretical biomass yield calculated based on proposed stoichiometries for the different incubations. Each subplot 
has a different scale and units for visualization purposes. Data correspond to the marine sediment inoculum (MSI) 
at 10, 20 and 28°C and the anaerobic digester inoculum (ADI) at 37°C. 

 

Slight differences were observed in 
01

catG∆ , m and YX/S for incubations MSI-28 and ADI-37  at 

5 and 8 MPa in reference to the AC (Figure 3-10). However, following their dependency on 
temperature, calculated values for maintenance coefficients (mG) were 6.0 and 13.4 kJ mol-1 X 
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h-1 at 28 and 37°C, respectively. At low (10°C) and moderate (20°C) temperatures, mG 
decreased to 1.0 and 2.8 kJ C-mol-1 X h-1, respectively. Despite these differences, calculations 
showed that maintaining initial cell density in all treatments for the entire experiment duration 
would have required less than 3% of the initially available glucose biochemical energy.  

Results showed differences of three orders of magnitude in the theoretical YX/S and those 
estimated from the conversion of cell numbers to C-mol biomass (Figure 3-10 C and D). This 
large discrepancy is attributed to using theoretical approximations for cell volume that might 
not reflect HP effects on cell morphology (Molina-Höppner et al., 2003). Thus, the theoretical 
and estimated YX/S values are not directly comparable but provide insight into the effects of 
temperature, the composition of the product spectrum, and MHP on YX/S.  

 

 

MSI-20 was the only condition where growth, expressed as a positive absolute change in cell 
density, occurred after MHP incubation (Figure 3-3). Therefore, we hypothesized that observed 
growth in MSI-20 at MHP could be attributed to a cross-resistance effect originating from 
adaptation to moderate temperature and salinity. This hypothesis aligns with a previously 
reported analogous stress response to low temperature and HP (Abe, 2007). However, this 
cross-resistance effect positively impacting cell densities was not evident in conditions 
MSI-10, MSI-28 and ADI-37 at 5 and 8 MPa.  

In MSI-10 the incubation temperature was lower than the presumed optimum for 
psychrotolerant growth (Topt ≈ 20°C); thus, declining growth rates (µ) were expected following 
the Arrhenius equation (Infantes et al., 2012). Literature has revisited the relationship between 
µ, maintenance (m) and YX/S, indicating that it is more complex than suggested by previous 
models (“Herbert model”, “Pirt model”) (Wang and Post, 2012) and dependent on growth 
conditions (Bonk et al., 2019; Lipson, 2015). In slow-growing microorganisms, e.g., 
psychrotolerant/psychrophilic microorganisms, a “growth rate-yield tradeoff” has been 
observed at T< Topt, leading to high YX/S at low temperatures (Nedwell and Rutter, 1994). 
Holding onto this premise, an increase in cell density in MSI-10 could have been anticipated. 

However, the lowest 
01

catG∆  values were calculated for MSI-10 (Figure 3-10A); thus, limited 

growth might have resulted from energetic constraints. Furthermore, if protective mechanisms 
linked to low temperature and piezotolerance were upregulated, such as synthesis of cold shock 
proteins and extracellular polymeric substances (EPS), it would have come at a high energy 
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cost, further limiting growth: 0.39 mmol ATP/ g protein and 12.8 mmol ATP/ g polysaccharide 
(Kim and Gadd, 2008). Thus, considering that some energy is also dissipated during anabolism, 
the generated catabolic energy may only have sufficed to produce cryoprotective structures 
such as EPS, but not for synthesis of complex cellular components enabling growth (Nichols 
et al., 2005). 

The hypothesis concerning EPS production aligns well with some investigations in marine 
microorganisms (Decho and Gutierrez, 2017). EPS synthesis is considered a survival strategy 
to counteract low temperatures and/ or saline conditions (Aslam et al., 2012). Previous work 
indicates that at high glucose concentrations (Decho, 1990), increased salinity, low/ moderate 
temperatures (15-25°C), and fluctuating nutrient availability, bacterial EPS production is 
favoured (Degeest et al., 2001). Also, enhanced EPS production has been observed at 
temperatures lower than Topt in both psychrophilic (Nichols et al., 2005) and mesophilic 
organisms (Degeest et al., 2001). EPS formation cannot be discarded in all the other treatments, 
since visual inspection of the bottom of the syringes after reactor depressurization indicated 
biomass agglomeration. However, it is recommended to follow up our current work with future 
HP fermentation experiments, using larger sample volumes that enable an in-depth 
quantification of EPS concentrations.   

In terms of fermentative activity, in MSI-10 and MSI-20 incubations at 5 and 8 MPa, 
differences were observed regarding the COD recovered as measured soluble products 
compared to their respective AC (Figure 3-4, A and B). These differences might be partially 
explained due to the effect of incubation temperature on process kinetics exacerbated as MHP 
increased. According to the Arrhenius equation, decreasing temperatures exponentially 
decrease biochemical reaction rates and may compromise enzymatically driven processes 
(Arnosti et al., 1998). Similar to temperature, also pressure has an exponential relation to the 
reaction rate constant, in co-dependence of the reaction activation volume according to 
Equation (3-1) (Morild, 1981; Somero, 1990): 

𝑘𝑘𝑘𝑘𝑝𝑝𝑝𝑝 = 𝑘𝑘𝑘𝑘0𝑒𝑒𝑒𝑒
−𝑃𝑃𝑃𝑃∆𝑉𝑉𝑉𝑉≠

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 ,      (3-1) 

where kp (h-1) is the rate constant at pressure P (atm), k0 is the rate constant at atmospheric 
pressure (h-1), ΔV‡ is the activation volume, R the universal gas constant (L atm K-1 mol-1) and 
T the reaction temperature (K). From Equation (3-1) follows that HP decreases the rate of 
reactions with positive ΔV‡. Glycolytic enzymes such as glyceraldehyde-phosphate-
dehydrogenase (ΔV‡= +60 cm3 mol-1), pyruvate kinase (ΔV‡= +11 to +26 cm3 mol-1) have 
positive ΔV‡; thus, their activity could be compromised by MHP regardless of low-temperature 
adaptations (Morild, 1981). Consequently, they could become a bottleneck for glucose 
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conversion at low temperatures and MHP, explaining the dissimilarities in the recovered COD 
between MHP treatments and AC in MSI-10 and MSI-20. 

We were not able to collect sufficient data points for adequate calculation of production and 
consumption rates due to sampling constraints associated with the reactor configuration. 
However, evaluation of the individual metabolite concentration per cell over time pinpointed a 
“slowing down” of intermediates consumption. As an example, reduced lactate consumption 
in MSI-10 at 8 MPa is noticeable and could have hindered subsequent fermentation (Figure 
3-12). This observation is in alignment with previous enzymatic studies, which suggested that 
HP and low temperatures significantly decrease lactate dehydrogenase activity, an enzyme that 
reversibly catalyzes pyruvate to lactate conversion (Gillen, 1971).  

 

Figure 3-11: Graphical summary of foreseen effects of incubation temperature (T) (left) and T + mild hydrostatic 
pressure (MHP) (right) on kinetic and bioenergetic parameters. Columns correspond to the experimental 
treatments with marine sediment inoculum (MSI) at 10, 20 and 28°C and anaerobic digester inoculum (ADI) at 
37°C. Coloured blue bars represent a qualitative indication of the expected range for the parameter (one=low, 
two=moderate, three=high, four=highest). Upward green arrows in MHP column indicate an incremental effect, 
whereas downward red arrows indicate a detrimental effect. 

 

Another limitation on substrate and intermediates conversion at low temperatures, e.g., in 
MSI-10, might have come from energy requirements in transmembrane transport. Rodriguez 
et al. (2006) proposed that more energy is required for the active transport of organic acids 
when extracellular concentrations increase, as foreseen in batch fermentations (Table 3-4). 
Additionally, since increased pressure enhances acid dissociation due to negative ΔV‡ (Low 



Effect of pre-incubation conditions in fermenters at mild hydrostatic pressure 

103 

and Somero, 1975), more energy would have been required for proton (H+) transport to keep 
homeostasis, further limiting energy allocation to anabolic processes.  

The combined effect of moderately high temperature and MHP was detrimental for biomass 
yield in MSI-28 and ADI-37  incubations at 5 and 8 MPa (Figure 3-3, B and C); however, it 
did not severely compromise carboxylates production (Figure 3-4, C and D). Hence, our 
experimental observations suggest that limited growth with conserved metabolic activity 
resulted from an increased susceptibility to MHP due to prolonged exposure to moderately high 
temperatures. Studies with pure cultures of psychrotolerant Listeria monocytogenes and 
Yarrowia lipolytica incubated at high HP have shown that increasing incubation temperature 
coincided with intensified pressure susceptibility and ultimately reflected in higher microbial 
inactivation (death) rates (Lanciotti et al., 1996). This observation aligns well with the cell 
density results of incubations MSI-28 (compared to MSI-20 and MSI-10) and ADI-37  (Figure 
3-3). The same study reported that inactivation of mesophilic E. coli was comparable to 
psychrotolerant strains at 20°C but showed an increasing trend in the interval 20-35°C 
(Lanciotti et al., 1996). Consequently, literature suggests a relatively strong effect of MHP on 
YX/S for mesophilic microorganisms, which may explain the observed high negative absolute 
change in cell density in ADI-37  (Figure 3-3D).  

It is known that microbial µ exponentially increases with temperature within a certain span. 
For psychrotolerant microorganisms, temperatures higher than Topt (T>20°C e.g., MSI-28) are 
associated with a decreasing µ (Bakermans and Nealson, 2004; Kaye and Baross, 2004; 
Knoblauch and Jorgensen, 1999). Consequently, an increased YX/S could have been foreseen 
on the grounds of the “growth rate-yield trade-off” theory. However, prolonged exposure to 
moderate high temperatures resulted in increased substrate turnover to fulfill the higher 
maintenance (m) requirements due to a) the Arrhenius dependency of m on temperature (Figure 
3-10B) and b) the proposed increased susceptibility to MHP after prolonged exposure to 
moderate high temperature. Hence, despite more favourable bioenergetics in MSI-28 than in 
MSI-20 and MSI-10 (Figure 3-10A), energy was deviated from growth (YX/S) to satisfy 
increasing m requirements. Moreover, low-temperature stress response shares commonalities 
with the one triggered by MHP attributable to similar effects at the cell membrane level (Allen 
and Bartlett, 2000). Hence, it is reasonable to suspect that relevant enzymatic machinery 
already in place was upregulated in microorganisms from MSI-10 and MSI-20 incubations, 
implying that a smaller fraction of the energy budget was allocated for m (Figure 3-10). 
Pressure and temperature fluctuation responses are not entirely equal; thus, particular 
mechanisms triggered by MHP could have still occurred. For example, the synthesis of heat 
shock proteins (Welch et al., 1993) is likely to occur in psychrotolerant organisms at 
temperatures from 28°C onwards (Potier et al., 1990), implying energy deviation for other 
anabolic processes than growth in MSI-28. 
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Figure 3-12: VFA and organic acids per cell calculated for the experiment of anaerobic glucose conversion at mild 
hydrostatic pressure (MHP) of 5 and 8 MPa. Data represent measured concentrations, on a per-cell basis for the 
marine sediment inoculum (MSI) at 10, 20 and 28°C and for the anaerobic digester inoculum (ADI) at 37°C. 

5 MPa

8 MPa
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The exclusively temperature-dependent m calculations presented here should be used as a first 
approximation since only the major and not all carbon and energy-deriving processes have been 
considered. If proton leakage, cell death, intracellular carbon storage, membrane fluidity 
conservation and pathway shifts (van Bodegom, 2007) would have been included, higher 
overall maintenance (mtot) and a further constrained µ and YX/S would have been obtained. 
These requirements constitute part of the initial halotolerance and a postulated temperature-
MHP adaptation. Hence, carbon and energy derivation towards m likely have occurred under 
all experimental conditions (Schimel et al., 2015) but may have been overlooked due to process 
complexity and methodological simplifications.  

A higher µ was expected for ADI-37  since it was incubated at T≈Topt (Figure 3-11) and due to 
differences in the order of magnitude of mesophilic and psychrotolerant µ in microorganisms 
grown under laboratory conditions (Nedwell and Rutter, 1994). A higher decay rate (kd) and m 
requirements (Figure 3-10B) were anticipated for this treatment due to temperature dependence 
of kd, m and µ (Biselli et al., 2020); thus, a lower µnet ascribed to temperature effects in ADI-37  
when compared to MSI-28 could be reasonably expected. Moreover, in ADI-37  additional 
stress response mechanisms needed to be fully upregulated to counteract MHP effects on 
susceptible biomass resulting from prolonged exposure to moderate high temperature. 
Moreover, prolonged incubation could have triggered the utilization of biomass to satisfy 
increasing mtot requirements when carbon was less available (Bradley et al., 2018). If 
unsaturated lipids would have been produced to safeguard membrane fluidity, it would have 
come at the price of diverting energy from growth to maintenance (Casadei et al., 2002; Kaneko 
et al., 2000). Lipid synthesis is a less energy-intensive process (0.015 mmol ATP/ g lipid) (Kim 
and Gadd, 2008) in comparison to the synthesis of proteins and carbohydrates, which could 
also have been part of the general microbial stress response in ADI-37  (Gross and Watson, 
1996). 

Table 3-4: Gibbs energy change for active transport of acid molecule (HA) through the cell membrane ΔGTr-HA 
(kJ mmol-1) for different organic acids measured in the glucose experiments at mild hydrostatic pressure (MHP) 
using marine sediment inoculum – MSI and anaerobic digester inoculum – ADI at different temperatures 

 Extracellular 
concentration 
(mM) 

Intracellular 
concentration 
(mM)a 

ΔGTr-HA  

(10°C) 
ΔGTr-HA  

 (20°C) 
ΔGTr-HA  

 (28°C) 
ΔGTr-HA  

 (37°C) 

Lactic 
acid 

15.11 
 

10 2.74 2.78 2.86 2.95 
5 19.34 19.68 20.22 20.82 

Propionic 
acid 

18.9 
 

10 15.38 15.64 16.07 16.55 
5 31.98 32.54 33.42 34.42 

Acetic  
acid 

24.20 
 

10 9.57 9.74 10.00 10.30 
5 26.18 26.63 27.36 28.17 

a Intracellular concentration taken from Rodriguez et al. (2006) 
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Our results showed that the enrichment strategy predominantly impacted the product spectrum 
(See Appendix), while both incubation temperature and MHP played a minor and indirect role 
(Figure 3-4). High substrate concentration, high biomass load, complex medium, and 
sequencing batch incubations can be considered the process parameters with the most 
substantial influence on the product spectrum. Rombouts et al. (2020) and Hoelzle et al. (2021) 
have proposed that complex medium and high glucose concentrations favour lactate production 
over butyrate, propionate and acetate, which are typically observed in mixed culture 
conversions at low substrate concentration and even occurring at elevated operational pressure 
(Ceron-Chafla et al., 2021).  

We did not observe significant differences in the product spectrum of the different incubations 
due to MHP. However, other studies highlighted deviations in product formation after the 
exposure to higher HP (30-35 MPa) and associated this phenomenon with changes in the 
central carbon metabolism (Booker et al., 2019; Scoma et al., 2019). Their results showed that 
propionate and butyrate were formed to dispose of reducing equivalents under limited 
hydrogen production. A declined hydrogen production is expected when the lactate pathway is 
favoured (Ghimire et al., 2015) and could also result from the hindered hydrogenase activity 
by elevated HP (Booker et al., 2019). Consequently, the favoured disposal of reducing 
equivalents in the form of propionate/ butyrate and formate production to act as “aqueous 
electron carrier” are reasonable outputs of MHP incubations. However, formate production is 
not an exclusive outcome of combined incubation temperature and MHP. Previous studies 
reported formate as an alternative electron sink to H2 in, e.g., glucose conversion carried out at 
pH > 6 (Temudo et al., 2007) and during shock loads of substrate at circumneutral pH 
(Voolapalli and Stuckey, 1999). Moreover, formate production may also be a characteristic 
fermentation pathway in organisms from temperate marine sediments, as postulated by 
previous work (Kondo et al., 1993).  

 

The taxonomic diversity changed in response to substrate concentration and incubation 
temperature after the enrichment (See Appendix). Due to insufficient homogenization in the 
MSI samples, replicate 3 was different in composition and abundance from the other inoculum 
replicates. These differences in composition remained observable in the experiments at mild 
selective pressure, i.e., low temperature and MHP (Figure 3-5). Under an apparently stronger 
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“selective pressure”, i.e., moderate-high temperature and MHP, the inoculum variability effect 
was no longer observed and changes in absolute abundance due to temperature and MHP 
became more evident and reproducible as in other studies dealing with environmental 
disturbance effects in community structure (Pagaling et al., 2014). After MHP-exposure, 
specific genera lost their predominance or became absent, but fermentative activity was 
conserved. At 10 and 20°C in MSI, a minor decrease in absolute abundance was identified in 
groups with recognized fermenting metabolism such as Marinifilum, Psychromonas, 
Halilactibacillus and Trichococcus after MHP was applied. This was also the case for some of 
the identified SRB, i.e., Dethiosulfatibacter and Desulfomicrobium (Figure 3-5A). 
Piezotolerant/ piezophilic strains were previously identified in coastal marine sediments with 
no apparent exposure to significant pressure gradients (Marietou and Bartlett, 2014; Tamburini 
et al., 2009b). Most of those microorganisms additionally have a psychrotolerant nature with 
Topt between 10-20°C (Fu et al., 2018; Xu et al., 2003), supporting the previously described 
link between low/moderate temperature adaptation and pressure resistance. 

In MSI-28, general multitrophic microorganisms belonging to the genera Trichococcus and 
Ilyobacter, as well as Proteiniphilum and Ercella, in ADI-37  showed some degree of tolerance 
to MHP (Figure 3-5, A and B). So far, proven piezotolerance in these genera has not been 
reported. Nonetheless, piezotolerant/piezophilic strains in marine sediments (Bhattarai et al., 
2018; Fasca et al., 2018; Wannicke et al., 2015) and high-pressure anaerobic digesters 
(Lindeboom et al., 2016) belong to the phyla Firmicutes and Bacteroidetes, which comprise 
the genera mentioned above. Innate adaptations in these species might allow a certain degree 
of piezotolerance. Microorganisms from the genus Trichococcus (Pikuta and Hoover, 2014) 
and Ilyobacter (Schink, 1984) produce mucopolysaccharides for adaptation to low 
temperatures, which might confer adaptability to more extreme conditions such as MHP (Yin 
et al., 2019). An increase in the proportion of unsaturated fatty acids (UFAs) is a mechanism 
to safeguard membrane fluidity via homeo-viscous adaptation (Wang et al., 2014). Members 
of the genus Ercella (van Gelder et al., 2014) and Proteiniphillum (Wang et al., 2014) are 
characterized by a high content of UFAs and ante-iso-branched fatty acids in their cell 
membranes. This innate feature could counteract the reduced fluidity caused by increased 
MHP. 

 

The use of stress conditions such as MHP to promote new products synthesis and bioprocess 
selectivity, while limiting biomass growth, has gained interest in latest years (Mota et al., 
2017). However, microbial resilience is still a bottleneck in operation under environmental 
stressors such as MHP (Lopes et al., 2019). Inoculum history, thermal adaptation and 
halotolerance could promote cross-resistance effects, which can be further exploited depending 
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on desired process outcome. In yield-dependent processes, e.g., biopolymer production, whose 
properties seem interestingly modified by MHP, operation at mild temperature could be 
advisable to obtain a balanced biomass-product output. If the microbial community is already 
temperature-adapted, the predominance of product-accumulating organisms should not be 
compromised by MHP exposure. On the other hand, if excess biomass growth needs to be 
controlled, operation at MHP in combination with increased temperature, high organic loading 
rate, and rich medium could promote uncoupling of catabolism and anabolism. As indicated 
by our experimental results, this could occur without the abundance of key genera being 
jeopardized.  

 

Effects of an environmental stressor (MHP) on metabolic activity and community structure 
could be modulated by cross-resistance effects associated with incubation temperature and 
halotolerance. At mild temperatures, an apparent cross-resistance effect balanced growth and 
fermentation under MHP. At low temperatures and MHP, compromised growth and 
carboxylates production resulted from bioenergetic and kinetic constraints. High temperature 
positively impacted carboxylates production and combined with MHP, further limited biomass 
yield due to high maintenance requirements and decay. Fermentative activity was conserved 
despite absolute abundances of predominant groups in MSI, being compromised by 
temperature and, to a minor extent, MHP. Community composition in mesophilic ADI also 
underwent slight modifications after MHP exposure. We anticipate that fermentation resilience 
to environmental stress relies on understanding how cross-resistance effects at the 
physiological level could influence microbial community composition and, ultimately, process 
yield.   
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After the final cycle of enrichment, inocula MSI and ADI showed differences in the final 
product spectrum, cell numbers and community diversity. Regarding the measured metabolites 
as soluble COD, MSI-28 showed a balanced production: 54% of the soluble COD corresponded 
to acetate and 45% to propionate. In MSI-20, there was a marginal increase in propionate 
production compared to acetate: 53 vs 47%. For MSI-10, the product spectrum was composed 
of acetate, formate and lactate: 45, 29 and 14%, respectively. ADI-37  showed a product 
spectrum also dominated by acetate and propionate: 56 vs 41%, respectively. The achieved cell 
density at the end of the enrichment is presented in Figure 3-13.  

Changes were observed in the predominant OTUs identified in MSI and ADI samples after the 
enrichment at atmospheric conditions. Psychromonas was replaced as the main fermentative 
genus in the original MSI sample by Marinifilum, Psychromonas, Halolactibacillus, 
Trichococcus at 10, 20 and 28°C and Ilyobacter, only at 28°C. Two genera associated with 
SRB, namely Dethiosulfatibacter and Desulfomicrobium, were further identified. In the case 
of ADI, the transition occurred from genera such as JS1 and RBG-13-54-9 to fermentative 
halotolerant, neutrophilic bacteria such as Proteiniphillium, Ercella, Halolactibacillus and the 
SRB Dethiosulfovibrio and Desulfomicrobium.   

 

Figure 3-13: Cell density measured by flow cytometry (FCM) at the end of the first cycle of the enrichment for 
the marine sediment inoculum (MSI) at incubation temperatures of 10°C, 20°C and 28°C and the anaerobic 
digester inoculum (ADI) at 37°C. 
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CHAPTER 4
DIRECTIONAL SELECTION OF
MICROBIAL COMMUNITY IN MIXED
CULTURE FERMENTATIONS UNDER
ELEVATED pCO2



 

 

Volatile fatty acid (VFA) accumulation is a sign of digester perturbation. 
Previous work showed the thermodynamic limitations of hydrogen and CO2 in 
syntrophic propionate oxidation under elevated partial pressure of CO2 (pCO2). 
Here we study the effect of directional selection under increasing substrate load 
as a strategy to restructure the microbial community and induce cross-resistance 
mechanisms to improve glucose and glycerol conversion performance under 
elevated pCO2. After an adaptive laboratory evolution (ALE) process, viable 
cell density increased and predominant microbial groups were modified: an 
increase in Methanosaeta and syntrophic propionate oxidizing bacteria (SPOB) 
associated with the Smithella genus was found with glycerol as the substrate. A 
modest increase in SPOB along with a shift in the predominance of 
Methanobacterium towards Methanosaeta was observed with glucose as the 
substrate. The evolved inoculum showed affected diversity within archaeal spp. 
under 5 bar initial pCO2; however, higher CH4 yield resulted from enhanced 
propionate conversion linked to the community shifts and biomass adaptation 
during the ALE process. Moreover, the evolved inoculum attained increased 
cell viability with glucose and a marginal decrease with glycerol as the 
substrate. Results showed differences in terms of carbon flux distribution using 
the evolved inoculum under elevated pCO2: glucose conversion resulted in a 
higher cell density and viability, whereas glycerol conversion led to higher 
propionate production, whose enabled conversion reflected in increased CH4 
yield. Our results highlight that limited propionate conversion at elevated pCO2 
resulted from decreased cell viability and low abundance of syntrophic partners. 
This limitation can be mitigated by promoting alternative and more resilient 
SPOB and building up biomass adaptation to environmental conditions via 
directional selection of microbial community.  

High-pressure anaerobic digestion, Elevated CO2 partial pressure, Syntrophic 
propionate oxidation, Smithella, Adaptive laboratory evolution.  
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In this work, we applied a directional selection process based on increasing substrate load to 
restructure the microbial community and activate cross-protection mechanisms to enhance the 
anaerobic conversion of glucose and glycerol under elevated pCO2. As a negative control, we 
investigated the effect of elevated pCO2 on the original inoculum. We expected differences in 
the product spectrum as a result of the dissimilar substrate oxidation state and increased pCO2 
favoring propionate production. Nonetheless, further propionate oxidation (Pr-Ox) would be 
limited due to thermodynamic constraints on syntrophic Pr-Ox in relation to interspecies 
hydrogen transfer (Stams et al., 1998). Further constraints will be established due to the 
negative effects of elevated pCO2 on cell viability and relative abundance of methanogens and 
syntrophic propionate oxidation bacteria (SPOB) in the original inoculum. The evolved 
inoculum would feature enhanced cell viability, a higher proportion of fermenters and more 
resilient SPOB and methanogenic groups. These factors could help to circumvent 
thermodynamic and performance limitations present in the original inoculum, thereby enabling 
propionate conversion under elevated pCO2.  

 

 

Flocculent anaerobic sludge from an anaerobic membrane bioreactor (AnMBR) treating 
wastewater from a chocolate and pet food industry was used as the starting inoculum. Measured 
physicochemical parameters are presented in Table 4-1. 

 

Batch experiments with original inoculum were conducted at four different pCO2, namely 0.3, 
3, 5, 8 bar initial pressures. Schott bottles with a working volume of 250 mL, air-tight sealed 
with rubber stoppers were used for the experiments at atmospheric conditions, i.e., 0.3 bar 
pCO2. The employed gas to liquid ratio was 2:3. Stainless steel reactors working in a pressure 
range of 1 - 600 bar (Nantong Vasia, China) were used for the experiments at moderately 
elevated pressure, i.e., 3, 5 and 8 bar. These reactors are fitted with gas and liquid sampling 
ports in the head, as well as a glycerin manometer. The working liquid volume, in this case, 
was 120 mL, and the same gas to liquid ratio as before was kept. Reactors were inoculated with 
2 g VSS L-1. The liquid medium added to each reactor contained 1 g glucose or glycerol as 
COD L-1, macronutrients, micronutrients, both prepared according to García Rea et al. (2020) 
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and buffer solution (100 mM as HCO3
-). The initial pH of all the reactors was not adjusted and 

values were in the range 7.5 – 8.0.    

Table 4-1: Physicochemical characterization of the original anaerobic inoculum used for the experiments of 
glucose and glycerol conversion under elevated pCO2 and evolved inoculum after adaptive laboratory evolution 
(ALE) using glucose and glycerol (1 g COD L-1) at T= 35˚C, initial pCO2= 0.3 bar and pH in the range 7.5-8.0 

Parameter Unit Original inoculum Glucose-evolved 
inoculum 

Glycerol-evolved 
inoculum 

Mean ± SD 
(n=3) 

Mean ± SD 
(n=3) 

Mean ± SD 
(n=3) 

TCOD mg L-1 22 200 ± 1000 3 500 ± 550 6 800 ± 650 
SCOD mg L-1 1 900 ± 400 678 ± 65 162 ± 4 
TOC mg L-1 7 700 ± 800 681 ± 6 705 ± 3 
TSS g L-1 15.9 ± 0.5 3.5± 0.1 6.0 ± 0.1 
VSS g L-1 13.6 ± 0.1 2.9 ± 0.3 4.9 ± 0.1 
VSS/TSS % 86 81 82 
NH4-N mg L-1 107 ± 2 269 ± 22 281 ± 7 
TP mg L-1 112 ± 1 17 ± 2 28 ± 1 
pH - 7.3 7.2 7.2 

 

After filling and closure, atmospheric reactors were flushed for two minutes with 100% N2 and 
sequentially with N2: CO2, 70:30%. Pressure reactors were initially flushed with the same gas 
mixture as the atmospheric reactors and afterwards, consecutive pressurization-release cycles 
with >99% CO2 were applied to ensure initial headspace composition. Reactors were operated 
for approximately 10 days, kept at 35°C and continuously shaken at 110 rpm. All the 
experimental treatments were conducted in triplicates. Pressurized controls with only nitrogen 
in the headspace were additionally included. To diminish sampling interference during the 
experiment, we applied the same sampling strategy as previously described (Ceron-Chafla et 
al., 2020). A graphical description of the experimental design is presented in Figure 4-1. 

 

The total length of the atmospheric ALE process was 61 days, divided into four cycles with 
duration as follows: the two first cycles lasted seven days, which corresponded to complete 
substrate conversion for initial atmospheric experiments at 0.3 bar pCO2. However, due to the 
limited growth and conversion of intermediates identified after the second cycle, it was decided 
to perform the third and fourth cycles at 0.3 bar pCO2 for 21 and 26 days, respectively, to 
achieve complete conversion. Schott bottles with a working volume of 2000 mL were used for 
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the ALE incubation. After every cycle, 240 mL were removed, replaced by fresh medium and 
the bottles were flushed with N2: CO2, 70:30%. The substrate concentration in the medium 
refreshing solution was fixed for all the cycles at 1 g COD L-1 glucose or glycerol. It should be 
noted that owing to the serial dilution procedure, biomass was exposed to a deliberately 
increased substrate load per cycle. The evolved inoculum was harvested after the fourth cycle, 
employing low-speed centrifugation and resuspension with macro and micronutrient solution. 
After this, the obtained biomass was characterized in terms of physicochemical parameters 
(Table 4-1) and used to inoculate pressure reactors at 5 bar pCO2 and controls at 5 bar pN2 to 
evaluate anaerobic conversion performance of evolved microbial biomass at a higher Food to 
Mass ratio (F:M ratio) (phase 3 Figure 4-1). The pressurized experiments with evolved 
inoculum lasted approximately 10 days.   

 

Figure 4-1: Graphical summary of experimental conditions for the anaerobic conversion experiments at elevated 
pCO2 using glucose and glycerol as substrates. Experiments are organized according to substrate and inoculum 
conditions. 

 

 

Biomass samples stored at -80°C from the endpoint of the batch experiments were used to 
evaluate Microbial community dynamics. After thawing, DNA was extracted according to the 
instructions included in the DNeasy UltraClean Microbial Kit (Qiagen, Germany). The quality 
and quantity of the obtained DNA were checked through Qubit 3.0 DNA detection (Qubit® 
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dsDNA HS Assay Kit, Life Technologies, U.S). Library construction and sequencing by the 
Illumina platform were conducted by Novogene (Hong Kong).  

During the amplification, DNA concentration and purity were first monitored on 1% agarose 
gels and diluted to 1ng/μL by sterile water. Then, 16S rRNA genes of distinct regions (16S V3-
V4) were amplified with the specific primer (e.g. 16S V4: 515F-806R). The choice of two 
primer pairs for the bacteria and archeae domain targeting different variable regions has been 
reported in literature as a proven approach to screen a relative diverse community at the 
expense of limitations in taxonomic assignment at the species level (Bonk et al., 2018; 
Campanaro et al., 2018; Caporaso et al., 2011). The chosen PCR products, between 400 to 450 
bp, were mixed in equidensity ratios. Then, the mixture PCR products were purified with 
Qiagen Gel Extraction Kit (Qiagen, Germany). The libraries of the samples, generated with 
NEBNext® UltraTM DNA Library Prep Kit for Illumina and quantified via Qubit and Q-PCR, 
were analyzed by the Illumina platform. 

Paired-end reads were assigned to samples based on their unique barcode and truncated by 
cutting off the barcode and primer sequence. Paired-end reads were merged by FLASH (Magoc 
et al., 2011), and quality filtering on the raw tags was performed under specific filtering 
conditions to obtain the high-quality clean tags (Bokulich et al., 2013) with the Qiime quality-
controlled process (Caporaso et al., 2010). The effective tags were obtained after comparison 
with UCHIME algorithm (Edgar et al., 2011) the reference database, to detect chimera 
sequences and subsequent removal of those.  

Sequences analysis was performed by Uparse software (Edgar, 2013), using all the effective 
tags. Sequences with ≥97% similarity were assigned to the same operational taxonomic units 
(OTUs). The representative sequence for each OTU was screened for further annotation. For 
each representative sequence, Mothur software was performed against the SSUrRNA database 
of SILVA Database (Wang et al., 2007) for species annotation at each taxonomic rank 
(Threshold:0.8~1) (Quast et al., 2012) (kingdom, phylum, class, order, family, genus, species). 
To get the phylogenetic relationship of all OTUs representative sequences, the MUSCLE 
algorithm (Edgar, 2004) was applied to compare multiple sequences. OTUs abundance 
information was normalized using a standard of sequence number corresponding to the sample 
with the least sequences.  
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Secondary metabolites in the liquid medium (acetate, propionate, butyrate and valerate) were 
measured by gas chromatography (7890A GC; Agilent Technologies, US) according to the 
method described by Muñoz Sierra et al. (2020). The gas composition of samples stabilized at 
atmospheric conditions was determined via gas chromatography (7890A GC; Agilent 
Technologies, US) using a thermal conductivity detector operated at 200°C and oven 
temperature ramping from 40 to 100°C. The system operated with two columns: an HP-PLOT 
Molesieve GC Column 30 m x 0.53 mm x 25.00 µm and an HP-PLOT U GC Column, 30 m, 
0.53 mm, 20.00 µm (Agilent Technologies, US). The carrier gas was helium at a constant flow 
rate of 10 mL min−1. 

Total cell numbers and live/dead cells were assessed by flow cytometry (BD Accuri® C6, BD 
Biosciences, Belgium) using Milli-Q as sheath fluid. Before measurement, samples were pre-
treated as follows: First, samples were diluted (x 500) with 0.22-μm filtered phosphate-
buffered-saline (PBS) solution. Diluted samples were sonicated in 3 cycles of 45 seconds at 
100 W and the amplitude at 50%. Subsequently, samples were diluted (x 500) and filtered at 
22 µm. Immediately after the pre-treatment, the samples were stained with 5% SYBR® Green 
I or SYBR® Green I combined with propidium iodide (Invitrogen) and incubated at 37°C for 
10 min. pH, total and soluble COD, TSS and VSS, ammonium and total phosphorus were 
measured according to standard methods (American Public Health Association, 2017).  

 

Statistical analyses were carried out in R version 3.6.1 (2019). After processing the amplicon 
sequencing data, a table was generated with relative abundances of the different OTUs and 
their taxonomic assignment of each sample. Normalization of the samples was carried out 
based on the flow cytometry data (Props et al., 2017). The R packages vegan (Oksanen et al., 
2016) and phyloseq (McMurdie and Holmes, 2013) were used for community analysis. 
Significant differences (p < 0.05) in microbial community composition were identified 
employing pair-wise Permutational ANOVA (PERMANOVA) with Bonferroni correction 
using the adonis function included in the vegan package. 

The order-based Hill’s numbers were used to evaluate the alpha diversity in terms of richness 
(number of OTUs, H0), the exponential of the Shannon diversity index (H1) and the Inverse 
Simpson index (H2) (Hill, 1973). Beta diversity was evaluated via the Bray-Curtis distance 
measure (Bray and Curtis, 1957). Spearman’s correlation analysis was performed using the 
function cor.test ().  
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The main results of the glucose and glycerol conversion experiments at elevated pCO2 using 
the evolved and original inoculum are summarized in Table 4-2. Observations are categorized 
in terms of cell viability, microbial community and product spectrum and explained in detail 
in the following sections.  

 

The total and viable cell density of the starting inoculum is presented in Figure 4-2A. During 
the experiments of glucose conversion at pCO2 of 0.3 bar using this inoculum, there was a 
negligible reduction in the final viable cell density, expressed as percentage change, after 10 
days (Figure 4-2B). However, at moderately high pressures, i.e., 3, 5 and 8 bar initial pCO2, 
the treatments showed a more substantial decrease of approximately 66% in viable cell density 
for the same period (Figure 4-2B). It should be noted that nitrogen controls at 5 bar showed a 
comparable decrease of 73% in viable cell density. 

Total and viable cell density increased in comparison to the original inoculum after the ALE 
cycle using glucose as a substrate. In particular, there was a 2.2-fold increase in viable cell 
density in comparison to the original inoculum (Figure 4-2A). After the exposure to 5 bar pCO2, 
the viable cell density of the evolved inoculum showed an increase of 163% compared to the 
original inoculum. Nitrogen controls at 5 bar presented a smaller increase of 67% in viable cell 
density after 10 days (Figure 4-2B).  
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Table 4-2: Summary of the observed effects of the adaptive laboratory evolution (ALE) strategy in the 
performance of anaerobic conversion of glucose and glycerol under 5 bar pCO2  

 Glucose Glycerol 
Original Evolved Original Evolved 
5 bar initial pCO2 

Cell density Decrease in final 
total and viable cell 
density. 

Increase in final total 
and viable cell 
density.  

Increase in final 
total and viable cell 
density. 

Moderate decrease 
in final cell density 
and comparable 
viable cell density 
between start and 
endpoint.  

Microbial 
community  

Low relative 
abundance (RA) 
(<1%) of syntrophic 
groups. 
Higher RA of 
Methanosaeta 
compared to 
Methanobacterium.  
 

Increased RA of 
Smithella and 
Syntrophobacter 
(8%). 
Slight increase in 
RA of Methanosaeta 
compared to 
Methanobacterium. 

Higher RA of 
Methanosaeta 
compared to 
Methanobacterium 
than in glucose 
treatments. 

Highest RA of 
Smithella and 
Syntrophobacter 
(18%) 
RA of 
Methanosaeta and 
Methanobacterium 
comparable to upper 
limit in original 
inoculum 
treatments. 

Product 
spectrum and 
productivity  

Propionate 
accumulation. 
Higher acetate and 
butyrate 
concentration than 
under atmospheric 
conditions.  
Low CH4 
production. 

Propionate 
conversion.  
Higher CH4 
production than 
using original 
inoculum.  

Propionate 
accumulation, 
despicable butyrate 
production.  
Lower CH4 
production 
compared to 
glucose.  

Propionate 
conversion. Higher 
CH4 production than 
original inoculum 
treatment and 
glucose treatment.  

The proportion of bacteria and archaea, based on the total number of processed reads, 
corresponded to 79% and 21%, respectively, in the original inoculum. The bacterial community 
of the original inoculum was majorly composed of the phyla Chloroflexi (52%), 
Actinobacteriota (22%), Firmicutes (10%) and Proteobacteria (5%). In terms of the relative 
abundance of the bacterial community at the genus level, there were a representative proportion 
of SJA-15_ge (35%) and unclassified Micrococcales (19%) (Figure 4-3A). The proportion of 
genera associated with syntrophic propionate oxidation, namely Smithella, was low (<1%). The 
archaeal community was mainly composed of members of the aceticlastic genus Methanosaeta 
(68%) and the hydrogenotrophic genus Methanobacterium (31%) (Figure 4-3B). 
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Figure 4-2: (A) Total and viable cell density for the original and evolved inoculum with glucose and glycerol. 
Percentage of change of total and viable cell density for the (B) glucose and (C) glycerol conversion experiments 
at different initial pCO2 in the headspace (0.3, 3, 5 and 8 bar) using original inoculum and at 5 bar initial pCO2 
using evolved inoculum. Pressure controls with N2 headspace for the original and evolved inoculum at 5 bar (5C 
and E5C in the graphs) are included for reference.  

 

In the experiments at 3, 5 and 8 bars initial pCO2, bacterial genera from the class Anaerolineae: 
SJA-15_ge (38-45%), unclassified Micrococcales (11-16%) were predominant (Figure 4-3A). 
The relative abundance of syntrophic groups remained low (<1%). The proportion of total 
archaea was below 45% in all treatments. Additionally, Figure 4-3B suggests a contrasting 
relationship in the relative abundance of Methanobacterium and Methanosaeta in the 
treatments when compared to the original inoculum. 

After the ALE cycles, the proportion of bacteria and archaea was 70 and 30%, respectively. 
The directional selection of microbial community favoured the relative abundance of bacterial 
phyla Actinobacteria, increasing its abundance to 48% and decreased the proportion of 
Chloroflexi to 20% of total bacterial reads for this inoculum. At the genus level, the relative 
abundance of unclassified Micrococcales and SJA-15_ge corresponded to 44% and 12%, 
respectively (Figure 4-3A). Smithella increased to 4% of the total bacterial reads. At the 
archaeal level, the proportions of the two methanogenic genera Methanosaeta and 
Methanobacterium corresponded to 68 and 31% of the archaeal reads, respectively (Figure 
4-3B).  
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For the experiments at 5 bars initial pCO2 with evolved inoculum, at the genus level, 
unclassified Micrococcales remained predominant (28%), as well as SJA-15_ge (15%) (Figure 
4-3A). Under the imposed experimental conditions, the abundance of syntrophic groups, e.g., 
Smithella (Figure 4-3A) and Syntrophobacter, cumulatively increased to 8% of the total 
bacterial reads. The proportion of total archaea after exposure to pCO2 corresponded to 39% 
of the total reads. The relative abundance of Methanosaeta increased to 77%, whereas 
Methanobacterium remained around 22% of total processed archaeal reads (Figure 4-3B).  

 

 

Figure 4-3: Heatmap presenting the relative abundance of (A) Bacterial community and (B) Archaeal community 
at the genus level. Experimental treatments correspond to glucose conversion at elevated pCO2 using original (0.3, 
3, 5 and 8 bar) and evolved inoculum (5 bar – E5). I corresponds to the original inoculum and E to the evolved 
inoculum. Pressure corresponds to initial values before equilibrium.  

 

The product spectrum of the anaerobic conversion of glucose under different initial pCO2 levels 
was mainly composed of propionate, acetate, butyrate and CH4. Propionate production was 
predominant under initial pCO2 of 0.3 bar, reaching 399 mg COD - Pr L-1, which in terms of 
the mass balance corresponded to 44% of the initial COD (Figure 4-4A). In the experiments at 
3, 5 and 8 bar pCO2, propionate production peaked at approximately 407±32 mg COD - Pr L-1, 
which accounted for 38% of the initial COD. Small discrepancies in the total amount being fed 
to atmospheric and pressure reactors were experienced since the effective volume differed 
among reactors to keep the liquid to gas ratio comparable. Acetate and butyrate amounts were 
higher at initial pCO2 of 8 bar compared to atmospheric conditions, whereas at 3 and 5 bar, a 
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noteworthy accumulation of these metabolites was not detected (Figure 4-4D, B and C). 
Propionate conversion was hindered by elevated pCO2 and in consequence, decreased CH4 
production was observed in the treatments at high initial pCO2. The experiments at 3, 5 and 8 
bar pCO2 resulted in an average 30% decrease in the final amount of COD-CH4 produced in 
comparison to the atmospheric control at 0.3 bar pCO2 evaluated after 10 days (Figure 4-4 A, 
B, C and D). 

 

Figure 4-4: Volatile fatty acid (VFA) and CH4 production (mg COD) over time for the glucose conversion 
experiments using original inoculum at initial pCO2 of (A) 0.3 bar (B) 3 bar (C) 5 bar and (D) 8 bar. Pressure 
corresponds to initial values before equilibrium. Data points represent experimental data. Bars represent the 
standard deviation of three biological replicates measured at the beginning, middle and end of the experiment. 

 

Figure 4-5A shows the composition of the product spectrum in the experiments with evolved 
inoculum, which remained similar to the experiments with original inoculum; however, less 
accumulation of intermediates, particularly propionate, was detected. Propionate production 
peaked after 92 hours (Figure 4-6), and it was no longer detected at significant amounts at the 
end of the experiment (Table 4-3). A preliminary 33% decrease in the final COD-CH4 was 
calculated when comparing to the treatment at the same pCO2, i.e., 5 bars, using the original 
inoculum (Figure 4-4C).  
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Figure 4-5: Volatile fatty acid (VFA) and CH4 production (mg COD) over time for (A) glucose and (B) glycerol 
conversion experiments at elevated pCO2 using evolved inoculum at 5 bar initial pCO2. Pressure corresponds to 
initial values before equilibrium. Data points represent experimental data. Bars represent the standard deviation 
of three biological replicates measured at the beginning, middle and end of the experiment. 

 

 

Figure 4-6: Measured acetate and propionate concentrations (mg/L) during the experiments with the evolved 
inoculum at 5 bar pCO2 using glucose and glycerol as substrates 
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In the experiments of glycerol conversion at elevated pCO2 using the starting inoculum at 0.3 
bar pCO2, there was a negligible 10% increase in final viable cell density compared to initial 
conditions. However, at initial pCO2 of 3, 5 and 8 bar there was an increase of approximately 
50% for the two lowest pressures and a comparable percentage decrease for the highest pCO2. 
Nitrogen controls at 5 bar did not present a considerable change in viable cell density, just 
accounting for a 6% increase (Figure 4-2C).  

After the ALE process with increasing glycerol load, there was a 5.2-fold increase in viable 
cell density in comparison to the original inoculum and a 0.9-fold increase compared to the 
ALE with glucose as substrate (Figure 4-2, A and B). After exposure to 5 bar pCO2, the evolved 
inoculum showed a negligible 5% decrease in viable cell density. Nitrogen controls at 5 bar 
showed a 20% decrease compared to the initial conditions after 10 days (Figure 4-2C).  

In the experiments with the original inoculum at 3, 5 and 8 bar initial pCO2, results showed a 
predominance of bacterial genus SJA-15_ge, whose relative abundance calculated based on 
processed reads varied between 34-42%, and other genera, such as 
Clostridium_sensu_stricto_12 (8-12%), as well as unclassified Micrococcales and Mesotoga 
with relative abundances <14% (Figure 4-7A). The relative abundance of SPOB remained low 
(<1%) in all cases. There was a descending trend regarding the changes in the proportion of 
total archaea for the high pCO2 experiments using the original inoculum: for experiments at 3, 
5 and 8 bar pCO2, the archaeal presence corresponded to 35, 22 and 18% of the total number 
of processed reads, respectively. Methanosaeta had the highest relative abundance at the genus 
level, varying between 58 and 82%, while Methanobacterium ranged between 17-41% of total 
processed archaeal reads (Figure 4-7B).   
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After ALE with glycerol, the proportion of Bacteria and Archaea corresponded to 81 and 19% 
of processed reads, respectively. The bacterial community composition was dominated by 
phyla Chloroflexi (35%), Actinobacteriota (19%), Desulfobacterota (14%), and Synergistota 
(14%). At the genus level, SJA-15 (27%), unclassified Micrococcales (17%), Smithella (13%) 
and Thermovirga (11%) showed the highest relative abundances (Figure 4-7A). The archaeal 
community was majorly composed of genera Methanosaeta and Methanobacterium at a 
corresponding relative abundance of 76 and 22% (Figure 4-7B).  

For the experiments at 5 bar pCO2 with evolved inoculum, the relative abundance of SJA-15_ge 
decreased to 19% and Clostridium_sensu_stricto_12 (21%) was predominant. At this 
condition, the relative abundance of syntrophic groups, e.g., Smithella (Figure 4-7A) and 
Syntrophobacter, cumulatively increased to 18%. The proportion of total archaea, in this case, 
showed an increase to 35% of total processed reads. In terms of community composition, it 
differed from the glucose experiments: a slightly higher proportion of Methanosaeta (89%) 
was observed, whereas Methanobacterium represented 10% of processed archaeal reads 
(Figure 4-7B).  

 

 

Figure 4-7: Heatmap presenting the relative abundance of (A) Bacterial community and (B) Archaeal community 
at the genus level. Experimental treatments correspond to glycerol conversion at elevated pCO2 using original 
(0.3, 3, 5 and 8 bar) and evolved inoculum (5 bar – E5). I corresponds to the original inoculum and E to the 
evolved inoculum. Pressure corresponds to initial values before equilibrium.  
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A basic analysis of alpha diversity via calculation of the Hill numbers showed an overall 
decrease in the richness (H0) of the bacterial community associated with the directional 
selection process at increasing substrate concentrations, which seemed to be more noticeable 
in the case of glycerol compared to glucose (Figure 4-8). The inoculum condition (original vs 
evolved) only exposed significant differences in terms of the bacterial community structure for 
the case of richness, H0 (p=0.032), when all treatments were analyzed together. In the case of 
Pielou’s evenness, significant differences were explained by the type of substrate (p=0.044) 
and not by elevated pCO2.  

Beta diversity analysis via calculation of the Bray Curtis distance measures revealed significant 
differences in the community at the highest taxonomic level (Kingdom) because of exposure 
to elevated pCO2 (p=0.01 and p=0.04, respectively). The inoculum condition was significant 
only to explain the variability of the bacterial community (p=0.07) among all experimental 
treatments. 

The glycerol anaerobic conversion experiments showed a similar final product spectrum to 
glucose in terms of VFA. The difference was observed in the overall production: propionate in 
each condition of glycerol fermentation was around two times higher than during glucose 
fermentation and butyrate production was, on average, four times lower. Under atmospheric 
conditions, propionate production reached 600 mg COD – Pr L-1 at 0.3 bar pCO2. In terms of 
the mass balance, this accounts for 67% of the initial COD (Figure 4-9A). In the elevated pCO2 
experiments, the propionate concentration reached its plateau around 647 ± 41 mg COD – Pr 
L-1, corresponding in mass to 57-66% of the initial COD input. Similar to the glucose 
experiments, propionate conversion was seemingly affected by elevated pCO2 leading to its 
accumulation after approximately 70 hours and until the end of the experimental period (Figure 
4-9 B, C and D). Consequently, CH4 production was majorly impacted in the glycerol 
treatments at elevated pCO2. On average, methane production was lowered by 69%, compared 
to the atmospheric control at 0.3 bar pCO2. CH4 production in the pressurized treatments was, 
on average, 48% lower in the case of glycerol compared to glucose.   
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In the case of glycerol conversion at 5 bar pCO2 using evolved inoculum, propionate peaked 
after 69 hours (Figure 4-6) and decreased until complete conversion was observed by the end 
of the experiment (Figure 4-5B). An increment of 55% in final CH4 production was achieved 
when compared to the treatments at the same pCO2 using the original inoculum (Figure 4-9C). 
Contrary to what was observed with the original inoculum experiments, CH4 production from 
glycerol with evolved inoculum was 23% higher than from glucose at 5 bar pCO2. 

Figure 4-8: Boxplots of the alpha diversity index (A) Richness - H0, (B) Exponential of the Shannon diversity 
index - H1, (C) Inverse Simpson index - H2 and (D) Pielou’s evenness calculated for the experiments of glucose 
and glycerol anaerobic conversion under elevated pCO2 using original and evolved inoculum. 

A 

C 

B 

D 
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The processed sequencing data were used to estimate the proportions of bacteria and archaea 
in the incubations at atmospheric and pressurized conditions with glucose and glycerol. These 
proportions, together with the results of FCM analysis, were used to estimate the theoretical 
CH4 yield in ng of COD per viable archaeal cell for the experimental treatments (Figure 4-10). 
Based on these results, we calculated that in the 5 bar pCO2 experiment using evolved 
inoculum, the CH4 yield per viable archaeal cell was approximately 2.6 and 4.4 times higher 
compared to the same condition using the original inoculum for glucose and glycerol, 
respectively. When comparing glucose and glycerol incubations with evolved inoculum and 5 
bar pCO2, the CH4 yield per cell in the incubation with glycerol was slightly higher than with 
glucose (1.3 times), which contrasts with the results of the original inoculum. In all cases, 
elevated pCO2 treatments evidenced lower CH4 yield than pN2 controls. The increased CH4 
production is likely associated with changes in total archaeal proportion, resulting from the 
directional microbial community selection process.  

 

Figure 4-9: Volatile fatty acid (VFA) and CH4 production (mg COD) over time for the glycerol conversion 
experiments using original inoculum at initial pCO2 of (A) 0.3 bar (B) 3 bar (C) 5 bar and (D) 8 bar. Pressure 
corresponds to initial values before equilibrium. Data points represent experimental data. Bars represent the 
standard deviation of three biological replicates measured at the beginning, middle and end of the experiment. 

 

4



Chapter 4: 

130 

Furthermore, enhanced product formation is remarkable since an elevated pCO2 of 5 bar 
seemed to constrain cell growth in the case of the glycerol evolved inoculum (Figure 4-2C), 
but not for glucose (Figure 4-2B). This might suggest the development of different stress-
response strategies to elevated pCO2 depending on the type of substrate and selected microbial 
community. Moreover, the relative abundance of Smithella + Syntrophobacter is 2.3 times 
higher in glycerol than glucose evolved inoculum (Figure 4-7A and Figure 4-3A), which in 
turn might help to explain higher CH4 production due to community and pathway selection 
despite limited growth. It is postulated that due to the ALE process, a higher F:M ratio 
employed during the elevated pCO2 experiments with evolved inoculum did not constrain 
bioconversion activity. The F:M ratio was 4-5 times higher in elevated pCO2 experiments with 
evolved inoculum (phase 3, Figure 4-1) compared to original inoculum (phase 1, Figure 4-1). 
However, due to the differences in viable cell concentration, the substrate loads (calculated as 
mg COD per viable cell), were actually 10 and 3 times higher compared to the ones using 
original inoculum for glucose and glycerol, respectively. These differences at the “biomass” 
and “cell” level could have caused additional inhibition of the biochemical activity of the 
evolved inoculum; however, results indicate that the ALE process selected for more resilient 
microorganisms able to cope with the imposed conditions.  

 

Figure 4-10: CH4 yield normalized by the viable archaeal cell density at the end of the experiment for the glucose 
and glycerol conversion experiments at elevated pCO2 using original inoculum and evolved inoculum at 5 bar. 
Pressure corresponds to initial values before equilibrium. Nitrogen controls (5 bar) are included as a reference. 
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From the directional selection of microbial community via ALE, the three main achievements 
were: i) an increase in the overall total and viable cell density, ii) a higher proportion of archaea 
compared to the original inoculum for glucose and iii) a larger proportion of SPOB for both 
substrates (Table 4-2). These achievements provide a reasonable explanation for enabling 
propionate conversion and consequently improving CH4 production under elevated pCO2.  

The ALE process could have contributed to the development of protective mechanisms 
associated with the conservation of cell membrane integrity. It is known that changes in 
environmental conditions, such as temperature and osmotic pressure, trigger modifications in 
the structure and fluidity of cell membranes (Beney and Gervais, 2001). Bacteria and Archaea 
differ in the chemical composition of their membrane lipids (Albers and Meyer, 2011), which 
confers them a distinctive degree of protection towards changes in total pressure and pCO2. If 
membrane fluidity and permeability are being compromised, both groups of microorganisms 
are capable of adjusting their lipid composition to control ion leakage (Van De Vossenberg et 
al., 2000). However, previous works suggest that the lipid core of bacterial membranes can 
adjust itself better to regulate membrane fluidity (Siliakus et al., 2017). This adaptation might 
confer a survival advantage to bacterial spp. under conditions compromising membrane fluidity 
and, in turn, intracellular fluxes, such as the exposure to elevated pCO2.  

According to Wu et al. (2007), the application of high-pressure CO2, i.e., >20 bar, has shown 
a strong bactericidal effect in cultures of the model organism E.coli. The mechanisms 
contributing to the bactericidal effect included: i) compromised membrane integrity due to 
facilitated intracellular diffusion of increased H2CO3*, ii) drainage of internal cell components 
such as DNA, and cations as K+, Na+ that are linked to a more permeable membrane, and iii) 
possible internal acidification jeopardizing enzymatic activity as a consequence of a surpassed 
cytoplasmic buffering capacity (Yao et al., 2014). In our experiments, final pH measurements 
after decompression (Table 4-3) did not show dramatic differences at the studied pCO2 levels 
because of elevated buffer concentration. It should be realized that the external pH only partly 
determines cytoplasmic pH, which depends on the physiological features of each 
microorganism and the internal buffer capacity of the cell. The latter could be compromised by 
additional neutralization requirements to keep pH homeostasis when H2CO3* dissociation 
occurs in the cytoplasm (Slonczewski et al., 2009). Thus, some degree of cytoplasmic 
acidification cannot be discarded compromising cell growth in the case of glucose experiments 
with original inoculum (Figure 4-2B) and inhibition of microbial activity leading to 
intermediate propionate accumulation at elevated pCO2 for both substrates with the inoculum 
before the ALE process (Figure 4-4 and Figure 4-9) 
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It can be hypothesized that the increased load of an acidifying substrate, such as glucose, in 
every ALE cycle will lead to the development of protective measures against accumulating 
acidity, which could help to minimize effects on cell membrane integrity by elevated pCO2 
(Sun et al., 2005) and could help to explain the increase in cell viability after ALE with glucose 
(Figure 4-2B). The noticeable positive effects of using glycerol as the substrate on cell viability 
(Figure 4-2C) could be attributed to several factors. Firstly, changes in the medium viscosity 
can affect the diffusion rate of CO2 and could lead to lower microbial inactivation rates by 
high-pressure CO2. A similar observation previously has been reported for a growth medium 
with increased fat content (Lin et al., 1994). Secondly, researchers recently described that 
compatible solutes can also act as piezolytes to increase tolerance to pressure exposure (Martin 
et al., 2002; Scoma and Boon, 2016). Since glycerol can also act as a compatible solute, it 
might as well confer a temporary piezotolerance depending on its specific uptake and 
conversion rate. Thirdly, because of its non-ionic nature, glycerol may reduce water activity 
(aw) in the medium, which in turn could contribute to lower microbial inactivation rates by 
high-pressure CO2 as a result of decreased H2CO3* formation and a stabilization effect on 
membrane proteins (Kish et al., 2012; Wu et al., 2007). Regarding the effects of substrate 
concentration on the aw in the experimental treatments, theoretical calculations performed in 
the hydrogeochemical software Phreeqc® indeed showed that glycerol lowered the water 
activity compared to glucose but at elevated substrate concentrations (Table 4-5). At the 
applied low substrate concentrations of 5 and 9 mM for glycerol and glucose, respectively, it 
is questionable whether changes in aw would have significantly impacted cell viability in our 
experiments. Nonetheless, the observed differences in cell viability between glycerol and 
glucose treatments with the original inoculum (Figure 4-2), where a higher biomass 
concentration was applied, might suggest the occurrence of CO2 diffusion limitation associated 
with the presence of glycerol in the medium.   

Table 4-4: Proposed stoichiometries of the glucose and glycerol anaerobic conversion when propionate is oxidized 
via the methyl malonyl-CoA and the dismutation pathway (Smithella) in the case of glucose and glycerol 

Reaction Stoichiometry 
 

Methyl malonyl-CoA pathway 
Glucose 
fermentation 6 12 6 3 5 2 2 4 4 7 3 2 2 22 2 0.50 2C H O C H O C H O C H O CO H H O− − −→ + + + + +←  
Propionate 
oxidation 3 5 2 2 2 4 2 22 2 2 6 2C H O H O C H O H CO− −→+ + +←  
Butyrate 
oxidation  4 7 3 2 2 4 20.5C H O H O C H O H H− − +→+ + +←  
Aceticlastic 
methanogenesis  2 4 4 24 4 4 4C H O H CH CO− + →+ +←  
Hydrogenotrophic 
methanogenesis 2 2 4 28 2 2 2H CO CH H O→+ +←  
Glucose 
(syntrophic 
conversions) 

6 12 6 4 22 6 4C H O CH CO H +→ + +←  



Directional selection of microbial community in mixed culture fermentations at elevated pCO2 

133 

Dismutation pathway 
Glucose 
fermentation 6 12 6 3 5 2 2 4 2 2C H O C H O C H O CO H− −→ + + +←  
Propionate 
oxidation 3 5 2 2 2 4 4 7 30.5 0.5C H O H O C H O C H O− − −→+ +←  
Butyrate 
oxidation 4 7 3 2 2 4 20.5C H O H O C H O H H− − +→+ + +←  
Aceticlastic 
methanogenesis  2 4 4 22.5 2.5 2.5 2.5C H O H CH CO− + →+ +←  
Hydrogenotrophic 
methanogenesis 2 2 4 22 0.5H CO CH H O+ +→←  
Glucose 
(syntrophic 
conversions) 
 

6 12 6 4 23.5 3C H O CH CO+→←  

Methyl malonyl-CoA pathway 
Glycerol 
fermentation 3 8 3 3 5 2 2C H O C H O H O− +→←  
Propionate 
oxidation 3 5 2 2 2 4 2 22 3C H O H O C H O H CO− −+ + +→←  
Aceticlastic 
methanogenesis 2 4 4 2C H O H CH CO− ++ +→←  
Hydrogenotrophic 
methanogenesis 2 2 4 23 0.75 0.75 1.5H CO CH H O+ +→←  
Glycerol 
(syntrophic 
conversions) 

3 8 3 4 21.75 1.25C H O H CH CO++ +→←  

Dismutation pathway 
Glycerol 
fermentation 3 8 3 3 5 2 22 2 2C H O C H O H O− +→←  
Propionate 
oxidation  3 5 2 2 4 4 7 32C H O C H O C H O− − −+→←  
Butyrate 
oxidation 4 7 3 2 4 22 2 2C H O C H O H H− − ++ +→←  
Aceticlastic 
methanogenesis 2 4 4 23 3 3 3C H O H CH CO− + →+ +←  
Hydrogenotrophic 
methanogenesis 2 2 4 22 0.50H CO CH H O+ +→←  
Glycerol 
(syntrophic 
conversions) 

3 8 3 4 22 4 2.5C H O CH CO+→←  

 

The detrimental effects of high pCO2 cannot be solely attributed to a pressure effect. A 
comparable loss of viability as the one observed at elevated pCO2 has up till now only been 
achieved at hydrostatic pressures higher than 100 MPa (Pagán and Mackey, 2000). When using 
a non-reactive gas such as N2, strong biocidal effects have not been observed even if the pH is 
significantly lowered to emulate pH levels due to CO2 dissolution (Wu et al., 2007). However, 
we observed a detrimental effect of pressurized N2 on the cell viability of evolved inoculum 
with glycerol (Figure 4-2C) which suggests a negative effect of headspace pressure at low 
biomass concentration. Moreover, an increased amount of non-viable cells following 
pressurized conditions can also be explained by reactor depressurization. It has been shown 
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that pressure release, even if performed gradually, can increase the amount of permeabilized 
cells (Park and Clark, 2002), thus, compromising their viability. Further investigations are 
needed to thoroughly quantify possible decompression effects on cell viability and metabolic 
activity when using reactive and inert gases such as CO2 and N2.  

Table 4-5: Effect of substrate concentration in the water activity of the liquid medium employed in the experiments 
of anaerobic conversion of glucose and glycerol under elevated pCO2 

Component Water 
activity 
(aw) 

Volume 

atm 
reactor 
(mL) 

Volume 
pressure 
reactor 
(mL) 

Remarks 

Anaerobic sludge 0.992 20 14 (Agoda-Tandjawa et al., 
2013) 
Solids content in the 
sludge ≈1.5% w/w 

Concentrated Macronutrients and 
micronutrients solution  

0.870 0.90 0.72 Calculated in PhreeqC 
based on the 
composition indicated by 
Garcia-Rea et al., (2020) 

Substrate solution + 100 mM HCO3-  130 106 Experiments (this work) 

 aw aw atm. 
reactor 

aw pressure 
reactor 

aw is calculated from an 
approximation based on 
Raoult’s law  
(Parkhurst and Appelo, 
1999) 

Glucose 
Concentration 
(mM) 

0 1 0.998 0.997 Calculated in PhreeqC 

50 1.00 0.994 0.993 
100 0.99 0.994 0.993 
1000 0.97 0.977 0.978 
2500 0.92 0.925 0.933 

Glycerol 
Concentration 
(mM) 

0 1 0.998 0.997 Calculated in PhreeqC 
100 0.99 0.994 0.993 
200 0.99 0.992 0.991 
2000 0.96 0.960 0.963 
5000 0.86 0.876 0.890 

 Pr  
(mM) 

Ac 
(mM) 

 

VFA mixture  
(Propionate - Pr 
+ Acetate - Ac) 

0 0 1 0.998 0.998 Calculated in PhreeqC 
100 50 1.00 0.994 0.995 
200 100 0.99 0.992 0.992 
1000 500 0.97 0.972 0.972 
5000 2500 0.74 0.771 0.767 

 

At high propionate concentrations and low pH, a microbial community shift towards increased 
proportions of hydrogenotrophic methanogens has been evidenced, which contributes to 
maintaining a low partial pressure of hydrogen (pH2) to enable propionate oxidation under 
syntrophic conditions (Han et al., 2020; Y. Li et al., 2018). Apparently, low pH2 conditions 
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favour the production of H2 instead of NADH from the oxidation of reduced ferredoxin (Fdred) 
(H. S. Lee et al., 2008). Furthermore, at low pH2, hydrogenotrophic methanogenesis has been 
described as kinetically (Liu et al., 2016) and thermodynamically more feasible than 
homoacetogenesis at increasing pCO2 (Figure 4-11). This would imply that, in principle, we 
should have observed an increased proportion of hydrogenotrophic methanogens in the glucose 
experiments. However, this occurred only in the treatment with the original inoculum at the 
lowest pCO2 of 0.3 bar (Figure 4-3B). Zhang et al. (2011) described a possible detrimental 
effect of elevated CO2 concentration on the transcription levels of functional [FeFe] 
hydrogenases of the moderate thermophile Thermoanaerobacterium thermosaccharolyticum 
W16. The reduction in the ratio mRNA expression to 16S DNA gene depended on the type of 
substrate employed, glucose or xylose, and varied between 66-98% (Zhang et al., 2011). 
Considering this as a plausible hypothesis, H2 production might have been hindered in our 
elevated pCO2 experiments, leaving the production of reduced compounds as the main route 
for NADH consumption.  

 

Figure 4-11: Effect of increasing the partial pressure of carbon dioxide in the thermodynamic feasibility of 
homoacetogenesis and hydrogenotrophic methanogenesis under conditions of low and high partial pressure of 
hydrogen (pH2). 

 

The biochemical pathways of anaerobic conversion of glucose and glycerol share 
phosphoenolpyruvate (PEP) and pyruvate as central intermediates (Zhang et al., 2015). 
Pathway steering towards particular electron sinks such as propionate will depend on the 
environmental conditions and type of microorganism (Figure 1-4). Under the assumption of 
CO2 fixation, the carboxylation from PEP or pyruvate to oxaloacetate (OAA), which is 
subsequently further reduced to fumarate, is favoured at the reductive branch of the PEP-

4



Chapter 4: 

136 

pyruvate-OAA node (Sauer and Eikmanns, 2005; Stams and Plugge, 2009). Without the 
presence of sufficient reducing equivalents, a presumed CO2 fixation will have a more limited 
impact on the production of more reduced compounds during glucose fermentation.  

It should be realized that, compared to glucose, the metabolism of glycerol requires balancing 
double the amount of reducing equivalents per mole of pyruvate or PEP produced. Under 
limited hydrogen production, NADH will act as electron carrier, channelling the reducing 
equivalents towards products such as propionate, whose formation stoichiometrically 
consumes the NADH from glycerol conversion (Zhang et al., 2015). Concomitantly, acetate 
production from the acetyl-CoA pathway is downregulated to limit reductive stress due to 
presence of excess NADH (Doi and Ikegami, 2014). Propionate production from pyruvate in 
glucose metabolism requires an additional electron donor or extra NADH input. Thus, the 
simultaneous production of a more oxidized compound, namely acetate, helps to satisfy the 
redox balance. However, this will occur at the expense of a decreased propionate yield, due to 
diverged carbon flux (Zhang et al., 2015), helping to explain the differences in propionate 
levels between the used substrates (Figure 4-4, Figure 4-5 and Figure 4-9). Increased 
propionate production could also be attributed to enhanced enzymatic activities as a result of 
the substrate choice for the ALE cycles. The activity of pyruvate carboxylase and succinyl 
CoA: propionyl CoA transferase, both enzymes with a significant role in propionate 
production, has been enhanced in cultures of Propionibacterium acidipropionici using glycerol 
as the substrate (Zhang et al., 2016). Conversely, this was not observed by these authors when 
the culture was grown using glucose as the sole carbon and energy source.  

The premise of compromised hydrogenase activity because of elevated CO2 concentrations 
could help to explain the decreased proportions of hydrogenotrophic methanogens, particularly 
in the treatments with glucose. The enhancement of a propionate oxidation pathway where 
thermodynamic limitations associated with interspecies H2 transfer play a less significant role, 
i.e., the dismutation pathway, is supported by several factors. Among them, the considerable 
increase in the relative abundance of the Smithella genus in all treatments following the ALE 
process (Figure 4-3A and Figure 4-7A) and the initially high proportion of Methanosaeta in 
the original inoculum (Figure 4-7B) can be mentioned.  Moreover, the reduced H2 production 
when using glycerol as the substrate according to stoichiometry, and a plausible detrimental 
effect of pCO2 on hydrogenase activity could have influenced pathway predominance. 
Members of the genus Smithella are metabolically active in a broader range of propionate 
concentrations (Ariesyady et al., 2007), low HRT (Ban et al., 2015) and acidic pH (Y. Li et al., 
2018) than members of the genus Syntrophobacter. The conditions imposed during the 
directional selection, i.e., serial transfers to fresh medium, exposed the microorganisms to 
increased substrate loadings per cell. This possibly contributed to the enrichment of this genus, 
particularly in the glycerol experiments at 5 bar pCO2 using evolved inoculum (Figure 4-7A). 
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Additionally, if thermodynamic feasibility is considered, the dismutation pathway, i.e. 
propionate conversion to butyrate and acetate, is less sensitive to the effects of increasing pH2 
and pCO2 than the methyl malonyl-CoA pathway, where propionate is converted to acetate and 
H2, which undergo further conversion by methanogenic bacteria (Dolfing, 2013) (Figure 4-12). 
For further reference, we have summarized the stoichiometries of possible metabolic pathways 
for the anaerobic conversion of glucose and glycerol, including either the dismutation or the 
methyl malonyl-CoA pathways (Table 4-4).  

 

 

Figure 4-12: Effect of increasing the partial pressure of carbon dioxide (pCO2) (A) and the partial pressure of 
hydrogen (pH2) in the thermodynamic feasibility of propionate oxidation via the methyl malonyl Co-A pathway 
(C3-oxidation in green) and the Smithella (dismutation) pathway (in orange) 

 

It is postulated that the occurrence of the Smithella pathway in the incubation with both 
substrates relates well with enhanced CH4 yield and might ameliorate end-product inhibition 
due to elevated pCO2 in the case of glucose (Table 4-4). Moreover, less CO2 is being produced 
in the glycerol treatments either by methyl-malonyl-CoA pathway or by the dismutation 
pathway from Smithella (Table 4-4). Theoretically, this could enable a substantial CO2 fixation 
via the oxaloacetate route (Figure 1-4) and enhanced propionate production if enough reducing 
equivalents are available. Regulation of the redox balance could be achieved in this pathway 
by the consumption of reducing equivalents in the intermediate steps, forming malate and 
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succinate. Due to these two reasons, moderately high pCO2 levels have likely affected glycerol 
conversion to a lesser extent.      

The here presented higher CH4 yields at 5 bar pCO2 using evolved inoculum have to be 
interpreted with caution since significant differences were found in the initial viable cell density 
of treatments with evolved and original inoculum (p=0.004) as a consequence of the higher 
microbial F:M ratio imposed to keep the experimental liquid volume comparable in all 
treatments. The observed lower initial cell density in the experiments with evolved inoculum 
is attributed to the followed harvesting and resuspension procedure for biomass recovery. 
These initial differences did not necessarily lead to statistically significant higher proportions 
of viable biomass (p=0.43) at the end of the experiments using original inoculum; thus, 
comparisons in terms of active biomass are fairly reasonable. The CH4 yield calculated per 
viable cell showed that the methanogenic activity under elevated pCO2 was moderately 
enhanced due to the directional selection process and might be indicative of microbial 
community resilience to elevated pCO2. It was not possible to extrapolate these yields in terms 
of VSS concentration since this parameter only showed a moderate positive correlation with 
the log-transformed viable cell density data (rs=0.65, p=0.005) (Figure 4-13) and did not 
constitute a good proxy for microbial biomass in the experiments here presented. We would 
not have been able to evidence subtle changes in total cell density and cell viability 
compromising overall metabolic activity by only relying on this measurement, since it includes 
dead/non-viable cells and extracellular compounds besides the active biomass (Foladori et al., 
2010).  

At the microbial ecology level, high CO2 concentrations shift the community structure and 
reduce the taxonomic diversity in different environmental systems (Yu and Chen, 2019), with 
effects beyond acidification (Gulliver et al., 2014). In our experiments, the directional selection 
process, prior exposure to elevated pCO2, proved to be preponderant for changes in community 
structure (Hill number 0 – Richness Figure 4-8) and overall diversity (Figure 4-3 and Figure 
4-7), which can benefit reactor start-up. Changes in alpha diversity could be linked to a 
community reorganization as a consequence of the selection pressure (increased substrate load) 
or an applied disturbance, namely the elevated pCO2 (Werner et al., 2011). In our experiments, 
as expected, microbial community richness decreased due to the ALE process, but carboxylates 
production was not compromised. Fermentative activity tends to be conserved even if 
decreased richness is observed, most likely due to the resilience of this process to stress 
conditions (Mota et al., 2017). However, conservation of functionality features of the evolved 
community and its prevalence as the core microbiome in long-term AD-operation will depend 
on process operation and control (Tonanzi et al., 2018). Concerning the archaeal community 
structure, CO2 enrichment in anaerobic digesters at atmospheric conditions can modify the ratio 
aceticlastic: hydrogenotrophic methanogens favouring the abundance of Methanosaeta (Bajón 



Directional selection of microbial community in mixed culture fermentations at elevated pCO2 

139 

Fernández et al., 2019). This finding is in alignment with the observations here described and 
the study by Lindeboom et al. (2016), where a high relative abundance of Methanosaeta is 
reported at increased pCO2 levels during high-pressure AD.  

 

Our observations associated with changes in structure and diversity are only indicative of the 
effects of elevated CO2 in fermentative and methanogenic communities and their syntrophic 
interactions at the bioreactor level, because of the short duration of our experiments. Further 
support for these conclusions needs to come from longer incubations under pressurized CO2 
conditions with different types of inocula. Longer incubations leading to increased growth of 
adapted biomass could enable a more accurate quantification with standard methods (VSS). If 
a more thorough characterization of the biomass at cell level in terms of average cell dimension 
and biovolume would be performed, it could permit a better correlation between VSS and FCM 
results. Similar to previous work, a correlation between protein measurements following the 
Lowry method and VSS could also provide additional characterization (Lindeboom et al., 
2018).  

Moreover, if these incubations are monitored with online pH, pressure measurements and 
intensive sampling for microbial community dynamics, a clearer correlation could be obtained 
between changes in the community and operational variables modified by the pressurized 
operation. But, even then, the accounted effects might depend on specific system characteristics 
and operational strategy. Observations of natural soil communities exposed to elevated 
atmospheric pCO2 show that there is not a common agreement over the effects on the microbial 
ecology. Recent studies have reported either no significant changes (Ahrendt et al., 2014; Bruce 

Figure 4-13: Scatter plot showing the correlation between the log-transformed viable cell density and the VSS 
concentration measured at the end of each experimental treatment and for the original inoculum and the evolved 
inoculum with glucose and glycerol. 
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et al., 2000) or major shifts in the microbial community (Šibanc et al., 2014; Xu et al., 2013). 
These shifts include, for example, the predominance of acid-resistant groups such as 
Chloroflexi and Firmicutes or acetogenic spore-forming Clostridia (Conrad, 2020), which 
agrees with the results here reported (Figure 4-3 and Figure 4-7). From these investigations, it 
can be deduced that other environmental factors such as temperature, pH, nutrient availability 
as well as CO2 final concentration and exposure time, will determine the overall fate of the 
microbial community after exposure to elevated pCO2.    

 

A microbial community directional selection strategy was employed in this study to overcome 
limited syntrophic propionate oxidation in glucose and glycerol anaerobic conversions under 
elevated pCO2. The pressurized incubations using evolved inoculum showed a dissimilarly 
enhanced final cell viability, with a stronger positive effect of the adaptive laboratory evolution 
in cell viability of glucose incubations. Our results suggest that directional selection of 
microbial community with increased substrate load per cell triggered mechanisms to preserve 
cell viability. Moreover, it increased the proportions and enhanced the metabolic activity of 
microorganisms resilient to increasing propionate concentrations, such as SPOB and the 
interrelated methanogenic community. The increased abundance of the genus Smithella 
accompanied by higher proportions of Methanosaeta after incubation with glycerol proved to 
be beneficial for propionate conversion at elevated pCO2. The highest CH4 yield per cell at 
conditions of elevated pCO2 was observed in the glycerol experiments, which was attributed 
to enhanced propionate formation, as a way to incorporate CO2 and maintain the redox balance 
via metabolic regulation. Overall, using an evolved inoculum with higher viable cell density 
and restructured community with a predominance of key microbial groups proved to be a right 
course of action into surmounting reduced metabolic performance associated with elevated 
pCO2.   
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CHAPTER 5
POTENTIAL AND LIMITATIONS
OF ELEVATED pCO2 AS STEERING
PARAMETER IN ANAEROBIC PROCESS



 

 

Elevated CO2 partial pressure (pCO2) has been proposed as a potential steering 
parameter for selective carboxylate production in mixed culture fermentation, 
since intermediate product spectrum and production rates, as well as microbial 
community dynamics, are anticipated to be (in)directly influenced by elevated 
pCO2. It remains unclear how pCO2 interacts with other operational conditions, 
namely substrate specificity, substrate to biomass (S/X) ratio and the presence 
of an additional electron donor, and what effect pCO2 has on the composition 
of fermentation products. Here, we investigated possible steering effects of 
elevated pCO2 combined with (1) mixed substrate (glycerol/glucose) provision, 
(2) subsequent increments in substrate concentration to increase the S/X ratio 
and (3) formate as an additional electron donor.  
 
Metabolite predominance, e.g., propionate vs butyrate/acetate, and cell density, 
depended on interaction effects between pCO2 - S/X ratio and pCO2 - formate. 
Individual substrate consumption rates were negatively impacted by the 
interaction effect between pCO2 - S/X ratio and were not re-established after 
lowering the S/X ratio and adding formate. The product spectrum was 
influenced by the microbial community composition, which in turn was 
modified by substrate type and the interaction effect between pCO2 - formate. 
High propionate and butyrate levels strongly correlated with Negativicutes and 
Clostridia predominance. After subsequent pressurized fermentation phases, 
the interaction effect between pCO2 - formate enabled a shift from propionate 
towards succinate production when mixed substrate was provided.  
 
Overall, interaction effects between elevated pCO2, substrate specificity, high 
S/X ratio and availability of reducing equivalents from formate, rather than an 
isolated pCO2 effect, modified the proportionality of propionate, butyrate and 
acetate in pressurized mixed substrate fermentations at the expense of reduced 
consumption rates and increased lag-phases. The interaction effect elevated 
pCO2 – formate, due to the availability of extra reducing equivalents and likely 
enhanced carbon fixating activity, was beneficial for succinate production and 
biomass growth with a glycerol/glucose mixture as substrate.  
 

Elevated pCO2, high-pressure anaerobic digestion, Veillonellaceae, 
carboxylates, succinate 
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The emergence of the biorefinery concept, in which fuel and chemicals production from 
(waste) biomass feedstock are envisioned (Cherubini, 2010), has become a strong driver for 
product spectrum diversification in anaerobic processes. Consequently, it has motivated the 
inclusion of carboxylates production, such as propionate and butyrate, in addition to biogas 
from anaerobic digestion (AD), as (bio)products of interest (Agler et al., 2011; Braz et al., 
2019; Marshall et al., 2013). Anaerobic processes using complex substrates rely on trophic 
diversity and interspecies interactions to carry out the required bioconversions; thus, the 
formation of specific intermediates and final products in open microbiomes depends on 
prevailing operational conditions (Angenent and Wrenn, 2008; Kleerebezem and van 
Loosdrecht, 2007; Rodríguez et al., 2006). Due to the interconnection between operational 
conditions, the intermediate products profile, microbial community and 
productivity/selectivity, management strategies have been proposed to boost performance by 
manipulating process parameters (operational-based strategy) and through biomass acclimation 
and bioaugmentation (microbial-based strategy) (Carballa et al., 2015).  

Changes in substrate concentration (Coma et al., 2016; Hoelzle et al., 2021; Jankowska et al., 
2017), pH (Tamis et al., 2015; Temudo et al., 2007; Zoetemeyer et al., 1982) and temperature 
(M. Lee et al., 2008; Zhuo et al., 2012) are known to influence the profile of intermediate 
products. Reactor operation (Dai et al., 2017; Khan et al., 2016), substrate to biomass (S/X) 
ratio (Jiang et al., 2013; Lim et al., 2008), and headspace composition (Arslan et al., 2013, 
2012; De Kok et al., 2013) can also modify the intermediate product spectrum. However, thus 
far, strategies for the selective production of specific carboxylates as intermediate products are 
lacking. High-Pressure Anaerobic Digestion (HPAD) is considered an innovative technology 
with potential for direct biogas upgrading (Lindeboom et al., 2011). In an HPAD reactor, the 
partial pressure of biogas components, i.e., CO2, may play a role in pathway steering and 
selectivity in intermediate product formation (Bothun et al., 2004; Lindeboom et al., 2016).  

An increased CO2 partial pressure (pCO2) in HPAD reactors may result from an autogenerated 
build-up in operational pressure (Lindeboom et al., 2016). Previous work showed that 
bioprocesses operating at high pCO2 experienced toxicity and acidification effects (Lindeboom 
et al., 2016). Additionally, high pCO2 impaired substrate transport over the microbial cell 
membrane due to a decreased membrane potential (Wan et al., 2018) and imposed kinetic, bio-
energetic and physiological limitations (Chapter 2). Lindeboom et al. (2016), using a pressure-
adapted inoculum, observed that low methane production rates and propionate accumulation 
correlated with increasing pCO2, constituting pioneering evidence of a potential steering role 
of elevated pCO2 in HPAD. Intermediate product formation does not only depend on the 
(re-)distribution of organic carbon from the original substrate and the possible role of pCO2 on 
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the thermodynamics of (de)carboxylation reactions, but also on the availability of reducing 
equivalents and the ratio NADH/NAD+ (Berríos-Rivera et al., 2002; Girbal and Soucaille, 
1994).  

At the macro-process level, changes in the degree of reduction of the employed substrate 
(Saint-Amans et al., 2001; Vasconcelos et al., 1994), high S/X ratio or provision of an 
additional electron donor (Hakobyan et al., 2018) can be applied to alter availability and 
reducing equivalents flux. However, an increasing S/X ratio could cause inhibition of non-
adapted biomass and hinder bioconversions due to kinetic limitations in the production and 
utilization of intermediates (Mösche and Jördening, 1999). Biomass adaptation at increasing 
substrate concentrations and substrate specificity has been pivotal in selecting a microbial 
community that is more resilient to the detrimental effects of elevated pCO2 (Chapter 4) and 
most likely also to fluctuations in the S/X ratio. 

Under the premise that microbial resiliency is attained, elevated pCO2 could play a role in 
steering metabolic pathways because of its tuning effect in enzyme activities related to 
(de)carboxylation of intermediates (Amulya and Mohan, 2019; Sawers and Clark, 2004; Song 
et al., 2007). These reactions are relevant for the breakdown of substrates sharing the glycolytic 
pathway, e.g., glucose and glycerol, where carbon atoms and electrons are distributed towards 
the reductive (propionate) or oxidative (acetate) branch of the pathway in response to growth 
conditions (Sauer and Eikmanns, 2005). Elevated pCO2 could also modify the intermediate 
product spectrum via autotrophic CO2 fixation. Acetogenic bacteria such as Clostridium spp., 
which are crucial in anaerobic microbiomes, can fix CO2 into acetyl-CoA via the Wood–
Ljungdahl pathway (WLP), provided the availability of reducing equivalents (Ragsdale and 
Pierce, 2008). Mixotrophic acetogenic metabolism, i.e., simultaneous heterotrophic and 
autotrophic growth with high acetate production (Fast et al., 2015; Jones et al., 2016; Maru et 
al., 2018), can be enhanced if sugars and CO2 are present. Moreover, increasing acetate 
concentrations can favour chain elongation processes with lactate or ethanol (Angenent et al., 
2016; Coma et al., 2016) as long as acetotrophic methanogenic activity is constrained by, e.g., 
too low or too high pH or inoculum pre-treatment (Wainaina et al., 2019).  

Elevated pCO2 could also cause shifts in the microbial community structure, indirectly 
impacting the intermediate product spectrum. As an environmental driver, elevated pCO2 could 
select carbon fixation traits leading to a predominance of specific acetogens, such as 
Clostridium spp (Heffernan et al., 2020). Combined pCO2-pH effects may favour the 
predominance of acid-resistant groups from the phyla Chloroflexi and Firmicutes (Conrad, 
2020). Depending on the electron transfer mediator (H2, formate), elevated pCO2 may also 
restructure the methanogenic community (Oppermann et al., 2010). In addition, the interplay 
of pCO2 and substrate concentration impacting the S/X ratio could modify syntrophic 



Potential and limitations of elevated pCO2 as steering parameter in anaerobic processes 

147 

interactions (Ziels et al., 2019), and may cause metabolic uncoupling (Li et al., 2016), 
potentially affecting the intermediate product spectrum.  

Overall, there is ample evidence that elevated pCO2 influences anaerobic processes in multiple 
ways. However, the role of pCO2 is insufficiently understood to use it as a steering parameter 
for specific carboxylate production in HPAD. For instance, it remains unclear how elevated 
pCO2 could interact with process conditions to ultimately select for a particular carboxylate, 
e.g., propionate. In this chapter, the interaction of elevated pCO2 with the provision of mixed 
substrate (glycerol/glucose), high substrate concentration increasing the S/X ratio and the 
presence of an additional electron donor (formate) was studied. The mixed substrate was 
provided on the grounds of substrate divergence to propionate production (glycerol) and ATP 
provision to satisfy maintenance and growth requirements (glucose) (Liu et al., 2011; Wang 
and Yang, 2013). A high S/X ratio was imposed as a selection mechanism to favour 
fermentative and suppress methanogenic activity due to metabolic uncoupling. Finally, we 
assessed the effects of formate addition, concomitant to elevated pCO2, to stimulate carbon 
fixating activity and the formation of reduced intermediates due to the increased availability of 
reducing equivalents.  

 

 

Flocculent anaerobic sludge was obtained from an anaerobic membrane bioreactor (AnMBR), 
treating wastewater from a food and feed industry, as reported in Chapter 4. The 
physicochemical characteristics of the inoculum are presented in Table 5-1. The inoculum was 
stored for one month at 5.6°C. After that, biomass was acclimated to 35°C and concomitantly 
activated with 50 mg L-1 substrate (glucose) for 24 hours before starting the experiments.  

 

Sequential batch experiments were carried out to investigate the effect of mixed substrate on 
carboxylates production under elevated pCO2 (5 bar). This operational pressure was selected 
as a boundary condition between extended lag phases and noticeable CO2 effects on substrate 
conversion based on previous work (Chapters 2 and 4). Pressurized stainless steel reactors (200 
mL) (Nantong Vasia, China) were employed for the batch incubations. The liquid medium (120 
mL), added to each reactor, consisted of substrate, macro and micronutrients solution prepared 
according to García-Rea et al. (2020) and buffer solution at a concentration of 150 mM as 
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HCO3
- to keep pH around 7.5. Concentrations and molar ratios between glycerol and glucose 

in the feeding solution varied in the different experiments, as explained in Table 5-2.   

This experiment was conducted to estimate the conversion rates of glycerol, glucose and the 
mixture (1:1 molar ratio) at 5 bar pCO2. We used the activated and acclimated inoculum 
described in section 1.2.1 and the operational conditions described in Table 5-2. 

Table 5-1: Physicochemical characterization of anaerobic inoculum used in experiment I and as starting inoculum 
in experiment II. Average and standard deviations were calculated from technical replicates (n=3).  

Parameter Unit Mean ± SD 
 

Total Chemical Oxygen 
Demand (TCOD) 

g L-1 30.7±0.2 

Soluble COD 
(SCOD) 

mg L-1 275±1.2 

Total Suspended Solids 
(TSS) 

g L-1 15.7±0.3 

Volatile Suspended Solids  
(VSS) 

g L-1 15.2±0.1 

VSS/TSS % 95±2 
Ammonium  
(NH4-N) 

mg L-1 21.7±0.2 

Total Phosporous 
(TP) 

mg L-1 49.8±3.8 

pH - 7.3 

Table 5-2: Overview of dual substrate conversion experiments under elevated partial pressure of carbon dioxide 
(pCO2).  

Experiment Description 

Conditions 
Duration 
(hours) 

pCO2 
(bar) 

Biomass   
(g VSS 
L-1) 

COD 
reactora  
(g L-1) 

I Reference conversion rate of glucose, glycerol and 
1:1 dual substrate mixture under elevated pCO2 

7 5 4.4 3.7 

II-A Dual substrate effect on carboxylates production 
under elevated pCO2 (1:1 molar ratio) 

0-216 5 4.4 5 

II-B Effect of increasing substrate concentration on 
carboxylates production under elevated pCO2 

216-376 5 2.1 10 

II-C Dual substrate effect on carboxylates production 
under elevated pCO2 (1:1 molar ratio) + ext. 
electron donor (formate – 5 mM) 

376-596 5 2.0 5 

a COD reactor corresponds to the intended concentration after feeding concentrated substrate solution to each 
reactor as described in the Materials and Methods     
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Experiment II: Mixed substrate (glycerol and glucose) conversion under elevated pCO2 

This experiment consisted of three sequential phases (II-A, II-B and II-C) with varying 
operational conditions under elevated pCO2 to monitor shifts in product spectrum and 
community structure. Experiments corresponding to the main condition of interest, mixed 
substrate of glycerol and glucose (GG_CO2), were carried out in triplicates. Three single 
controls were included for individual glycerol and glucose conversion at 5 bar pCO2 
(GLY_CO2, GLU_CO2) and conditions of pressurized headspace with a non-reactive gas, i.e., 
5 bar using nitrogen (GG_N2). Due to limited reactor availability, controls were carried out in 
parallel as single reactors. This approach was chosen to avoid differences in the characteristics 
of the starting inoculum between the main condition and controls if otherwise decided to carry 
out triplicate controls as temporal sequential batches. Stainless steel reactors were inoculated 
with activated/acclimated inoculum (section 5.3.1), incubated at 35°C and continuously shaken 
at 110 rpm. Samples (2 mL liquid and 10 mL gas) were taken trice per day (first two days), 
twice per day (subsequent days) and once per day (last 3-4 days) to measure substrate 
conversion and formation of liquid and gaseous products in each phase. From liquid samples 
collected at the initial (t= 0 hours) and the endpoint of each phase, 250 µL were fixed with 
glutaraldehyde (1% v/v) and stored at 5°C for total cell determination by flow cytometry.  

Phase II-A: Mixed substrate conversion  

Operational conditions and experiment duration are reported in Table 5-2. Macro and 
micronutrients were proportionally dosed according to the increase in initial COD to prevent 
nutrient limitations. Buffer solution (150 mM as HCO3

-) was provided in the feeding solution. 
Reactor headspace was adjusted to 5 bar pCO2 following the methodology described in Chapter 
2 and let equilibrate with the liquid phase for 2 hours. The experiment was terminated after 
complete substrate depletion and >70% soluble COD was recovered in liquid and gaseous 
products. 

Phase II-B: Effect of high substrate concentration to increase S/X ratio  

After the final liquid and gas sampling in experiment II-A, 20 mL were removed from all 
reactors via the liquid sampling port and replaced by fresh medium (40 mL in total) to start 
phase II-B at a moderate volumetric exchange ratio of 33%. Fresh medium for reactors 
GG_CO2 consisted of a concentrated solution to achieve substrate concentrations indicated in 
Table 5-2. Macro and micronutrients were proportionally dosed. The fresh medium was 
injected into the pressurized reactors employing a pressure-resistant, stainless steel, double-
ended liquid sampling vessel with an effective volume of 100 mL (Swagelok, US). One side 
of the vessel was connected to a >99% compressed CO2 bottle, set at 2 bar overpressure from 
the manometer reading. The other side was connected to one of the liquid sampling ports of 
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the pressure reactors controlled by a stainless-steel needle valve. Pressure deviations occurred 
after liquid extraction and new medium injection; thus, before restarting the experiment, 
headspace pressure was adjusted to 5 bar total pressure with >99% CO2 or N2. After one hour 
stabilization period, gas samples (10 mL) were taken to determine the initial gas composition. 
Experiment II-B was finalized after complete substrate depletion (10 days comparable with 
phase II-A), corresponding to a COD-recovery >50% in gaseous and liquid products.  

Phase II-C: Effect of external electron donor (formate)  

This experiment was initiated after final liquid and gas sampling in phase II-B. Reactor feeding 
and re-pressurization were carried out as previously described and under the operational 
conditions mentioned in Table 5-2. Additionally, formate (5 mM) was added to the 
concentrated feeding solution to evaluate the effect of additional electron donor in the product 
spectrum under elevated pCO2.  

 

Secondary metabolites, i.e., acetate, propionate, butyrate and valerate were measured from 
filtered (0.45 μm) liquid samples by gas chromatography (7890A GC, Agilent Technologies, 
US) according to Muñoz Sierra et al. (2020). The detection limits for these compounds were 
12, 16, 18 and 23 mg L-1, respectively. The method and device settings also allowed alcohol 
determination (ethanol, propanol, butanol); however, amounts in our samples were below the 
detection limits (5, 2.5 and 2.5 mg L-1, respectively). Glucose, glycerol, formate, succinate and 
lactate were measured in filtered (0.45 μm), acidified samples by high-performance liquid 
chromatography (LC-20AT; Shimadzu, Japan) using an Aminex HPX-87H (300 x 7.8 mm) 
column with sulphuric acid (5 mM) as eluent. Operational conditions were as follows: flow 
rate of 0.5 mL min-1, RID-20A detector at 50°C for glucose and glycerol determination and 
SPD-20A detector at 40°C with wavelength at 210 nm for organic acids. According to prepared 
calibration curves, the detection limits were 50 mg L-1 for organic acids, glucose, and glycerol. 
Gas samples (10 mL) were measured by gas chromatography (7890A GC, Agilent 
Technologies, US) as described in Chapter 4. The pH, total and soluble COD, TSS and VSS, 
ammonium and total phosphorus were measured according to standard methods (American 
Public Health Association, 2017).  
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Total cell numbers were assessed by flow cytometry (AttuneTM NxT 2019; 
InvitrogenTM - ThermoFisher SCIENTIFIC, US) using Mili-Q as sheath fluid. Pre-treatment 
started with fixed samples vortexed and diluted (1:10) with 0.20-μm filtered phosphate-
buffered-saline (PBS) solution. Next, diluted samples were sonicated (100 W) for 3 minutes at 
room temperature, vortexed, filtered at 20 µm with falcon, sterile, syringe-type filters (BD 
BIOSCIENCES, US) and serially diluted (1:1000). After pre-treatment, samples were placed 
in 96-well plates, stained with 5% SYBR® Green I (InvitrogenTM - ThermoFisher 
SCIENTIFIC, US) and incubated at 37°C for 20 min. The AttuneTM NxT 2019 was used in 
the BRxx configuration with two lasers: 480 nm and 635 nm. The channel used during the 
measurements corresponded to BL1 (530/30). 

Liquid samples (1.5 mL) were centrifuged at 12,298 RCF for 2 minutes and obtained biomass 
pellets were collected and stored at -80°C. According to the DNeasy UltraClean Microbial Kit 
(Qiagen, Germany). The DNA quality and quantity were controlled using Qubit® 3.0 DNA 
detection (Qubit dsDNA HS Assay Kit, Life Technologies, United States). Library 
construction, sequencing in the Illumina platform and preliminary data processing were done 
according to the internal protocol from Novogene (Hong Kong), as indicated in Chapter 4. 
Statistical analyses from microbial community data were carried out in R version 3.6.1 
(http://www.r-project.org) (R Core Team 2019, 2019). Canonical correspondence analysis 
(CCA) was performed in R software (2019), employing the function cca from the vegan 
package (Oksanen et al., 2016). The CCA was selected for the analysis since it effectively 
assesses how environmental factors or process conditions (pCO2, carboxylates concentration, 
formate) affect the microbial community structure (Ma et al., 2017). The significance of the 
ordination based on the selected environmental constraints and of the canonical axes was tested 
via permutation analysis (anova.cca). As a measurement of alpha diversity, community 
richness was calculated based on the total number of taxa after singleton removal, using the 
function estimate_richness() from the phyloseq package (McMurdie and Holmes, 2013). 
Significant differences (p<0.05) in beta diversity, calculated using the Bray-curtis distance 
measure (Bray and Curtis, 1957), were identified employing pair-wise Permutational ANOVA 
(PERMANOVA) using the adonis function (vegan). Spearman’s correlation analyses were 
carried out using the function cor.test (). Non-parametric analysis of variance was performed 
using the Kruskal-Wallis test for paired samples. Additionally, the variance in carboxylates 
concentration (acetate, propionate, butyrate), succinate concentration and cell density due to 
the main effects and interactions of three independent factors, e.g., process conditions as gas 
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pressure, substrate concentration and additional electron donor was analyzed with the R 
package ARTool (Align-and-rank data for non-parametric factorial ANOVA) (Kay et al., 
2021).  

The application “Simple fit” from OriginPro (2019) was used to adjust non-linear or linear 
models to describe substrate conversion. Logistic models and linear regression have been 
previously reported in the literature as good approximations to describe soluble substrate 
utilization in AD (Coelho et al., 2020; Mawson et al., 1991). Simple linear regression and the 
logistic model were employed to fit the data in experiment I, whereas only the logistic model 
proved adequate to fit the data in experiment II. 

The logistic model equation (Eq. 5-1) corresponds to   

𝑦𝑦𝑦𝑦 = 𝑔𝑔𝑔𝑔
�1+exp�−𝑘𝑘𝑘𝑘(𝑥𝑥𝑥𝑥−𝑥𝑥𝑥𝑥𝐶𝐶𝐶𝐶)��

 ,     (5-1) 

where y represents the substrate concentration, a the maximal initial substrate concentration 
(mg L-1), k is the logistic model constant comparable to the consumption rate (h-1), x 
corresponds to time (h), and xc is the time point where the sigmoid changes its curvature.  

 

Thermodynamic calculations were developed according to Heijnen and Kleerebezem (2010) 
(Chapter 2) to establish the energy feasibility of biochemical reactions possibly occurring in 
the pressurized experiments. Substrate and product concentrations corresponded to the 
physiological range (1mM) and corrections were applied only for mesophilic temperature 
(35°C) and initial pH (7.5).  

Reactor pH under elevated pCO2 and concentration of undissociated carboxylic acids 

Due to limitations in the employed experimental set-up, the pH could not be continuously 
registered during the pressurized experiments. Therefore, we estimated the lowest equilibrium 
pH possibly achieved in the system after the equilibration of CO2 concentrations between the 
headspace and the liquid medium based on Henry’s law (Eq. 5-2) and the Henderson-
Hasselbalch equation (Eq. 5-3). This pH value was used to calculate the expected undissociated 
carboxylic acid concentrations throughout experiment II based on the GC measurements for 
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acetate, propionate and butyrate. Equilibrium constants (kH, Ka) were corrected for mesophilic 
temperature (35°C). The pKa values for acetic, propionic and butyric were obtained from Xiao 
et al. (2016) and for H2CO3* from Stumm and Morgan (1996). For the Spearman correlation 
analysis, the total concentration of undissociated acids was expressed in acetic acid equivalents 
(mg L-1) according to the method described by Fu and Holtzapple (2010). 

𝐻𝐻𝐻𝐻2𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3∗ = 𝑝𝑝𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 ∗ 𝐾𝐾𝐾𝐾𝐻𝐻𝐻𝐻     (5-2) 

𝑝𝑝𝑝𝑝𝐻𝐻𝐻𝐻 = 𝑝𝑝𝑝𝑝𝐾𝐾𝐾𝐾𝑔𝑔𝑔𝑔 + 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  [𝐴𝐴𝐴𝐴−]
[𝐻𝐻𝐻𝐻𝐴𝐴𝐴𝐴]

     (5-3) 

 

 

End of Phase (EoP) product spectrum  

In phase II-A, COD was converted to lactate (28-33%) during the first 21 hours in all treatments 
and controls except for GLY_CO2 (<1%). Intermediate succinate and formate represented less 
than 2% of the COD fed in all cases, except for GG_N2 (5%) (Figure 5-2B). After 209 hours, 
the EoP product spectrum for GG_CO2 was composed of propionate (30±5%), butyrate 
(22±4%) and acetate (3±1%) (Figure 5-1, expressed in mg COD). The EoP product spectrum 
in GG_N2 showed similarities with GG_CO2, except for a low butyrate contribution (3%) 
(Figure 5-1). In the case of GLY_CO2, the EoP product spectrum was dominated by propionate 
(62%), with a small acetate proportion (3%) (Figure 5-1); whereas GLU_CO2 showed a high 
proportion of butyrate (29%) and a lower proportion of propionate (13%) and acetate (4%) 
(Figure 5-2D). Biomass decay, calculated as the difference between initial and final VSS 
concentrations, occurred in all treatments during phase II-A (Figure 5-1). Regarding the EoP 
gaseous products, in GG_CO2, approximately 19±3% of the COD-fed accounted as CH4. In 
GG_N2, COD-CH4 corresponded to 32% of COD-fed, and for GLY_CO2 and GLU_CO2 
accounted for 5 and 18%, respectively.  

Increased substrate concentrations during phase II-B did not cause important changes in the 
EoP product spectrum in GG_CO2. After correcting for carried-over concentration from phase 
II-A, EoP product spectrum was composed of propionate (24±2%), butyrate (2±0%) and 
acetate (2±0%) (Figure 5-1). In the control GG_N2, it was composed of propionate (17%) and 
acetate (1%), while butyrate was not detected (Figure 5-1). In GLY_CO2, COD was primarily 
transformed to propionate (43%), whereas in GLU_CO2, to a mixture of butyrate (35%), 
propionate (6%) and acetate (1%) (Figure 5-1). The CH4 production accounted for 15±2%, 2 
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and 17% of the COD-fed in the case of GG_CO2, GLY_CO2 and GLU_CO2, respectively. 
The control GG_N2 showed a decrease in the recovery of COD as CH4 (only 15%).  

 

 

Figure 5-1: End of phase (EoP) product spectrum expressed as percentage of the COD fed in phases II-A, II-B 
and II-C in Experiment II. Data is presented for the mixed substrate treatments (GG_CO2) at 5 bar pCO2, mix 
substrate control at 5 bar pN2 (GG_N2) and single substrate controls (glucose GLU_CO2 and glycerol 
GLY_CO2) at 5 bar pCO2. 

 

Noteworthy differences were observed in the EoP product spectrum after adding formate and 
reducing the substrate concentration to reduce the S/X ratio in phase II-C. An increase in 
succinate production (10±2% from COD fed) was detected in GG_CO2 (Figure 5-1). Succinate 
accumulated until the end of phase II-C after 214 hours. Lactate (8±2%) was detected in the 
first 16 hours and further converted to carboxylates (Figure 5-2). The EoP product spectrum in 
GG_CO2 included propionate (27±7%) and acetate (2±0.4%), while no butyrate was detected 
(Figure 5-1). The control GG_N2 did not show the same trend regarding lactate and succinate. 
Initially, 18% of the COD was directed to lactate and only 2% to succinate (Figure 5-2). By 
the end of phase II-C, both metabolites were not detected. The EoP product spectrum in GG_N2 
was composed of propionate (28%), acetate (14%) but no additional butyrate. GLY_CO2 
showed a COD recovery of 112% after discounting for carried over COD from phase II-B 
(Table 5-3) and its EoP product spectrum included propionate (85%) and acetate (17%). In the 
control GLU_CO2, the EoP product spectrum corresponded to butyrate (42%), propionate 
(3%) and acetate (6%). An increase in acetate was observed in all conditions, except for 
GG_CO2, which showed acetate levels comparable to phases II-A and II-B (Figure 5-1). CH4 
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in GG_CO2 accounted for 29±10% of the COD-fed. In reactors GLY_CO2, GLU_CO2 and 
GG_N2, CH4 production accounted for 10, 18 and 20% of the COD fed, respectively.  

In GG_CO2 treatments, high propionate production was hypothesized as an effect of mixed 
substrate and elevated pCO2 during experiment II; however, there were no significant 
differences (p=0.32) in propionate concentrations between GG_CO2 and GG_N2 (paired 
samples Wilcoxson test). In contrast, butyrate concentrations were significantly different 
(p<0.0001) in all phases of experiment II. The Aligned Rank Transform test was used to 
evaluate if independent factors, e.g., process conditions or their interaction effects were 
significant to explain the differences in carboxylate concentrations and cell density in 
experiment II. When analyzing pCO2 as the main effect, this factor was non-significant for 
carboxylates and succinate production, as evidenced by the p-values (Table 5-4). In contrast, 
the interaction effect between pCO2 and process conditions was significant to explain 
differences in propionate and butyrate production (pCO2 - substrate concentration) and 
succinate production (pCO2 - additional electron donor) (Table 5-4). 

During phase II-A, a decrease in total cell density of 42±14, 49 and 57% was established for 
GG_CO2, GLY_CO2 and GG_N2, respectively, whereas GLU_CO2 showed a moderate 
increase (25%) (Figure 5-3). In phase II-B, the measured cell density was corrected for dilution, 
due to medium refreshing. A steep decrease of 70±8% in cell density was observed in 
GG_CO2, compared to initial values. A similar sharp decrease was registered in reactors 
GLY_CO2 and GLU_CO2, corresponding to 91 and 76%, respectively. Conversely, GG_N2 
showed a slight reduction (7%).  
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Figure 5-2: Product spectrum over time in the different phases (II-A, II-B and II-C) of Experiment II. Data is 
presented for mixed substrate treatments at 5 bar pCO2 (GG_CO2) (A), mixed substrate control at 5 bar pN2 
(GG_N2) (B) and single substrate controls (glucose GLU_CO2 and glycerol GLY_CO2) (C and D). 
Abbreviations correspond to methane (CH4), butyrate (Bu), propionate (Pr) and acetate (Ac). 

 

Table 5-4: Summary of Aligned Rank Transform test for the main and interaction effects of elevated partial 
pressure of CO2 (pCO2) or N2 (pN2), substrate concentration and addition of external electron donor (formate) in 
carboxylates production and cell density during Experiment II. 

 

Significance level *p<0.05,**p<0.01,***p<0.001, ****p<0.0001 
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Figure 5-3: Total cell density per sub-experiment for treatment with dual substrate glycerol-glucose (GG_CO2) at 
5 bar carbon dioxide partial pressure (pCO2), control at 5 bar nitrogen partial pressure (pN2) (GG_N2) and controls 
for conversion of individual substrate as glucose (GLU_CO2) and glycerol (GLY_CO2) at 5 bar pCO2. 

The cell density was positively affected by formate addition and reduction in substrate 
concentration to lower the S/X ratio in phase II-C, with the final biomass in GG_CO2 
increasing by 28±5%. In GLY_CO2, there was an even more predominant positive effect, since 
cell density experienced a five-fold increase compared to the initial concentration (Figure 
5-3D). However, this effect did not appear in GLU_CO2, where a substantial decrease in cell
density was assessed, i.e., 53%. A similar observation was registered for control GG_N2, where
the cell density decreased by 59%, higher than values observed in phase II-B.

Cell densities were significantly different between the start and end points of phase II-A 
(p=0.0008), II-B (p=0.0003) and II-C (p=0.00001). The Aligned Rank Transform test showed 
that substrate concentration and addition of external electron donor were the main effects 
explaining the differences in cell density, whereas pCO2 did not. However, the interaction 
effects pCO2 - substrate concentration and pCO2 - additional electron donor were significant to 
explain differences in cell densities in experiment II (Table 5-4). 

A B 

C D 
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Substrate conversion rate   

In experiment I, the reference substrate conversion rate under the provision of single or mixed 
substrate at 5 bar pCO2 was determined using the activated inoculum without previous 
exposure to pressurized conditions. The logistic model, used to describe glucose conversion, 
showed three times faster glucose conversion at lower initial concentrations in the mixed 
substrate treatment than the single substrate (Figure 5-4A, Table 5-5). Conversely, the linear 
regression model showed that glycerol conversion was 1.6 times higher in the only glycerol 
condition than in the mixed substrate treatment (Figure 5-4B, Table 5-5).  

 

Figure 5-4: Glucose (A) and Glycerol (B) conversion in single and mixed substrate treatments during Experiment 
I at 5 bar pCO2. Glucose and glycerol conversion in phases II-A (C and D), II-B (E and F) and II-C (G and H) 
during Experiment II. Experimental data is presented as discrete symbols for mix substrate treatments (GG_CO2) 
at 5 bar pCO2, mix substrate control at 5 bar pN2 (GG_N2) and single substrate controls (glucose GLU_CO2 and 
glycerol GLY_CO2). Modelled data according to the description provided in Table 5.3 is presented as a 
continuous black line. Substrate is expressed in mg COD after volume correction due to liquid sampling in the 
reactors during each phase. 

 

In phase II-A of experiment II, the logistic model provided a good approximation (adjusted R2 

> 0.98) to describe substrate conversion in all cases, except for glucose conversion in GG_N2. 
The experimental data corresponding to GG_N2 are presented in Figure 5-4 (subplots C, E and 
G), but rates were not calculated due to the limited number of useful data to describe the curve 
shape in the interval 0-50 hours. Rates of glucose conversion were comparable between 
GG_CO2 and GLU_CO2 (Table 5-5). Glycerol conversion was similar between GG_CO2 and 

5
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GG_N2, representing an eightfold increase compared to GLY_CO2 (Table 5-5). It is worth 
mentioning that GLY_CO2 started with a higher substrate concentration due to a technical 
failure in feeding preparation, but as evidenced in Figure 5-2, complete substrate depletion was 
achieved after 160 hours. Moreover, since the standard deviation in COD fed during phase II-
A was lower than 10%, reasonable comparisons between treatments and controls can be 
performed.  

Table 5-5: Estimated glucose and glycerol conversion rates calculated with the logistic model (in h-1) and simple 
linear regression (in mg substrate h-1) for a) treatments with single and mixed substrate in Experiment I and b) 
single substrate controls at 5 bar pCO2 (glucose GLU_CO2 and glycerol GLY_CO2), mix substrate control at 5 
bar pN2 (GG_N2) and treatments with mix substrate at 5 bar pCO2 (GG_CO2) in Experiment II. 

Experiment Treatment  Phase Model Glucose 
conversion 
rate + 
(adjusted R2) 

Glycerol 
conversion 
rate + 
(adjusted R2) 

Rate Units 

I Single 
substrate - 
Glucose 

 
Logistic 

-0.36***  
(0.95) 

 k (h-1) 

Single 
substrate – 
Glycerol  

 Linear 
regression 

 -7.4*** 
(0.96) 

(mg 
Glycerol h-1) 

Mix substrate  Logistic + 
linear 
regression 

-1.10***  
(0.95) 

-4.7*** 
(0.99) 

k (h-1) 
 
(mg 
Glycerol h-1) 

II Single 
substrate - 
Glucose 
(GLU_CO2) 

II-A 

Logistic 
 

-0.15** 
(0.99) 

 

k (h-1) 
 

II-B NA 
 

 

II-C -0.41***  
(0.99) 

 

Single 
substrate – 
Glycerol 
(GLY_CO2) 

II-A  -0.04***  
(0.98) 

II-B  -0.21** 
(0.99) 

II-C 
 
 

 -0.36***  
(0.99) 

Mixed 
substrate 
(GG_CO2) 

II-A -0.12*** 
(0.99) 

-0.27*** 
(0.99) 

II-B NA -0.03*** 
(0.99) 

II-C -0.27** 
(0.98) 

-0.07* 
(0.89) 

Mixed 
substrate 
(GG_N2) 

II-A NA -0.29** 
(0.99) 

II-B NA -0.19***  
(0.99) 

II-C NA -1.95* 
(0.99) 

Significance level *p<0.05,**p<0.01,***p<0.001 
NA: Not available 
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During phase II-B, glucose conversion occurred faster than in II-A, with glucose being not 
detectable after 20 hours in all cases (Figure 5-4E). Consequently, accurate rate estimation was 
not possible because of the limited useful data points. Glycerol conversion rate in GG_CO2 
was lower than in GG_N2 (Table 5-5). Conversely, rates in GLY_CO2 and GG_N2 were 
comparable but differentiated by a noticeable lag phase approximately corresponding to 50 
hours (Table 5-5).  

In phase II-C, the reduction in substrate concentration and adding 5 mM formate were 
beneficial to achieve a faster substrate conversion. Although the glucose conversion rate in 
GG_CO2 was lower than GLU_CO2, both rates were higher than in phase II-A but still with a 
noteworthy lag phase approximately corresponding to 20 hours. Glycerol conversion rates also 
improved; for example, in GG_CO2, the rate was faster than in phase II-B, but remained lower 
than the calculated value in II-A (Table 5-5). In GG_N2 and GLY_CO2, the glycerol 
conversion rates were faster than in phases II-B and II-A (Table 5-5). 

 

During experiment II, the effect of sequential changes in operational conditions on microbial 
community structure and its relation with shifts in product spectrum under elevated pCO2 was 
examined. Microbial community analysis resulted in an average of 140,365 ± 6,153 total reads 
per sample and 2230 OTUs in total. After singleton removal, OTUs were reduced to 1935. 
Bacteria and Archaea corresponded to 80% and 20% of total processed reads in the original 
inoculum. The bacterial community in the inoculum was composed of Anaerolineae (77%), 
Actinobacteria (6%) and Clostridia (5%) at the class level. The archaeal community in the 
inoculum primarily included Methanomicrobia (81%) and Methanobacteria (19%). Changes in 
the relative abundance of Bacteria and Archaea during phases II-A, II-B and II-C are presented 
in Table 5-6. 

Table 5-6: Relative abundance of total Bacteria and Archaea for the different experimental conditions in 
Experiment II. Values for treatment GG_CO2 correspond to the average of (n=3) biological replicates  

Condition GG_CO2 GG_N2 GLY_CO2 GLU_CO2 

 
Experiment II-A II-B II-C II-A II-B II-C II-A II-B II-C II-A II-B II-C 
Archaea 
(%) 

5.5±1.3 18.1±1.4 20.3±2.3 3.8 19.3 9.7 14.1 8.8 18.2 16.0 13.9 23.2 

Bacteria 
(%) 

94.5±1.2 81.9±1.4 79.7±0.0 96.1 80.7 90.3 85.9 91.2 81.8 84.0 86.1 76.8 
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In phase II-A, the bacterial community of GG_CO2 was mainly composed of class 
Anaerolineae (35±8%), Negativicutes (family Veillonellaceae) (27±20%), Clostridia 
(19±16%) and Thermotogae (6±0%). GG_N2 included Clostridia (42%), Anaerolineae (37%) 
and Thermotogae (7%). GLY_CO2 comprised Negativicutes (37%), Anaerolineae (32%) and 
Clostridia (13%). GLU_CO2 showed a predominance of Anaerolineae (51%), Clostridia (28%) 
and Actinobacteria (8%) (Figure 5-5A). In phase II-B, Anaerolineae became predominant in 
GG_CO2 (62±1%), being followed by Actinobacteria (11±1%) and Clostridia (12±2%). 
GG_N2 showed an almost complete predominance of Anaerolineae (72%). The major classes 
in GLY_CO2 corresponded to Anaerolineae (51%), Negativicutes (27%) and in GLU_CO2 to 
Anaerolineae (69%), Clostridia (11%) and Actinobacteria (9%) (Figure 5-5A). Noticeable 
changes in the community were observed in phase II-C: GG_CO2 still showed Anaerolineae 
predominance (50±6%), but the abundance of Clostridia (20±14%) and Negativicutes (11±9%) 
increased. Synergistia (6±4%) also showed higher abundance than phases II-A and II-B. In 
GG_N2, Clostridia (52%) and Anaerolineae (37%) were predominant and Synergistia 
exhibited low abundance (2%). Clostridia (36%) dominated in GLY_CO2, followed closely by 
Anaerolineae (27%), Negativicutes (23%) and Synergistia corresponded to 4%. In GLU_CO2, 
bacterial community composition resembled phase II-A: Anaerolinea (54%), Clostridia (32%), 
but Synergistia accounted for 5% (Figure 5-5A) 

The dominant classes in the archaeal community were Methanomicrobia and Methanobacteria, 
with fluctuating abundances throughout experiment II. After phase II-A, Methanomicrobia and 
Methanobacteria accounted for 76±4% and 23±4% in GG_CO2. In GG_N2, their abundances 
were 66 and 32%, respectively. In GLY_CO2 and GLU_CO2, abundances were similar: 59% 
vs. 41% (Figure 5-5B). In phase II-B, abundances remained comparable to phase II-A for 
GG_CO2, GLY_CO2 and GLU_CO2. However, GG_N2 showed an increased abundance of 
Methanomicrobia (80%) (Figure 5-5B). In phase II-C, some slight changes in the abundance 
were observed. Methanomicrobia corresponded to 76±1% and Methanobacteria to 23±1% in 
GG_CO2. Relative abundances of both families in GG_N2, GLU_CO2 and GLY_CO2, 
corresponded to 73-27%, 67-32% and 72-28%, respectively (Figure 5-5B) The trends in group 
predominance in the bacterial and archaeal communities were also validated by absolute taxon 
abundance with flow cytometry data according to Props et al. (2017) to highlight the effect of 
changes in cell density during experiment II (Figure 5-6). 
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Figure 5-5: Relative abundances of the top 10 most abundant classes across all samples in A) bacterial community 
and the top 5 most abundant classes in B) archaeal community. The horizontal axis includes the time points where 
samples were taken and that correspond to the start of experiment II and the end of phase II-A (209 hours), II-B 
(376 hours) and II-C (596 hours). 

5
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Figure 5-6: Absolute abundances of the top 10 most abundant classes across all samples in A) bacterial community 
and the top 5 most abundant classes in B) archaeal community. The horizontal axis includes the time points where 
samples were taken and that correspond to the start of experiment II and the end of phase II-A (209 hours), II-B 
(376 hours) and II-C (596 hours). 
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Significant differences were not found in bacterial community richness (p=0.18), but they were 
found in the archaeal community (p=0.005) when comparing initial and final richness in 
experiment II. In terms of the beta diversity, significant differences were not found between 
the bacterial and archaeal community when grouped by type of substrate (p=0.78 and p=0.83) 
and gas used for headspace pressurization (p=0.63 and p=0.85), respectively. However, 
bacterial and archaeal communities were significantly different when considering the presence 
and absence of formate as an additional electron donor (p=0.001 and p=0.03). Total cell 
density, as the proxy of biomass growth, measured carboxylate concentrations, external 
electron donor (formate) and pCO2 were included in a Canonical Correspondence Analysis 
(CCA) to highlight possible correlations between process conditions and the microbial 
community structure. The constrained variables selected for constructing the model explained 
70% (p=0.001) of the variance in the microbial community (Figure 5-7).  

Figure 5-7: Canonical correspondence analysis (CCA) of the microbial community ordinated at the OTU level. 
Samples correspond to mixed substrate (GG_CO2) at 5 bar pCO2, mixed substrate control at 5 bar pN2 (GG_N2) 
and single substrate controls (glucose GLU_CO2 and glycerol GLY_CO2). Significant correlations between 
community composition and operational conditions: elevated pCO2 (P), presence of formate as additional electron 
donor (F), carboxylate concentrations (acetate (Ac), propionate (Pr), butyrate (Bu)) and cell density concentrations 
(CD normalized to the log10) are depicted as blue arrows. 

5
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High substrate concentration leading to an increase in the S/X ratio (Phase II-B) could be 
compatible with enhanced acid production due to disparities in acid production and 
consumption. Combined with CO2 dissolution in each phase, it could have led to pH 
fluctuations despite the provided high buffer concentration. Lowered pH could increase the 
concentration of undissociated carboxylic acids, which could inhibit microbial activity. A pH 
value of 6.5 was calculated (Section 1.2.4 Eqs. 5-1 and 5-2) as the lowest equilibrium value 
achieved in phase II-B, and we used it to estimate the time evolution of undissociated acetic 
(HAc), propionic (HPr) and butyric (HBu) acids throughout experiment II as depicted in Figure 
5-8.  

 

Figure 5-8: Evolution of calculated undissociated carboxylic acid concentrations (acetic - HAc, propionic- HPr 
and butyric - HBu acids) during experiment II. Data is presented for mixed substrate treatments at 5 bar pCO2 
(GG_CO2) (A), mixed substrate control at 5 bar pN2 (GG_N2) (B) and single substrate controls (glucose 
GLU_CO2 and glycerol GLY_CO2) (C and D). 

 

Undissociated carboxylic acid concentrations were employed to investigate possible 
correlations with changes in the microbial community structure. A significant negative 
correlation between total undissociated carboxylic acids (expressed as mg HAc equivalents     
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L-1) and the log-absolute abundance of total archaea (rs=-0.71, p=0.002) (Figure 5-9A) was 
found. Both predominant classes, Methanomicrobia and Methanobacteria, were negatively 
correlated with undissociated carboxylic acids (rs=-0.73, p=0.001 and rs=-0.58, p=0.019) 
(Figure 5-9, B and C). 

 

 

Figure 5-9: Spearman correlation between calculated undissociated carboxylic acids, expressed as mg acetic acid 
(HAc) equivalents L-1, in Experiment II and log-absolute abundances of A) Total Archaea, B) Class 
Methanomicrobia and C) Class Methanobacteria. 

 

 

 

Previous research has suggested a potential steering role of elevated pCO2 in anaerobic 
processes, e.g., AD and mixed culture fermentation, particularly concerning propionate 
production (Lindeboom et al., 2016). Observed differences in the production/conversion of 
propionate and butyrate in GG_CO2 and GG_N2 during all phases align with this proposition. 
However, these differences cannot be exclusively ascribed to elevated pCO2 since disparities 
in methanogenic activity also occurred due to the pressurization process when comparing 
pressurized treatments and atmospheric controls (Chapter 4). The decreased methanogenic 
activity could have led to the accumulation of reducing equivalents, eventually impacting 
pathway feasibility. Higher CH4 production occurred in GG_N2 than in GG_CO2 during 
phases II-A and II-B (Figure 5-2, B and A), which aligns with results previously presented for 
glucose and glycerol conversion with non-adapted inoculum at 5 bar pN2 / pCO2 (Chapter 4). 
In Chapter 4, a reduction (53 to 85%) in the final mg COD-CH4 was reported when reactor 
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headspace was pressurized with CO2 rather than N2. However, in phase II-C, the obtained CH4 
became similar in GG_CO2 and GG_N2, due to a decrease in the methanogenic activity in 
GG_N2 (Table 5-3) and resumed methanogenic activity in GG_CO2 after decreasing the S/X 
ratio and adding formate (Figure 5-2A and B). These changes in methanogenic activity 
occurred despite the overall reduction in absolute archaeal abundances (Figure 5-6B).  

Several roles can be attributed to formate in the methanogenesis reestablishment during phase 
II-C. Formate can be indistinctively used by some hydrogenotrophic methanogens (Dolfing et 
al., 2008; Stams and Plugge, 2009) and acetogenic bacteria, as an electron donor (Ramió-Pujol 
et al., 2015). Acetogenic bacteria have shown a higher formate affinity than methanogens when 
cultivated together; thus, at low formate concentrations, acetogenic bacteria could outcompete 
methanogens regarding formate utilization (Asanuma et al., 1999). Under conditions of 
elevated pCO2, methanogenesis in GG_CO2 could have been reestablished via a “mediated” 
process. Here formate would have been used by acetogenic bacteria to fix CO2 into acetate, 
which, together with acetate from glucose fermentation (Eqs. 3,4,6 Table 5-7), was 
subsequently consumed by acetoclastic methanogens. The concomitant increase in the absolute 
abundance of Clostridium and Veillonella spp. and class Methanomicrobia (genus 
Methanosaeta) in treatments GG_CO2 during phase II-C supports this postulate (Figure 5-6). 

The product spectrum in GG_CO2 closely resembled the expected profile from the independent 
conversion of glycerol and glucose at 5 bar pCO2, with propionate and butyrate being present 
(Figure 5-1). Butyrate rather than propionate concentrations were significantly different 
between GG_CO2 and GG_N2 (see Results). At first, this result diverges from observations 
presented earlier (Ceron-Chafla et al., 2021; Lindeboom et al., 2016), and it does not align with 
a direct link between elevated pCO2 and, e.g., high propionate levels. However, this finding 
evidences that the relation pCO2-product spectrum is more complex than initially proposed. 
The product profile does not seem to be defined by an isolated effect of pCO2, but rather by 
interaction effects with operational conditions, such as type of substrate, S/X ratio and presence 
of additional electron donors (Table 5-2). Furthermore, these changes in the intermediate 
product spectrum result from a trade-off in terms of reduced substrate consumption rate and 
establishment of lag-phases due to elevated pCO2 (Table 5-5, Figure 5-4).  

When analyzing the product spectrum for the individual substrates, enhanced propionate 
production from glycerol was observed in control GLY_CO2 at 5 bar pCO2 (Figure 5-1). 
Elevated pCO2 most likely stimulated carbon fixation in the reductive side of the TCA cycle 
towards propionate via the higher activity of enzymes, such as pyruvate carboxylase (Parizzi 
et al., 2012), CoA transferase (Zhang and Yang, 2009) and PEP carboxykinase (Tan et al., 
2013). In contrast to earlier results (Ceron-Chafla et al., 2021; Lindeboom et al., 2016), 
propionate was the main metabolite from glucose conversion under 5.0 and 6.2 bar pCO2, 
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respectively, GLU_CO2 presented high butyrate and acetate levels. Increased butyrate 
production in GLU_CO2 and GG_CO2 could be attributed to the presence of excess acetate 
and carbohydrates enhancing the activity of butyryl-CoA: acetate CoA-transferase, a key 
enzyme in the pathway of certain Clostridium spp. (van Lingen et al., 2016) (Eq. 5 Table 5-7). 
Excess acetate may be ascribed to reduced consumption by acetoclastic methanogens, since 
absolute archaeal abundances were negatively impacted by elevated CO2 (Figure 5-6B), high 
S/X ratio (phase II-B) and increasing concentrations of undissociated carboxylic acids (Figure 
5-7). Clostridium spp. were a predominant bacterial group in GLU_CO2 (Figure 5-5A) and 
showed a strong positive correlation with butyrate concentrations (Figure 5-7). However, they 
were less predominant in prior glucose experiments (Ceron-Chafla et al., 2021) and DGGE 
results from Lindeboom et al. (2016), which helps to explain differences in the reported product 
spectrum composition. 

Table 5-7: Biochemical reactions possibly involved in glucose and glycerol anaerobic conversion experiment at 
conditions of elevated pCO2= 5bar, initial pH= 7.5 and T=35°C. The Gibbs free energy change (ΔGcat

1 ) was 
corrected for pH and calculated according to (Heijnen and Kleerebezem, 2010). Stoichiometries are adapted from 
(Fast and Papoutsakis, 2012), (Lee and Rittmann, 2009), (Zeng et al., 1993), (González-Cabaleiro et al., 2016) 

No. Catabolic reactions ΔGcat1 

(kJ/ Rxn) 

1 𝐺𝐺𝐺𝐺𝑙𝑙𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑙𝑙𝑙𝑙𝐺𝐺𝐺𝐺𝑒𝑒𝑒𝑒 → 2 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐺𝐺𝐺𝐺𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒 + 2 𝐻𝐻𝐻𝐻+ + 2 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃 -202.8 
2 𝐺𝐺𝐺𝐺𝑙𝑙𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑙𝑙𝑙𝑙𝐺𝐺𝐺𝐺𝑒𝑒𝑒𝑒 → 𝐵𝐵𝐵𝐵𝐺𝐺𝐺𝐺𝐿𝐿𝐿𝐿𝐺𝐺𝐺𝐺𝐵𝐵𝐵𝐵𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒 + 𝐻𝐻𝐻𝐻+ + 2 𝐻𝐻𝐻𝐻2 + 2 𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂2 + 3 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃 -267.0 
3 𝐺𝐺𝐺𝐺𝑙𝑙𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑙𝑙𝑙𝑙𝐺𝐺𝐺𝐺𝑒𝑒𝑒𝑒 → 0.67 𝐴𝐴𝐴𝐴𝐺𝐺𝐺𝐺𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒 +  0.67 𝐵𝐵𝐵𝐵𝐺𝐺𝐺𝐺𝐿𝐿𝐿𝐿𝐺𝐺𝐺𝐺𝐵𝐵𝐵𝐵𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒 +  1.33 𝐻𝐻𝐻𝐻+ + 2.67 𝐻𝐻𝐻𝐻2 + 2 𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂2

+ 3.33 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃 
-307.8 

4 𝐺𝐺𝐺𝐺𝑙𝑙𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑙𝑙𝑙𝑙𝐺𝐺𝐺𝐺𝑒𝑒𝑒𝑒 → 0.67 𝐴𝐴𝐴𝐴𝐺𝐺𝐺𝐺𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒 +  1.33 𝑃𝑃𝑃𝑃𝐵𝐵𝐵𝐵𝑙𝑙𝑙𝑙𝐵𝐵𝐵𝐵𝑃𝑃𝑃𝑃𝑙𝑙𝑙𝑙𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒 +  2 𝐻𝐻𝐻𝐻+ + 0.67 𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂2 + 2.67 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃 -317.2 
5 𝐺𝐺𝐺𝐺𝑙𝑙𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑙𝑙𝑙𝑙𝐺𝐺𝐺𝐺𝑒𝑒𝑒𝑒 + 2 𝐴𝐴𝐴𝐴𝐺𝐺𝐺𝐺𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒 →  2 𝐵𝐵𝐵𝐵𝐺𝐺𝐺𝐺𝐿𝐿𝐿𝐿𝐺𝐺𝐺𝐺𝐵𝐵𝐵𝐵𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒 +  2 𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂2 + 2 𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂 + 2 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃 -354.3 
6 𝐺𝐺𝐺𝐺𝑙𝑙𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑙𝑙𝑙𝑙𝐺𝐺𝐺𝐺𝑒𝑒𝑒𝑒 + 0.67 𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂2 → 1.33 𝑆𝑆𝑆𝑆𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒 + 0.67 𝐴𝐴𝐴𝐴𝐺𝐺𝐺𝐺𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒 + 0.67 𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂 + 3.5 𝐻𝐻𝐻𝐻+ + 2 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃 -292.0 
7 𝐺𝐺𝐺𝐺𝑙𝑙𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑒𝑒𝑒𝑒𝐵𝐵𝐵𝐵𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 → 𝑃𝑃𝑃𝑃𝐵𝐵𝐵𝐵𝑙𝑙𝑙𝑙𝐵𝐵𝐵𝐵𝑃𝑃𝑃𝑃𝑙𝑙𝑙𝑙𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒 + 𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂 + 2 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃 -152.5 
8 𝐺𝐺𝐺𝐺𝑙𝑙𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑒𝑒𝑒𝑒𝐵𝐵𝐵𝐵𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 → 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐺𝐺𝐺𝐺𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒 + 𝐻𝐻𝐻𝐻2 + 1 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃 -92.4 
9 𝐺𝐺𝐺𝐺𝑙𝑙𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑒𝑒𝑒𝑒𝐵𝐵𝐵𝐵𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 → 0.67 𝑃𝑃𝑃𝑃𝐵𝐵𝐵𝐵𝑙𝑙𝑙𝑙𝐵𝐵𝐵𝐵𝑃𝑃𝑃𝑃𝑙𝑙𝑙𝑙𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒 + 0.33 𝐴𝐴𝐴𝐴𝐺𝐺𝐺𝐺𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒 + 0.33 𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂2 + 𝐻𝐻𝐻𝐻2 + 0.33 𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂 +  2 𝐻𝐻𝐻𝐻+

+ 1.67 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃 
-149.7 
 

10 𝐺𝐺𝐺𝐺𝑙𝑙𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑒𝑒𝑒𝑒𝐵𝐵𝐵𝐵𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 + 𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂2 → 𝑆𝑆𝑆𝑆𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒 + 𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂 + 2 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃 -109.3 
11 3 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐺𝐺𝐺𝐺𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒 → 𝐴𝐴𝐴𝐴𝐺𝐺𝐺𝐺𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒 + 2 𝑃𝑃𝑃𝑃𝐵𝐵𝐵𝐵𝑙𝑙𝑙𝑙𝐵𝐵𝐵𝐵𝑃𝑃𝑃𝑃𝑙𝑙𝑙𝑙𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒 + 2 𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂2 + 1.5 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃  -171.3 
12 2 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐺𝐺𝐺𝐺𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒 +  𝐻𝐻𝐻𝐻+ → 𝐵𝐵𝐵𝐵𝐺𝐺𝐺𝐺𝐿𝐿𝐿𝐿𝐺𝐺𝐺𝐺𝐵𝐵𝐵𝐵𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒 + 2 𝐻𝐻𝐻𝐻2 + 2 𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂2 + 1.5 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃 -64.3 
13 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐺𝐺𝐺𝐺𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒 +  𝐴𝐴𝐴𝐴𝐺𝐺𝐺𝐺𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒 + 𝐻𝐻𝐻𝐻+ → 𝐵𝐵𝐵𝐵𝐺𝐺𝐺𝐺𝐿𝐿𝐿𝐿𝐺𝐺𝐺𝐺𝐵𝐵𝐵𝐵𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒 + 𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂2 + 𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂 + 0.5 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃 -96.9 
14 𝐵𝐵𝐵𝐵𝐺𝐺𝐺𝐺𝐿𝐿𝐿𝐿𝐺𝐺𝐺𝐺𝐵𝐵𝐵𝐵𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒 + 2𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂 → 2 𝐴𝐴𝐴𝐴𝐺𝐺𝐺𝐺𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒 + 𝐻𝐻𝐻𝐻+ + 2𝐻𝐻𝐻𝐻2 + 2 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃 +43.9 
15 𝑃𝑃𝑃𝑃𝐵𝐵𝐵𝐵𝑙𝑙𝑙𝑙𝐵𝐵𝐵𝐵𝑃𝑃𝑃𝑃𝑙𝑙𝑙𝑙𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒 + 2𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂 →  𝐴𝐴𝐴𝐴𝐺𝐺𝐺𝐺𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒 + 3𝐻𝐻𝐻𝐻2 + 𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂2 + 1 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃 +71.7 
16 4𝐻𝐻𝐻𝐻2 + 2𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂2 → 𝐴𝐴𝐴𝐴𝐺𝐺𝐺𝐺𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒 + 𝐻𝐻𝐻𝐻+ + 2𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂 + 1 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃 -55.0 
17 4𝐻𝐻𝐻𝐻2 + 𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂2 → 𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻4 + 2𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂 -130.7 
18 𝐴𝐴𝐴𝐴𝐺𝐺𝐺𝐺𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒 + 𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂 → 𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻4 + 𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂2 -31.1 
19 2 𝐴𝐴𝐴𝐴𝐺𝐺𝐺𝐺𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿𝐺𝐺𝐺𝐺𝑙𝑙𝑙𝑙 − 𝐶𝐶𝐶𝐶𝑙𝑙𝑙𝑙𝐴𝐴𝐴𝐴 + 2 𝑁𝑁𝑁𝑁𝐴𝐴𝐴𝐴𝑁𝑁𝑁𝑁(𝑃𝑃𝑃𝑃)𝐻𝐻𝐻𝐻 → 𝐵𝐵𝐵𝐵𝐺𝐺𝐺𝐺𝐿𝐿𝐿𝐿𝐺𝐺𝐺𝐺𝐵𝐵𝐵𝐵𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒 + 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃 + 2 𝑁𝑁𝑁𝑁𝐴𝐴𝐴𝐴𝑁𝑁𝑁𝑁(𝑃𝑃𝑃𝑃)+ + 2 𝐻𝐻𝐻𝐻𝑆𝑆𝑆𝑆 − 𝐶𝐶𝐶𝐶𝑙𝑙𝑙𝑙𝐴𝐴𝐴𝐴 -46.4* 
20 𝐴𝐴𝐴𝐴𝐺𝐺𝐺𝐺𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿𝐺𝐺𝐺𝐺𝑙𝑙𝑙𝑙 − 𝐶𝐶𝐶𝐶𝑙𝑙𝑙𝑙𝐴𝐴𝐴𝐴 + 𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂 → 𝐴𝐴𝐴𝐴𝐺𝐺𝐺𝐺𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑒𝑒 + 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃 +  𝐻𝐻𝐻𝐻𝑆𝑆𝑆𝑆 − 𝐶𝐶𝐶𝐶𝑙𝑙𝑙𝑙𝐴𝐴𝐴𝐴 -52.1* 

*Values expressed as kJ mol-1 acetyl-CoA 
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In GG_CO2, succinate production may have become a suitable alternative to dispose of excess 
reducing equivalents after formate addition if propionate conversion became limited by the 
predicted high concentrations of undissociated carboxylic acids (Xiao et al., 2016) (Figure 5-8). 
Stimulating carboxylation activity in pyruvate carboxylase and PEP carboxykinase by elevated 
CO2 concentrations has shown positive correlations with succinate production (Lu et al., 2009). 
In pure cultures of Actinobacillus succinogenes, keeping CO2 concentrations above 17.1% 
saturation increased succinate levels (Van Der Werf et al., 1997). Besides CO2 supply, 
providing an additional electron donor (in this case formate) has been favourable for succinate 
production (Amulya and Mohan, 2019). As an intermediate metabolite in pressurized anaerobic 
systems, succinate has only been previously reported by Lindeboom et al. (2014) as a product 
of the saccharification of gelatinized starch at 30°C and 16 bar. Thus, despite yields being low, 
i.e., succinate represented <10% of the COD fed to GG_CO2 in phase II_C (Table 5-3), results 
constitute encouraging evidence of the steering potential of elevated pCO2.  

Other changes in product spectrum after formate addition in phase II-C were related to higher 
acetate concentrations in the controls (Figure 5-1). Our results suggest, through indirect 
observations, the occurrence of enhanced CO2 fixation in phase II-C, due to formate addition. 
First, a considerable increase in COD-acetate in GLU_CO2 and particularly in GLY_CO2 was 
observed (Table 5-3). Second, significant differences were detected in the absolute abundances 
of bacteria with possible acetogenic metabolism in the Firmicutes phylum, such as Clostridium 
spp., (p<0.05). Third, an increased relative abundance of Methanosaeta (Figure 5-5B) in 
response to higher acetate levels with concomitant recovered CH4 production in all pCO2 
treatments (Table 5-3). Finally, high cell densities in GG_CO2 and GLY_CO2 could have 
resulted from carbon and electron fluxes being directed towards anabolic processes in response 
to enhanced CO2 fixation in the presence of organic non-methanised substrate (formate) as 
electron donor (Figure 5-3, A and C). However, definite proof of enhanced CO2 fixation shall 
come from studies with labelled formate and CO2 to thoroughly track the carbon faith on 
pressurized anaerobic conversions. In this way, it will be possible to differentiate between 
acetate produced from CO2 fixation and acetate accumulated because of reduced methanogenic 
activity. 

Other differences between GG_CO2 and GG_N2 corresponded to measured cell densities and 
biomass-related products. After two pressurization cycles and formate addition in phase II-C, 
final cell density (proxy of biomass growth) was 1.5 and 4.5 times higher in GG_CO2 than in 
controls GG_N2 and GLU_CO2, respectively (Figure 5-3). According to the Aligned Rank 
Transform test, the presence of an additional electron donor was a significant factor to explain 
differences in cell density (Table 5-4). The additional availability of reducing equivalents from 
formate could have enhanced CO2 fixation and, in turn, increased levels of acetyl-CoA, a 
precursor of anabolic and catabolic products (Pietrocola et al., 2015). Remarkably, there was 
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an opposite trend between the results from cell density measurements and VSS concentrations 
in experiment II. When analyzing VSS (expressed as COD-biomass), the values for GG_N2 
were the ones 1.7, 2.7 and 2.5 times higher than GG_CO2, GLY_CO2 and GLU_CO2 in phase 
II-C, respectively (Table 5-3). These results suggest that VSS may not constitute an adequate
proxy of biomass growth, since it does not distinguish between dead/non-viable cells,
extracellular compounds and the biomass corresponding to active microbial cells (Ceron-
Chafla et al., 2021; Foladori et al., 2010). Further research shall systematically quantify
biomass and biomass-associated products under pressurized headspace to discriminate between
enhanced anabolism and higher synthesis of extracellular microbial products.

The interaction between pCO2 and operational conditions was expected to modify the 
metabolic activity and microbial community structure, indirectly impacting the product 
spectrum. Particularly, under relatively “unfavourable” conditions for reactor operation, such 
as high S/X ratio, increased undissociated carboxylic acids and elevated pCO2, an increase in 
the abundance of stress-tolerant microorganisms with metabolic flexibility was expected 
(Emerson et al., 2008). The absolute abundances of the par excellence stress-tolerant 
Clostridium spp. (Figure 5-6A) were significantly different (p=0.001) when considering phase 
(II-A, II-B and II-C) as grouping factor in experiment II. Previous investigations have shown 
positive effects of formate addition on the growth rates and total carbon fixation of certain 
acetogenic cultures, particularly in Clostridium spp. such as C. kjundhali and C. 
carboxidivorans (Jain et al., 2020; Ramió-Pujol et al., 2015), which aligns with the dynamics 
of Clostridium spp. in phase II-C. On the other hand, metabolic pathways for carbohydrate 
fermentation in Clostridium spp. are diverse: at low pH, ABE fermentation, i.e., acetone- 
butanol- ethanol (Patakova et al., 2013) occurs, whereas, at circumneutral pH, the fermentation 
pattern could be dominated by butyrate-acetate (Kleerebezem et al., 2015). Propionate 
production in Clostridium spp. is ascribed to the acrylate pathway, i.e., lactate to propionate 
(Gonzalez-Garcia et al., 2017), occurs in particular strains (C. propionicum) and has been 
evidenced using glucose or glycerol as substrates (Barbirato et al., 1997). Hence, provided that 
the proper Clostridium spp. are selected, the acrylate pathway also constitutes a 
thermodynamically feasible option for propionate production, with lower dependency on CO2 
availability at circumneutral pH (Eq. 11, Table 5-7), as in the case of GG_N2.  

Another remarkable result corresponds to the increase in the absolute abundance of the class 
Negativicutes, particularly the family Veillonellaceae, when glycerol and elevated pCO2 were 
present (GG_CO2 and GLY_CO2, Figure 5-6A). In systems degrading glycerol at 
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circumneutral pH, a concomitant increase in the abundance of Veillonellaceae and 
Clostridiaceae has been observed (Moscoviz et al., 2016). Propionate production is the 
preferred pathway for glycerol conversion in most members of Veillonellaceae (Braz et al., 
2019; Ferguson et al., 2018; Xafenias et al., 2015), which also became evident in the strong 
positive correlation between Veillonellaceae and high propionate concentrations (Figure 5-7). 
Notably, in this family and the Negativicutes class, the most commonly observed pathway for 
propionate production is the succinate pathway, i.e., phosphoenolpyruvate (PEP) → succinate 
→ propionate, where CO2 plays a role. Glycerol conversion experiments with open mixed 
cultures give limited emphasis to CO2 evolution in the headspace or liquid medium. Thus, an 
indirect causal relation between CO2 levels and enhanced propionate production via the 
selection of members from the Veillonellacea family, with reported acetogenic nature in the 
lineage (Aryal et al., 2017), may have been overlooked. However, the observation that 
Veillonellacea was a less relevant group in GG_N2 (Figure 5-5A) where glycerol was present 
but not CO2, supports the hypothesis of CO2 requirement for Veillonellacea predominance.  

The sustained predominance of class Methanomicrobia (genus Methanosaeta), particularly in 
GG_CO2 and GLY_CO2 and to a lower extent in GLU_CO2 (Figure 5-5B), also stands out 
from the presented results. This observation aligns with our previous results (Chapter 4, Figure 
4-3B and Figure 4-7B) and prior pressurized AD studies (Lindeboom et al., 2016). 
Methanosaetaceae became predominant in the archaeal community, although elevated pCO2 
conventionally results in thermodynamic constraints towards aceticlastic methanogenesis 
(Chapter 2). In addition, members of Methanosaetaceae are unable to directly utilize hydrogen 
and formate for CO2 reduction to CH4 (Rotaru et al., 2014). However, additional 
thermodynamics analyses showed that increasing acetate concentrations (phase II-C) (Table 
5-3) might compensate for detrimental effects of elevated pCO2, ultimately helping to develop 
favourable bioenergetics for aceticlastic methanogenesis (Figure 5-10). In addition, a recent 
study by Braz et al. (2019) proposed that Methanosaeta may be more resilient to increasing 
carboxylate concentrations, providing a further explanation for the predominance of this group 
during Experiment II. 

A possible link between increased pCO2 levels and the abundance of members of the class 
Anaerolinea, whose relative abundance remained high throughout experiment II (Figure 5-5A), 
remains to be elucidated. On one side, since these microorganisms were highly abundant in the 
original inoculum (Figure 5-5A) they could be considered part of the core anaerobic 
microbiome as reported for other close relatives in the Chloroflexi phylum (Bovio-Winkler et 
al., 2021). On the other side, the observed fluctuations in absolute abundances throughout 
experiment II (Figure 5-6A) suggest an effect of applied operational conditions on this 
microbial group. Pressure and higher concentration of carboxylic acids could have selected for 
Anaerolinea populations due to their adhesive feature enabling attachment, formation of 
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protective structures and exchange of intermediate products (Xia et al., 2016). Furthermore, 
recent research in deep-sea sediments has provided evidence of a homoacetogenic lifestyle for 
members of phylum Chloroflexi (Sewell et al., 2017); thus, elevated pCO2 could have acted as 
a selection parameter. When considering links between elevated pCO2 and community 
structure, a final point requiring further exploration corresponds to the concomitant increased 
abundances of Anaerolinea (Chloroflexi phylum) and Methanosaeta spp. (Figure 5-6). It 
remains to be elucidated the occurrence of syntrophic interactions between these two microbial 
taxa in pressurized systems because both groups have been found co-localized in other 
anaerobic reactors (Bovio-Winkler et al., 2021; McIlroy et al., 2017). Moreover, Chloroflexi 
spp. have been described as a microbial population associated with or supporting syntrophic 
relations in anaerobic digesters (Narihiro et al., 2015). 

Batch operation at elevated pCO2, with moderately high substrate concentration, high S/X ratio 
and relatively short phase durations, led to constrained complete acid conversion (Figure 5-2). 
Acid accumulation, in turn, could have had a more substantial effect on pH fluctuations than 
anticipated during the provision of 150 mM buffer as HCO3

-. Thus, the system could have 
experienced lower pH than the calculated value of 6.5, leading to higher levels of undissociated 
carboxylic acids than those predicted in experiment II (Figure 5-8). Propionate conversion is 
inhibited by concentrations > 80 mg L-1 undissociated propionic acid (HPr) and ≈ 3 mg L-1 
undissociated acetic acid (HAc) at pH=7 (Fukuzaki et al., 1990). Mösche and Jördening (1999) 
reported limited propionate conversion at a higher HPr concentration of 260 mg L-1, which 
coincides with the upper boundary for predicted HPr in experiment II (Figure 5-8 D).  

Xiao et al. (2013) reported inhibition of the specific acetic acid utilization rate in methanogens 
at 145 mg HAc L-1, whereas a higher concentration of 1141 mg HAc L-1 caused inhibitory 
effects on hydrogen yield from glucose (Van Ginkel and Logan, 2005). A 37-60% reduction in 
the net carboxylates production from glucose at 2000 mg HAc L-1, 1400 mg HPr L-1 and 120 
mg HBu L-1 has also been documented (Xiao et al., 2016). Thus, increased undissociated 
carboxylic acids, as an outcome of combined pH-pCO2 effects, could help to partially explain 
carboxylates (e.g., propionate) accumulation and changes in product spectrum at elevated pCO2 
and high S/X ratio. However, it cannot be considered the standalone explanatory mechanism 
in experiment II since carboxylates accumulation occurred already in phase II-A at lower 
concentrations of undissociated carboxylic acids (Figure 5-2, Figure 5-8). Therefore, 
increasing undissociated carboxylic acid concentrations complement the explanatory 
mechanism for steering product formation in experiment II based on the interaction effects 
between pCO2 - process conditions and its modification of microbial community dynamics. 
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Figure 5-10: Gibbs free energy for aceticlastic methanogenesis at circumneutral pH considering the effect of 
increased partial pressure of carbon dioxide (pCO2 in orange) and acetate concentrations (in green) 
 

It is recognized that the total concentration of carboxylates and particularly undissociated ones, 
could become a strong modifier of microbial community structure (Jia et al., 2019) and activity 
(H. S. Lee et al., 2008). Hence, in the scenario of increasing undissociated carboxylic acid 
concentrations in experiment II, dissimilarities in the abundance of syntrophic partners could 
have occurred, which in turn constrained microbial syntrophy. These dissimilarities were 
associated with a significant, moderate negative correlation between archaeal abundance and 
undissociated carboxylic acids (Figure 5-9A) and the significant differences in the abundance 
of syntrophic organisms from class Synergistia (p<0.05) when phase was considered the 
grouping factor in GG_CO2. Eventually, the constrained syntrophic conversion of propionate 
and butyrate would have led to the divergence of the pressurized anaerobic system from CH4 
to carboxylates production in a single reactor without the addition of methanogenic inhibitors 
when elevated pCO2, pH and high S/X ratio interacted during experiment II.  
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The results from this investigation support a potential role of elevated pCO2 as a steering 
parameter in anaerobic processes, e.g., mixed culture fermentation and AD. However, they also 
revealed that its “modus operandi” is complex and that the obtained selectivity leads to trade-
offs with substrate consumption rates and lag-phases. Changes in product spectrum and cell 
density, rather than an isolated effect of increasing pCO2, showed dependency on the interaction 
with process conditions, such as S/X ratio and availability of external electron donor. In 
particular, substrate specificity and interaction elevated pCO2 and process conditions also seem 
to act as a selection mechanism in the microbial community, e.g., towards acetogenic 
microorganisms, whose activity further modified the product spectrum. Furthermore, the 
interaction pCO2 and formate played a beneficial role in succinate production with mixed 
substrate after subsequent pressurized cycles, due to the availability of extra reducing 
equivalents and likely enhanced carbon fixating activity.
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The ultimate goal of this thesis was to provide experimental evidence supporting a 
hypothesized role of elevated pCO2 as a steering parameter in HPAD. To achieve this goal, this 
investigation started by understanding the effect of elevated pCO2 on the kinetics and 
thermodynamics of syntrophic oxidation of two common intermediate products of the AD 
process: butyrate and propionate (Chapter 2). This work also aimed to differentiate the effects 
of mild hydrostatic pressure (MHP) and gas partial pressure and identify possible cross-
resistance effects due to prior exposure to environmental stressors, such as non-optimal 
incubation temperature and high salinity (Chapter 3). Furthermore, the effect of elevated pCO2 
on the anaerobic conversion of energy-rich substrates, such as glycerol and glucose, and the 
effect of adaptive laboratory evolution (ALE) to increase microbial endurance and enhance 
CH4 production were studied (Chapter 4). Finally, interaction effects of elevated pCO2 and 
process conditions, such as substrate specificity, substrate to biomass ratio (S/X), and external 
electron donor, were explored to steer product formation from biogas to carboxylates in a single 
reactor without methanogenesis inhibitors (Chapter 5). A summary of the main research 
findings to be further discussed in this chapter is presented in Table 6-1. 

Table 6-1: Short summary of main results from this study 

Chapter Objective Substrate Main results 
 

2 Elucidate kinetic and 
thermodynamic 
effects of elevated 
pCO2 in syntrophic 
anaerobic 
conversions 

Propionate  
Butyrate 

Decreased maximum substrate utilization rate (rsmax) at 
elevated pCO2 
Bioenergetics analysis showed:  
Direct impact of elevated pCO2 on syntrophic propionate 
oxidation and pH-mediated effect on syntrophic butyrate 
oxidation. 
Changes in pCO2, pH have a differentiated impact in the 
individual reaction feasibility leading to a potential 
biochemical energy redistribution among syntrophic 
partners  
“Energy feasibility niche” for syntrophic conversions at 
elevated pCO2 shows interdependence with pH2 and pH. 
 

3 Determine cross-
resistance effects to 
moderate hydrostatic 
pressure (MHP) 
triggered by 
halotolerance and 
thermal adaptation  

Glucose MHP did not limit growth and fermentative activity at 
moderate temperature (20°C) in the inoculum from 
marine sediment (MSI). Results suggest a cross-resistance 
effect from mild incubation temperature and halotolerance 
enhancing piezotolerance. 
Kinetic and bioenergetic limitations constrained growth 
and product formation at 10° C in MSI. 
Product formation was enhanced at 28°C (MSI) and 37°C 
(anaerobic digester saline inoculum – ADI) with reduced 
biomass yield due to high maintenance and decay.  
 



General Discussion, Summary and Outlook 

179 

Chapter Objective Substrate Main results 
 

4 Study the effect of 
directional selection 
under increasing 
substrate load to 
restructure microbial 
community and 
induce cross-
resistance 
mechanisms to 
improve conversion 
under elevated pCO2 

Glucose Inoculum after adaptive laboratory evolution (ALE) 
showed:  
Increase in total and viable cell density and relative 
abundance of Smithella and Syntrophobacter (8%).  
Slight increase in the relative abundance of Methanosaeta 
compared to Methanobacterium. 
Propionate conversion was not constrained when using 
evolved inoculum and enabled a higher CH4 yield per 
archeal cell than using the original inoculum. 
 

Glycerol Inoculum after ALE showed:  
Moderate decrease in final cell density.  
Highest relative abundance of Smithella and 
Syntrophobacter (18%). Relative abundance of 
Methanosaeta and Methanobacterium were comparable to 
original inoculum. 
Enabled propionate conversion in evolved inoculum led to 
higher CH4 yield per archaeal cell than using the original 
inoculum. 
 

5 Study the interaction 
effects of elevated 
pCO2 and 
operational 
conditions in high 
pressure mixed 
culture fermentation   

Glucose  Fermentation profile was dominated by butyrate and 
acetate production.  
Microbial community showed a high relative abundance 
of Clostridium spp. 

Glycerol High propionate yields are associated with a high relative 
abundance of family Veillonellacea.  

Glycerol-
Glucose 

Mixed substrate (1:1 molar ratio) was beneficial for final 
cell densities with sustained propionate production. 
Succinate formation after adding formate as external 
electron donor. 

 

 

- Elevated pCO2 exerts a detrimental effect on substrate conversion rates that cannot be 
explained by only bioenergetic effects. The mechanistic explanation provided in this thesis 
needed to be complemented with pH-associated effects occurring when alkalinity is not 
controlled. Among them, the increasing concentration of undissociated carboxylates and 
physiological impairments in the activity of syntrophic bacteria were relevant (Chapter 2).  

- Depending on the starting inoculum and imposed environmental conditions, such as 
temperature and salinity, there will be a “trade-off” between biomass growth and intermediate 
product formation to satisfy increased maintenance requirements under mild hydrostatic 
pressure (MHP) and high temperature. Between MHP and temperature, the latter proved to be 
more significant to explain observed changes in microbial community dynamics (Chapter 3).  
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- The adaptive laboratory evolution (ALE) strategy under increasing substrate to biomass ratio, 
selected for a more resilient syntrophic community with higher abundances of Smithella and 
Methanosaeta spp. CH4 production under elevated pCO2 was reinstated via the favoured 
dismutation pathway with independence from pH2 in the “evolved” inoculum (Chapter 4).  

- Elevated pCO2 has potential to steer intermediate product formation in anaerobic processes. 
However, pCO2 is a complex parameter to tune, due to its role in physicochemical and 
biological reactions. Thus, a multiparameter approach is required to incorporate pCO2 into a 
control strategy targeting selective product formation (Chapter 5). 

 

 

Syntrophic oxidation of reduced compounds like propionate and butyrate is thermodynamically 
limited by high pH2 and occurs at partial pressures lower than 40 and 2 Pa, respectively (Schink, 
1997; Worm et al., 2014). Chapter 2 expanded on the existing knowledge through an interactive 
multi-parameter analysis on bioenergetics, including operational parameters such as pH2, 
elevated pCO2 and pH (Figure 2-6 and Figure 2-8). The employed method calculated the overall 
energetic feasibility of syntrophic conversions in HPAD and high-pressure mixed culture 
fermentation (HP-MCF) at conditions of fluctuating pH, pCO2, pH2, or combined fluctuations 
herein. The performed analysis identified a direct effect of elevated pCO2 on the 
thermodynamic feasibility of syntrophic propionate oxidation (Figure 2-6) and a pH-mediated 
effect on syntrophic butyrate oxidation (Figure 2-8).  

The bioenergetics analysis in Chapter 2 assumed that the predominant pathway for propionate 
oxidation was the methyl-malonyl-CoA pathway (Table 4-4). In Chapter 4, the 
abovementioned multi-parameter analysis was employed to investigate differences in the 
thermodynamic feasibility of syntrophic propionate oxidation when another pathway, i.e., 
dismutation pathway, characteristic of the Smithella genus (Table 4-4), was considered. The 
Smithella genus became predominant in experiments from Chapter 4 after an adaptive 
laboratory evolution (ALE) strategy based on serial cultivation under conditions of increased 
S/X ratio (Section 4.3.3). The multi-parameter bioenergetics analysis evidenced that, from a 
thermodynamic perspective, the dismutation pathway was more resilient to changes in pCO2 
and pH2 than the methyl malonyl-CoA pathway (Figure 4-12). This outcome complements 
previous work that only considered pH2 as a limiting factor for the thermodynamics of 
syntrophic propionate oxidation (Dolfing, 2013; Stams and Plugge, 2009). Our results also 
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support that selection of functional traits, e.g., a pathway for syntrophic propionate oxidation, 
could be considered as the observable output of an intricate nexus between environmental 
conditions, thermodynamic feasibility and reorganization of the microbial community.  

In Chapter 5, the multi-parameter bioenergetics analysis was employed to further explain the 
predominance of aceticlastic methanogenesis (AcM) in HPAD despite the Gibbs free energy 

for catabolism, 01
catΔG , becoming less negative when pCO2 increases (Chapter 2). In 

anaerobic processes, some of the production routes for acetate correspond to homoacetogenesis 
(HA) and syntrophic propionate/ butyrate oxidation. On the other hand, acetate is converted 
via syntrophic acetate oxidation (SAO) and AcM. The thermodynamic feasibility of these 
reactions is strongly influenced by changes in pH2, pCO2, pH and acetate concentrations 
(Müller et al., 2010; Worm et al., 2014). SAO and AcM can coexist in anaerobic digesters (Wu 
et al., 2022). However, a relevant role for SAO was not considered likely in the here presented 
experiments due to the mesophilic conditions (Petersen and Ahring, 1991) and low ammonia 
concentrations (Jiang et al., 2018). Calculations in Chapter 5 showed that at high acetate 

concentrations (500-1000 mM), the 
01

catG∆ of AcM becomes more negative, whereas it becomes 

more positive at increasing pCO2 (0-10 bar). Hence, at acetate concentrations in the range 
relevant for the experiments presented in this thesis (<20 mM, Chapter 5), the detrimental 
effects of elevated pCO2 on AcM are counterbalanced by a favourable thermodynamic effect 

of increasing acetate concentrations on the 
01

catG∆  (Figure 5-10).   

On the other hand, in the case of HA vs hydrogenotrophic methanogenesis (HyM), there is an 
evident effect of pH2 on the thermodynamic feasibility of the reaction (Liu et al., 2016; 
Tsapekos et al., 2022). It is also observed that at high pH2 and increasing pCO2, HA becomes 

energetically favourable, i.e., more negative 
01

catG∆  (Figure 4-11). More interestingly, when 

analyzing HA + AcM reactions in scenarios of increasing pCO2 and low pH2 (Figure 6-1A) or 

high pH2 (Figure 6-1B), the difference in 
01

catG∆  with HyM disappears and both reactions 

become equivalent in terms of available energy (Figure 6-1). The syntrophic interaction 
between HA and AcM requires an adequate coupling between acetate production and 
consumption rates because increasing acetate concentrations do have a strong detrimental 
effect on the energy feasibility of HA (Figure 6-1C). However, various authors suggested that 
the HA-AcM conversion pathway can be stimulated by the addition of CO2 to sewage sludge 
digesters (Bajón Fernández et al., 2019; Muntau et al., 2021). From the thermodynamic point 
of view, a syntrophic interaction between homoacetogens and aceticlastic methanogens under 
conditions of elevated pCO2 constitutes a feasible option for the microbial consortium. In the 
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aftermath, this syntrophic interaction may improve the biochemical energy allocation for each 
of the partners involved.  

 

Figure 6-1: Effect of increasing pCO2 on the available catabolic energy 01

catΔG of aceticlastic methanogenesis, 

homoacetogenesis, hydrogenotrophic methanogenesis and the proposed syntrophic reaction between 
homoacetogens and aceticlastic methanogens at different pH2. A) corresponds to pH2=1 Pa and B) to pH2=60 Pa. 
Plot C) depicts the effect of increasing acetate concentrations on the available catabolic energy during 
homoacetogenesis at pH2=1 and 60 Pa 

 

 

The pH played an important role in defining the energy feasibility of syntrophic conversions 
in HPAD or HP-MCF, by itself and by its interaction with other process parameters such as 
pH2 and evidently with pCO2 in the carbonate equilibrium (Chapter 2, Figure 2-6 and Figure 
2-8). Despite the elevated buffer concentration provided in the batch experiments described in 
Chapters 2 and 5 (100 and 150 mM, respectively), pH fluctuations in the bulk or at the micro-
level environment due to non-uniform mixing could still have occurred in the pressurized 
reactors. Consequently, these pH fluctuations could have impacted the thermodynamics, 
conversion kinetics, and microbial physiology. Fluctuations in pH can impact the energy 
feasibility of biochemical reactions in direct and indirect ways. Direct effects are observed in 
the reactions that consume or produce protons and indirect effects correspond to the regulation 
of chemical speciation, i.e., equilibrium between the undissociated and the dissociated forms 
(Jin and Kirk, 2018b, 2018a).  

Increasing concentrations of undissociated carboxylic acids in this thesis became part of the 
mechanistic explanations provided for carboxylates accumulation (propionate and butyrate) 
and pathway steering in the pressurized experiments (Chapter 2, Chapter 5). Chapter 2 stated 
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a limited effect of lowered pH on increasing the concentration of undissociated carboxylic acids 
in the HPAD experiments. Due to low initial substrate concentrations (<1 g COD L-1), total 
acid production was low. Therefore, buffer consumption due to acids production was minor 
and pH remained higher than 6.0 even when initial pCO2 for headspace pressurization 
corresponded to 8.0 bar. Conversely, the inhibitory effect of undissociated carboxylic acids 
may have resulted more critical in the experiments described in Chapter 5 at higher initial COD 
(5-10 g COD L-1). Considering a theoretical calculation of pH= 6.5 after reaching equilibrium 
with a headspace at 5 bar pCO2 (Materials and Methods Chapter 5), accumulation of butyrate 
and propionate could be partially explained by rising concentrations of undissociated 
carboxylic acids in the experiments. A high concentration of undissociated acids, resulting 
from pH fluctuations, the high S/X ratio applied, and limited conversion of intermediates, could 
have affected the intra–extracellular balance between dissociated and undissociated acid 
species. This unbalance affected the thermodynamic feasibility of the acid-producing reactions 
(Richter et al., 2016) on top of the thoroughly described effects of increasing undissociated 
acid concentrations (Van Ginkel and Logan, 2005; Xiao et al., 2016). Among those detrimental 
effects are the collapse of the pH gradient, a component of the proton motive force for H+ 
translocation across the cellular membrane, and the increased energy allocation into 
maintenance to preserve homeostasis (Jones and Woods, 1986).    

The pH and substrate concentration also contributed to explain the switch between the 
formation of butyrate + acetate and propionate + acetate observed in the experiments from 
Chapter 5, which other authors also reported in atmospheric glucose MCF fermentation at 
5.5<pH<6 (González-Cabaleiro et al., 2015). From a thermodynamic perspective, these 
product combinations lead to maximum biochemical energy harvest per unit of glucose or 
glycerol at circumneutral pH, suggesting an equal biochemical energy gain from both pathways 
(Figure 6-2). However, preferred pathways will depend on the overall composition of the 
metabolic network in the HPAD or HP-MCF system and ecological processes such as 
competition and stochastic colonization (Marsland et al., 2019). Ecological processes will 
shape the microbial community and the key players/functions involved in the anaerobic 
process. 

The theoretical pH calculations in HPAD and HP-MCF are indicative, requiring more realistic 
approaches. Modelling tools enabling the development of soft-sensors (Luttmann et al., 2012) 
are a good starting point to simulate the physicochemical behaviour of the pressurized systems 
when reaching equilibrium between the headspace and liquid phase. Despite the high 
investment costs, continuous pH monitoring with pressure-resistant equipment is the only real 
alternative that will allow for temporal distinction of CO2 dissolution, equilibrium points, and 
pH fluctuations due to carboxylates and CH4 production and reactor decompression. Limited 
experimental results of pH monitoring in systems safely operating until 10 bars have not been 
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included in the various thesis chapters (See Annex A). However, those experiments revealed 
the importance of pH monitoring under pressurized conditions to differentiate pH-associated 
inhibition effects from elevated pCO2 effects.  

 

 

Figure 6-2: pH effect on the catabolic energy of glycerol (green) and glucose (orange) fermentation pathways with 
propionate + acetate or butyrate + acetate as products  

 

 

The multi-parameter bioenergetics analysis (Chapter 2) was expanded by including anabolic 
reactions and used to investigate the combined effects of incubation temperature and MHP on 
the net available energy. Net available energy from catabolic processes was estimated based 
on the metabolic pathway contribution calculated from the intermediate product spectrum in 
pressurized fermentation experiments at 0.1, 5.0 and 8.0 MPa (Chapter 3, Section 3.3.3). A 

distinctive effect on the 
01

catG∆ was observed due to temperature changes and it was exacerbated 

by MHP, particularly at low and moderate temperatures (Figure 3-10A). The individual effect 
of temperature on energy feasibility (Conrad and Wetter, 1990; Finke and Jørgensen, 2008; 
Kleerebezem and Van Loosdrecht, 2010) and energy requirements for maintenance (m) 
(Tijhuis et al., 1993) have been thoroughly documented in literature. The effect of MHP in 
bioenergetics has been less explored, but the available literature suggests a marginal effect of 

this operational parameter on 
01

catG∆  (Amend and Plyasunov, 2001; Mayumi et al., 2013).  
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Combined effects between temperature and MHP have been discussed for thermophilic and 
piezophilic microorganisms when analyzing the energetic feasibility of biochemical reactions 
in extreme environments such as hydrothermal fluids (Amend and Shock, 2001), evidencing a 
more pivotal role of temperature. The results from Chapter 3, using saline-adapted marine 
sediment and anaerobic digestion inocula, showed that the combination of low temperature and 
MHP has a detrimental effect on YX/S, evidenced by a decreasing trend when pressure increased 
from 5 to 8 MPa. In contrast, there was no clear trend at increasing temperatures and pressure 
(Figure 3-10, A-C). Moreover, the trend for YX/S, theoretically derived from thermodynamic 
analysis (Figure 3-10D), did not resemble the trend observed in the measured YX/S. This 
disparity implies that besides energy constraints, other process conditions may play a role when 
explaining the effects on microbial growth and activity associated with the interaction 
temperature-MHP. These results reflect the usefulness of the developed multi-parameter 
bioenergetics analysis as a predictive, explanatory tool and its limitations. Furthermore, results 
from Chapters 2 and 3 support the need to include thermodynamic approaches inside more 
holistic mechanistic explanations for biomass growth and product formation under stress 
conditions. Ultimately, our results justify the expansion of the scope of thermodynamic 
analyses to include the influence of other environmental parameters and their interaction 
effects.  

 

Selective pressures, e.g., high S/X, elevated pCO2, high pH2, and extreme pH, modify the 
thermodynamic feasibility of biochemical reactions leading to the selection of robust genera 
from a diverse anaerobic microbiome, able to cope with a new set of conditions (X. N. Wang 
et al., 2017; Zhao et al., 2021). Results from Chapter 2 suggested a redistribution of 
biochemical energy among syntrophic partners in propionate and butyrate oxidation, due to the 
effects of elevated pCO2 and pH (Figure 2-7). Environmental conditions determine the 
thermodynamic feasibility of the biochemical reactions involved in syntrophic conversions. 
Deviating energy allocations could impact the different growth strategies of syntrophic partners 
(Junicke et al., 2016, 2015), while provoking metabolic uncoupling and, ultimately, 
compromising the overall process performance. This “thermodynamic control”, in turn, could 
end up reorganizing the microbial community structure (Junicke et al., 2016; Marsland et al., 
2019) or could lead to divergences stimulating new syntrophic interactions. In Chapter 4, the 
multi-parameter bioenergetics analysis evidenced that the dismutation pathway from Smithella 
genus was more advantageous for syntrophic propionate oxidation than the methyl-malonyl-
CoA pathway from Syntrophobacter when pH2 and pCO2 were increasing.  

The “equivalence” in the availability of net biochemical energy from HA + AcM and HyM 
reactions at conditions of elevated pCO2 (Figure 6-1) may help to explain the predominance of 
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bacteria with reported homoacetogenic activity, namely Clostridium spp. It is hypothesized 
that due to enhanced homoacetogenic metabolism, acetate concentrations increased and 
promoted a shift in syntrophic interactions with acetotrophic microorganisms such as 
Methanosaeta instead of hydrogenotrophic archaea (Figure 4-3, Figure 4-7 and Figure 5-5). 
Other studies have already suggested a syntrophic interaction between Clostridium spp. and 
Methanosaeta (Zhu et al., 2020). The analysis presented in Section 6.2.1 complements the 
explanations provided in Chapter 5, where the concomitant increase in the absolute abundance 
of Clostridium spp. was attributed to the high S/X ratio and elevated pCO2 promoting 
homoacetogenic / mixotrophic activity. On the other hand, as observed in Figure 6-1A, AcM 
can become more energetically favourable than HyM in a scenario of moderate pCO2 and low 
pH2. This particular “window of opportunity” could explain the sustained predominance of 
Methanosaeta at conditions of elevated pCO2 in our experiments (Chapter 4 and Chapter 5) 
and the experiments from Lindeboom et al. (2016).  

Zerfaß et al. (2018) suggested that the interplay between electron donors and electron acceptors 
effectively manipulates community structure and functionality and is compatible with a 
community engineering process guided by thermodynamic considerations. Chapter 5 
evidenced that adding an external electron donor such as formate had an important effect on 
glycerol and glucose fermentation pattern and triggered rearrangements in the microbial 
community composition (Figure 5-5). Substrate specificity and concentration in HP-MCF 
experiments intensified this effect, leading to noteworthy differences in the predominant taxa 
with glycerol (class Negativicutes, family Veillonellaceae) and glucose (Clostridium spp.). 
Overall, it can be concluded that the relationship between community reorganization and 
thermodynamic feasibility is complex. Feedback loops between environmental conditions and 
metabolic activity that further alter the surrounding environment, as well as the feasibility of 
biochemical reactions, are the main source of this complexity (Zerfaß et al., 2018) (this thesis). 

 

The effect of elevated pCO2 on the substrate conversion rate ( smaxr ) became evident from results 

presented in Chapter 2. Increasing lag phases and a reduction in the calculated smaxr  were 

observed in syntrophic propionate and butyrate oxidation experiments when increasing pCO2 
from 0.3 to 8 bar (93 and 57%, respectively). In Chapter 5, the interaction of elevated pCO2, 
increasing S/X ratio and additional electron donor (formate) distinctly influenced the substrate 
conversion rates (Table 5-5 and Figure 5-4). In Chapter 2, it was postulated that increased 
availability of biochemical energy from the provision of energy-rich substrates could improve 
the conversion kinetics. This hypothesis was based on the nexus between kinetics and 
thermodynamics, i.e., “thermodynamic consistency” or the dependency of the reaction rate on 
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the thermodynamic driving force (amount of energy available to drive the reaction) (Jin and 
Bethke, 2007; Jin and Kirk, 2018b). However, lower conversion rates and distinctive lag phases 
were observed when glucose and glycerol were used as substrates at a moderately-high 
concentration (5-10 g COD L-1). Thus, overcoming energy limitations by providing energy-

rich substrates (
01

catG∆ glucose = -957 kJ mol-1 and glycerol= -528.4 kJ mol-1 upon oxidation to 

CO2) (Kleerebezem and Van Loosdrecht, 2010) did not suffice to prevent intermediates 
accumulation under conditions of elevated pCO2. However, adding formate as an additional 
electron donor after two cycles of CO2-pressurized operation and reducing the S/X ratio led to 
slight improvements in the conversion rates (Chapter 5).  

In Chapter 3, despite the limited collection of useful data points to adequately determine 
production and consumption rates, a slow-down of intermediates consumption at low 
temperatures (10°C) and MHP of 8 MPa was evidenced. Under these conditions, lactate 
accumulation was the most pronounced effect (Figure 3-12). It is well known that temperature 
changes strongly regulate reaction rates according to the Arrhenius equation (Huang et al., 
2011; Infantes et al., 2012). However, pressure and temperature also exert a distinct effect on 
reaction rates, as described by the Eyring equation (Eq. 1-2). Thus, when envisioning a strategy 
for carboxylates production in HP-MCF, the interaction effects of environmental conditions 
(pH, temperature, MHP, pCO2) need to be investigated first. In this regard, fundamental 
biochemical principles, i.e., thermodynamics and kinetics, allow a better understanding of the 
nature of interaction effects. Identified trade-offs in parameters such as YX/S, substrate affinity 
(Ks) and µmax (Chapter 3) could allow for a better interpretation of inter-species dynamics and 
help to predict microbial activity and shifts in community structure (González-Cabaleiro et al., 
2021).  

The links between thermodynamics and kinetics are critical to describe the performance of a 
biological system, especially under conditions of environmental stress. However, as suggested 
by our results, other considerations such as ecological processes and physiological responses 
(Hanselmann, 1991) also need to be included when ascribing mechanistic explanations to 
product formation in HPAD or HP-MCF under conditions of elevated pCO2.  

 

 

In Chapter 2, evidence was provided about the distinctive response of non-adapted inocula to 
elevated pCO2. Other authors have previously raised attention to the issue of inoculum 
selection being crucial for functional stability (De Vrieze et al., 2015a; Franchi et al., 2018), 
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especially to reduce the start-up period and facilitate operation under stress conditions. Stress 
tolerance mechanisms at the cell level and the initially present microbial network in the 
community (e.g., syntrophic partners) are factors likely determining the adaptation and 
resistance/resilience/redundancy response after environmental disturbances (Allison and 
Martiny, 2009). Chapter 2 discussed that differences in microbial sensitivity to environmental 
stressors such as elevated pCO2 and pH could explain, to a certain extent, kinetic limitations in 
systems operated at elevated pressure. Physiological differences, e.g., cell membrane 
composition in bacteria and archaea and pH optimality for growth (Balk et al., 2008; Li et al., 
2012) are examples of microbial features that could play a role in the microbial stress response 
and deserve further attention in open microbiomes exposed to elevated pCO2.  

Chapter 3 exposed clear distinctions in piezotolerance of natural (NMC) and engineered 
microbial communities (EMC). NMC are exposed to environmental gradients, which differs 
from the stable operation that EMC adapted to stress conditions usually perform. In this thesis, 
it was shown that incubation of NMC under diverse sources of environmental disturbances     
(T > Tlocal and salinity) triggered cross-resistance mechanisms in fermenting NMC (Chapter 3). 
The proposed cross-resistance may have allowed sustained growth and microbial activity, i.e., 
carboxylates production, when microorganisms were exposed to a different source of stress, 
such as MHP. Thus, provided that cultivation bottlenecks are surpassed (Ali et al., 2021), the 
biotechnological potential of piezotolerant NMC could be exploited to produce compounds of 
interest, e.g., carboxylates, intracellular polymers, pigments, among others (Valdemarsen and 
Kristensen, 2010). 

However, as other authors have previously stated, proper biomass acclimation under the culture 
conditions of interest will select for the required specific functionalities rather than for 
particular microbial genera (Scoma et al., 2017). This postulate was also evaluated in Chapter 
4 and Chapter 5, with distinctive results that aligned with the objectives defined for these 
studies: alleviate hindered syntrophic propionate oxidation for improving CH4 production 
(Chapter 4) or increase carboxylates production, while simultaneously limiting methanogenic 
activity in glycerol-glucose MCF (Chapter 5). As expected, substrate specificity and 
concentration were key for propionate production. On the other hand, biomass acclimation at 
increasing S/X ratio in an adaptive laboratory evolution (ALE) strategy at atmospheric 
conditions selected for more resilient syntrophic microorganisms such as Smithella genus. The 
predominance of Smithella + Methanosaeta after ALE with glycerol and glucose was 
remarkable as an enabling factor for propionate oxidation under elevated pCO2 (Chapter 3). 
The predominance of Smithella needs to be further researched to elucidate if substrate 
specificity and concentration was the preponderant selection mechanism as suggested by 
literature (Kim et al., 2015). Alternatively, a postulated detrimental effect of elevated pCO2 at 
the physiology level (e.g., hydrogenases activity) may have also triggered the selection of 
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microorganisms with a different pathway for propionate oxidation, less dependent on 
hydrogen-mediated interspecies electron transfer. 

Inoculum screening with next-generation sequencing techniques may be the first step for 
inoculum selection (Franchi et al., 2018; Sydney et al., 2018), with monitoring metabolic 
activity and tuning operational conditions as the accompanying next steps. Following this 
approach, start-up times could be shortened and direct operation under environmental stress 
conditions could become possible. Another approach could use bioaugmentation processes 
with piezotolerant fermenting NMC to target the production of specific carboxylates under 
pressurized conditions. In this approach, the taxon or taxa of interest with proven 
piezotolerance could be artificially introduced to the community of a bioreactor, preferably 
after an adaptation period to the intended cultivation conditions (Schauer-Gimenez et al., 
2010). However, it remains to be determined if these “external key players” can thrive in the 
anaerobic microbiome by establishing syntrophy with the local microbiota or if the native 
microorganisms easily outcompete them.  

 

In Chapter 5, incubations under pressurized conditions with subsequent transfers to deliberately 
increase the S/X ratio and additional electron donor (formate) were selective for propionate 
producers in the Negativicutes class (Veillonellacea family). Veillonellacea members have 
been previously associated with glycerol conversion to propionate in AD systems (Braz et al., 
2019; Tapia-Venegas et al., 2015). Clostridium spp. were also favoured by the conditions 
applied in Chapter 5. However, it remains to be elucidated if the primary driver for Clostridium 
spp. predominance was the high substrate concentration selecting for organisms with an 
adequate stress response, e.g., sporulation (Al-Hinai et al., 2015; Bastidas-Oyanedel et al., 
2015) or the mixotrophic nature previously reported in this taxon (Braun and Gottschalk, 1981; 
Sandoval-Espinola et al., 2017). Taxon presence does not necessarily mean activity (De Vrieze 
and Verstraete, 2016). Thus, complementary metagenomics analyses are required to determine 
if genes associated with CO2 fixation are upregulated under elevated pCO2, high S/X ratio and 
semi-continuous pressurized operation (Braun and Gottschalk, 1981; Figueroa et al., 2018).  

The substrate concentration, high S/X ratio, pressurized incubation and provision of mixed 
substrate caused distinct differences in the microbial communities between experiments 
presented in Chapters 4 and 5. These conditions were detrimental to the abundance of 
syntrophic oxidizers from families Smithellaceae and Synergistaceae, which were absent or 
present with reduced predominance when comparing results from Chapters 4 and 5 (Figure 
4-3, Figure 4-7, Figure 5-5 and Figure 5-6). As explained in Chapter 5, a compromised 
syntrophic conversion could be attributed to dissimilarities in absolute abundances of 
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syntrophic partners due to detrimental effects of elevated pCO2, fluctuating pH, accumulating 
intermediate products and increasing concentrations of undissociated carboxylic acids.  

The predominance of Methanosaeta, previously described in HPAD literature (Lindeboom et 
al., 2016) and under conditions of increasing pCO2 (Bajón Fernández et al., 2019), was once 
again highlighted in this research. Results presented in Chapter 4 evidenced a high relative 
abundance of Methanosaeta in HPAD experiments under elevated pCO2. This predominance, 
based on our experimental results, is attributed to a) the dismutation pathway (i.e., propionate 
→ butyrate + acetate) being favoured after ALE at increasing S/X ratio b) the provision of 
glycerol enabling fermentation to propionate (balance reducing equivalents) and acetate (ATP 
production) and c) elevated pCO2 promoting homoacetogenesis and aceticlastic 
methanogenesis as an alternative pathway for CO2 reduction. Here, the proposed syntrophic 
interaction is more complex since it would involve three different microorganisms: members 
of the genus Smithella, a butyrate oxidizer probably associated with Syntrophomonas or 
Syntrophus spp. and Methanosaeta (Puengrang et al., 2020). The results from this thesis need 
to be complemented with enzymatic analysis of the activity of key enzymes in the 
methanogenic pathway, such as acetate kinase and coenzyme F420 (Zhu et al., 2020). Once this 
information is available, it will be possible to fully elucidate and confirm that despite the harsh 
conditions imposed on microorganisms, due to operation under elevated pCO2, the actively 
promoted pathway is aceticlastic methanogenesis. This novel insight supports labelling the 
Methanosaeta genus in AD as “resilient” instead of “sensitive” (De Vrieze et al., 2012). 
Overall, our results align with previous research stating the importance of selecting the “right 
selective pressure” to restructure the microbial community and achieve a specific functional 
profile (González-Cabaleiro et al., 2021). 

 

Interconnection between resistance to different “environmental extremes” has been observed 
in “extremophiles,” i.e., microorganisms able to grow and thrive in harsh environments 
(Canganella and Wiegel, 2011), such as the deep sea, where salinity, temperature, and 
hydrostatic pressure interplay. However, the combined influence of these parameters has been 
limitedly studied at the laboratory scale. For example, Kaye and Baross (2004), working with 
piezotolerant and piezosensitive isolates from Halomonas spp. showed a predominant effect of 
hydrostatic pressure (>15 MPa) compared to temperature and salinity fluctuations. Conversely, 
the results presented in Chapter 3 strongly suggest that temperature acts as an overarching 
metabolic modulator in psychrotolerant, non-pressure adapted microorganisms with 
fermentative activity (e.g., Marinifilum, Psychromonas, Halilactibacillus and Trichococcus). 
In contrast, moderate hydrostatic pressure (MHP <10 MPa) has a fine-tuning effect on growth 
and activity. Moreover, results from Chapter 3 also indicate that incubation at a presumed 
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optimal temperature for growth (Topt ≈20°C) for psychrotolerant microorganisms may 
counteract the detrimental effects of MHP on growth and product formation (Figure 3-3 and 
Figure 3-4). Conversely, deviations from Topt and additional stress conditions result in kinetic 
or bioenergetic limitations in microbial growth and activity. These limitations are associated 
with low and high temperature effects on the biochemical reactions, such as slower rates and 
increased energy requirements for maintenance and decay (Chapter 3).  

The validity of the conclusions about the community structure of halotolerant communities 
being notoriously modified by temperature and, to a lesser extent, by MHP is associated with 
applied stressor duration and intensity. If experiments had been performed for extended periods 
and at higher HP, a different outcome in which communities are more or less resilient to MHP 
could have been observed (Shade et al., 2012). Regarding the functional stability of natural and 
engineering carbohydrate fermenting communities, it was established that these initially 
diverse communities showed functional redundancy. Community composition changed due to 
temperature and MHP (Figure 3-5); however, glucose conversion and acid formation were 
evidenced in all tested conditions. Conversely, biomass growth was apparently more sensitive 
to changes in operational conditions (Figure 3-3).  

Concerning microbial piezotolerance in microorganisms from open mixed cultures, a result 
deserving further investigation concerns the predominance of groups such as Proteiniphilum 
and Ercella without reported piezotolerance, as far as the author is aware. Microorganisms 
belonging to these genera remained abundant (absolute abundance) in pressurized treatments 
with the inoculum initially extracted from a UASB treating petrochemical wastewater (ADI) 
(Chapter 3). Despite strain isolation being out of the scope of this thesis, it could be of interest 
for future research to isolate organisms with piezotolerant features from uncommon sources 
like industrial reactors treating effluents under other extreme conditions. Through this 
approach, the here suggested cross-resistance effects between salinity, temperature and mild 
hydrostatic pressure resistance could be further confirmed. Moreover, specific cross-resistance 
effects could be ascribed to specific features of the strain, e.g., EPS production, presence of 
cell wall and lipid membrane composition.  

Acid and pressure stress responses share commonalities in terms of microbial response. There 
are reports of increasing concentrations of dissolved CO2 upregulating genes associated with 
the stress response in E. coli (Baez et al., 2009; Sun et al., 2005). Thus, the backward 
mechanism, i.e., increased acid levels triggering stress response mechanisms that can be used 
when exposed to elevated pCO2, was a logical assumption that needed to be tested. It was 
hypothesized that deliberate biomass exposure to a progressive increase in the S/X ratio during 
the atmospheric incubation could induce cross-resistance effects during the pressurized 
incubation. In turn, this cross-resistance could have been attributed to i) elements of the general 
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stress response, such as metabolic regulation, repair of macromolecules and altered membrane 
fluidity conserving membrane integrity and improving cell viability, and ii) modification of the 
microbial community dynamics with more resilient syntrophic partners. Evaluation of 
membrane permeability and structure using techniques such as fluorescence microscopy and 
transmission electron microscopy are required to confirm our postulate regarding the conserved 
membrane integrity (Prieto-Calvo et al., 2014). Undoubtedly, reduced metabolic heterogeneity 
(Huang et al., 2016) was achieved with the ALE strategy. Concomitantly, and as a positive side 
effect, a more resilient pathway for syntrophic propionate oxidation was selected, the 
dismutation pathway from Smithella. Due to higher independence on pH2 and pCO2, the 
dismutation pathway contributed to achieving high CH4 yields per viable archaeal cell (Chapter 
4).  

It remains to be investigated if longer incubations under elevated pCO2 will select a more 
resilient community able to cope with heterogeneous feeding patterns. Furthermore, it is pivotal 
to track the temporal occurrence of shifts in microbial community composition and structure. 
The conditions imposed during short adaptation periods under elevated pCO2 (Chapter 5) 
already provided insight into how elevated pCO2 can distinctively reshape the microbial 
community (Figure 5-5 and Figure 5-6). However, due to the dynamic interplay of process 
conditions in Chapter 5, a straightforward distinction between the specific effects of pCO2, 
high S/X ratio and formate addition on the microbial structure was rather difficult. 
Nevertheless, the short-term effect on the community composition is evident, despite the 
changes in relative abundances resulting from a single parameter (pCO2) or interaction effects 
with the studied operational conditions. Conversely, the long-term effect of moderate pCO2 in 
high-pressure anaerobic processes needs to be studied in a modified setup, which permits 
systematic substrate feeding under continuous flow conditions.  

 

The previous sections show that biomethane and selective carboxylates production in high-
pressure AD and MCF will result from applying “proper” selective pressures, such as pCO2, 
pH, pH2, and temperature. Pathway predominance will also result from interaction effects 
between multiple process conditions impacting thermodynamics, kinetics and microbial 
physiology. Moreover, substrate specificity, type of inoculum and the feedback responses 
between environmental conditions and microbial community dynamics will also play an 
important role when targeting biomethane or carboxylates production. Two clear examples of 
these complex interactions studied during this research are discussed in the following sections: 
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biomethane production and steering towards carboxylates production in anaerobic reactors 
under elevated pCO2. 

 

In Chapter 4, it was determined that providing the proper conditions for syntrophic propionate 
oxidation by applying glycerol as the substrate and ALE to increase microbiome endurance 
(Carballa et al., 2015) helped to achieve distinctive CH4 yield per viable archaeal cell (Figure 
4-10) under conditions of elevated pCO2. The selection of more resilient syntrophic partners, 
i.e., Smithella genus, on top of the increased abundance of a traditional syntrophic propionate 
oxidizer such as Syntrophobacter, appears to have been pivotal to sustain biomethane 
production at elevated pCO2. This directional selection of syntrophic partners was likely 
complemented by the occurrence of a stress-tolerant microbial community established after the 
ALE process at increasing S/X ratio. The clear advantages of the dismutation pathway to enable 
propionate oxidation under elevated pCO2 and fluctuating pH2 corresponded to a) 
thermodynamic feasibility independent of the “pH2 bottleneck” (Li et al., 2012; Van Lier et al., 
1993) and b) presumably, a better stress response in the microorganisms from this genus, which 
allowed them to become predominant after ALE at increasing S/X ratio. The overall outcome 
of the directional selection process was a microbial community for biomethane production with 
improved performance under elevated pCO2. Since there are commonalities between the acid 
resistance stress response and the response to elevated dissolved CO2 (Section 6.3.2), we 
speculate that cross-resistance may have also played a key role in this adaptation.   

 

Results from Chapter 4 showed that after the ALE process under increasing S/X ratio, an 
evolved inoculum was obtained whose “restructured microbial community” could carry out 
syntrophic propionate oxidation under the imposed environmental conditions. Moreover, we 
could speculate that a high S/X ratio triggered “stress-tolerance” in the anaerobic inoculum, 
evidenced by higher final cell densities in the evolved inoculum compared to the original. An 
increased S/X ratio has been proposed to steer product formation in MCF (Arslan et al., 2016); 
thus, results from Chapter 4 justified the design of experiments aiming process steering towards 
carboxylates production.  

Chapter 5 studied the interaction effects of elevated pCO2 with mixed substrate provision, 
increased S/X ratio, and formate addition in HP-MCF. Overall, the imposed conditions were 
favourable for carboxylates production with distinctive differences in the subsequential 
experiments. Propionate production was measured in the control assays with only glycerol and 
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CO2 as substrates, whereas butyrate + acetate production was found in the control assays with 
glucose and CO2 as substrates. Furthermore, an overall increase in acetate concentrations was 
observed in experiments in Chapter 5, and was attributed to a likely increased 
homoacetogenesis and constrained methanogenic activity (Table 5-3). After formate addition, 
succinate (282 mg L-1) was present in the mixed substrate treatments and CH4 production was 
re-established to a certain extent. The interaction between substrate specificity, elevated pCO2, 
presence of additional electron donor, and increment in the S/X ratio gave interesting results in 
the experiments presented in this thesis. However, more research is needed to identify specific 
relations between applied levels of the various parameters and specific output, e.g., selective 
propionate or butyrate formation, following a design of experiments (DoE) approach.  

Propionate production is an alternative to valorize waste biomass via MCF (Chen et al., 2016). 
By-products of the biodiesel industry, such as glycerol, can be valorized through its conversion 
to propionate. Moreover, by imposing appropriate selective pressures, “key players”, e.g., 
members of family Veillonellacea with proven capabilities for glycerol conversion to 
propionate via the succinate pathway, can be favoured (Chapter 5). If waste carbohydrates are 
used for propionate production, imposed conditions could instead favour lactate production to 
concomitantly select for particular Clostridium spp. (Clostridium propionicum) (Gonzalez-
Garcia et al., 2017) and the acrylate pathway for propionate production (Chapter 5). Both 
options could be explored in pressurized and atmospheric systems.  

Fermentative succinate production constitutes a viable alternative to the traditional 
petrochemical process (Cao et al., 2013), with high selectivity and yield and open culture 
utilization as highly desirable features (Chen et al., 2016; Ferreira et al., 2020). The addition 
of formate as an additional electron donor was associated with succinate production in 
treatments with mixed substrate and elevated pCO2, which positively affected the final cell 
densities (Figure 5-2 and Figure 5-3). Our results indicated the effect of specific operational 
conditions to trigger succinate production: a) high S/X ratio, b) presence of formate as 
additional electron donor, c) biomass adaptation under pressurized conditions d) propionate 
accumulation until non-inhibitory levels. Applying the mentioned operational conditions in a 
continuous mode of operation, or as a periodical disturbance, could lead to a high-yielding 
succinate process using anaerobic microbiomes with restructured microbial communities. 
Additionally, studies to describe competitive formate utilization in artificially assembled 
consortia could increase our understanding of formate utilization by bacteria such as 
Clostridium spp. and hydrogenotrophic archaea. In this way, clarity will be given to the 
possible fate of formate in anaerobic systems under elevated pCO2.  

On the other hand, in Chapter 3, a slightly different approach was taken to promote carboxylate 
production using marine sediment and saline adapted biomass from an anaerobic digester as 



General Discussion, Summary and Outlook 

195 

inocula. First, during the enrichment, i.e., subsequential transfers in serum bottles, conditions 
of high S/X ratio were imposed during short periods in between transfers to generate 
unfavourable conditions for methanogens proliferation. The high S/X ratio was particularly 
extreme considering the carbon availability in the natural settings of the inoculum’s origin 
(Weston and Joye, 2005); thus, this was already a preliminary strong selective pressure for the 
inoculum from the marine sediment (MSI). The short inter-cycle periods imposed unfavourable 
conditions for syntrophic partners with low growth rates and high sensitivity to high acid 
concentrations, e.g., methanogenic archaea, whose abundance was significantly reduced. 
Afterwards, when exposed to a stronger combination of selective pressures, i.e., high 
temperature and MHP, this saline-fermenting-enriched inoculum produced more carboxylates. 
The exacerbated carboxylates production was likely associated with increased energy 
requirements for maintenance (m), enhanced decay and constrained growth, as discussed in 
Chapter 3. In the aftermath, the “right” combination of selective pressures in NMC and EMC 
was favourable for carboxylates production as initially hypothesized.  

 

In Chapter 2, limitations in propionate and butyrate syntrophic oxidation occurred under 
conditions of elevated pCO2, leading to their accumulation. It was proposed that those 
limitations were associated with kinetic, bioenergetic, and physiological aspects and, to a minor 
degree, with the presence of undissociated carboxylates. Chapter 2 also suggested that using 
energy-rich substrates such as glucose and glycerol and biomass adaptation could help to 
relieve the observed constraints in the syntrophic oxidations, while working under elevated 
pCO2.  

Glucose and glycerol can be fermented to the carboxylates, acetate, propionate, and butyrate, 
to other organic acids, such as succinate, lactate, and formate, as well as to alcohols, H2 and 
CO2 (Freguia et al., 2008). In syntrophic propionate and butyrate oxidation (Chapter 2), 
elevated pCO2 was slightly detrimental to the bioenergetics of aceticlastic methanogenesis due 
to product inhibition. Conversely, it was favorable for hydrogenotrophic methanogenesis due 
to higher substrate availability. It was hypothesized that the production of additional acetate, 
H2, and formate from the acidogenic pathways of glycerol and glucose fermentation could 
stimulate the activity and growth of homoacetogenic bacteria and methanogens, enabling the 
syntrophic conversion of acetate (Detman et al., 2021). Moreover, acidogenesis from glycerol 
and glucose was expected to influence environmental conditions, such as the bulk pH, 
impacting the feasibility of H+-consuming reactions, such as aceticlastic methanogenesis and, 
ultimately, the actual energy harvested by the microorganisms (González-Cabaleiro et al., 
2021). Also, the differences in the degree of reduction between glucose and glycerol (-0.67 and 
0 electron equivalents/C-mol) would generate different quantities of reducing equivalents 

6



Chapter 6: 

196 

(Hoelzle et al., 2014). Depending on the prevailing fermentation pathway and the enzymatic 
machinery of the microorganism, reducing equivalents could be transported outside the cell by 
different electron carriers (H2, formate), enabling specific interactions with syntrophic 
methanogenic partners (Müller et al., 2010). These mechanisms were expected to relieve 
limitations in the syntrophic oxidation of propionate and butyrate under elevated pCO2. 
However, the results presented in Chapter 4 (Figure 4-4 and Figure 4-9) evidenced that 
propionate oxidation was still limited at elevated pCO2 in experiments with glucose and 
glycerol (1 g COD L-1) as the substrate. 

On the other hand, the ALE process at increasing S/X ratio was seemingly favourable for 
methane production under elevated pCO2 since the highest CH4 yield per viable cell was 
obtained in experiments at 5 bar pCO2, particularly in the case of glycerol as the substrate 
(Figure 4-10). Building upon results from Chapters 2 and 4, it was decided to test the effects 
of moderately high substrate concentrations (5-10 g COD L-1), leading to noteworthy 
differences in the S/X ratio, to steer the pressurized system towards carboxylates production. 
A high S/X ratio was accompanied by mixed substrate provision. Glycerol was provided to 
promote  reduced product formation and glucose to satisfy the anabolic energy requirements 
via an increased ATP yield from products such as acetate. The mixed substrate was provided 
under the assumption that glucose and glycerol could be used by microorganisms without any 
of them triggering a strong catabolite repression on the assimilation of the other (Malaoui and 
Marczak, 2001) (Chapter 5). However, it was later observed that each substrate resulted in the 
selection of reported glycerol fermenting organisms (family Veillonellaceae) and glucose 
fermenting organisms (Clostridium spp.). Hence, both Veillonellaceae and Clostridium spp. 
became predominant in mixed substrate experiments. Furthermore, propionate and butyrate 
syntrophic oxidation were limited during all phases of the sequential pressurized incubations. 
Immediately following the dosing of formate as additional electron donor, methanogenesis was 
re-established (Chapter 5).  

Glycerol and glucose share the glycolytic pathway (Sauer and Eikmanns, 2005) for their 
conversion under anaerobic conditions. Despite this feature, carbon and reducing equivalents 
(electrons) distribution over the different pathways will depend on the imposed environmental 
conditions and the functional diversity of the microbial community. From the results of this 
thesis (Chapters 4 and 5), it is evidenced that glycerol is a suitable carbon and energy source 
for selective propionate production under a particular set of conditions: elevated pCO2, elevated 
alkalinity to keep pH around circumneutral values, moderate S/X ratio, presence of formate as 
additional electron donor, and a microbial community with a distinctive presence of the family 
Veillonellaceae. However, if the fermentation process targets succinate rather than propionate 
production, it is worth investigating mixed substrate provision, such as glycerol + glucose. 
Results from Chapter 5 evidenced the appearance of succinate as an important intermediate of 
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the fermentation (≈10% of the COD fed) in the reactors with glycerol and glucose in a 1:1 
molar ratio. Succinate was observed in pressurized reactors after formate addition and after two 
incubation cycles with subsequential transfers to increase the S/X ratio.  

In the experiments presented in Chapter 5, the use of glucose as fermentation substrate under 
conditions of elevated pCO2 led to the production of significant amounts of butyrate. Enhanced 
butyrate production was ascribed to a likely promoted activity of butyryl-CoA: acetate CoA-
transferase in the presence of excess acetate and carbohydrates (van Lingen et al., 2016; Zhang 
et al., 2013) and to thermodynamically favourable acetate-lactate chain elongation processes 
(Eq. 13 Table 5-7) (Candry et al., 2020; Spirito et al., 2014). Our results align with previous 
research from Arslan et al. (2013, 2012). These authors already demonstrated the feasibility of 
steering the glucose product spectrum towards selective butyrate formation by increasing pCO2 
and substrate concentration under batch conditions (as performed in Chapter 5) and continuous 
flow conditions. The studies from Arslan et al. (2013, 2012) also postulated lactate-acetate 
chain elongation, directional selection of the community, and high S/X ratio as possible 
explanatory mechanisms for the product profile dominated by butyrate. However, the specific 
role of hydrogen in MCF under elevated pCO2 remains to be elucidated. Continuous 
monitoring of the headspace composition over time under pressurized conditions, coupled with 
thermodynamic calculations based on the dynamic changes in partial pressures and 
intermediates concentrations, could help to unravel the particular role of pH2.  

 

 

From Lindeboom et al. (2016, 2014, 2013a, 2012) and our present study, we could make a 
representative overview of the effects of pressure and elevated pCO2 on AD and MCF. 
However, this knowledge needs to be translated to the actual treatment of solid and liquid 
wastes, where increased pressure could be beneficial. For example, biodiesel by-products 
containing high levels of crude glycerol (Posada et al., 2011) are an interesting feedstock for 
propionate production under elevated pCO2 following up on the results from Chapters 4 and 5. 
Nonetheless, the effect of possible inhibitory compounds such as salts and methanol needs to 
be concomitantly addressed (Dietz and Zeng, 2014).  

From a more technological perspective, due to the rate modulation effect of MHP and elevated 
pCO2 (Chapters 2, 3 and 5), these operational parameters could be applied to two-stage systems 

6



Chapter 6: 

198 

to control acid production rate when using carbohydrate-rich substrates from the food and 
beverages industry (Labatut et al., 2011). Furthermore, rate modulation could also lead to a 
better temporal coupling between acidogenesis and methanogenesis in phased AD. Hydrolysis 
improvement at more cost-effective milder conditions than supercritical CO2, independently or 
in combination with other physicochemical alternatives, can also be explored to enhance 
posterior enzymatic hydrolysis and, in consequence, overall CH4 yield (Navarro et al., 2021). 

In pressure reactors, syngas fermentation to acetic acid, ethanol, and formic acid or bio-
methanation with adapted open microbiomes needs further investigation. Gas transfer rates 
could be distinctly improved due to the elevated pressure operation. However, optimized 
operational conditions, namely reactor design, the biomass-gas ratio and increased external H2 
supply, need to be further explored (Figueras et al., 2021; C. Li et al., 2021; Sivalingam and 
Dinamarca, 2021). Furthermore, possible inhibition of key microbial groups due to increased 
gaseous substrate availability needs to be addressed. For example, carboxydotrophs, i.e., CO-
utilizing microorganisms, have shown to be sensitive to CO pressure > 2 bar (Figueras et al., 
2021). In single-stage biogas upgrading applications, H2 transfer, which is considered the 
limiting factor in substrate conversion, can benefit from pressurized operation combined with 
adequate reactor configurations, including bubble columns, airlift and stirred tank reactors 
(Díaz et al., 2020; Van Hecke et al., 2019). Moreover, the presented multi-parameter analysis 
on bioenergetics (Chapter 2) could help to identify thermodynamic limitations in syngas 
fermentation, in which the headspace composition is subject to temporal changes due to 
fluctuations in the partial pressures of gaseous substrates/products.   

The addition of microorganisms with a desired functionality trait to enhance process 
performance (Herrero and Stuckey, 2015), has been employed to accelerate the recovery of 
temporarily intoxicated anaerobic digesters (Schauer-Gimenez et al., 2010). Our present work 
showed that natural communities (NMC) might be more resilient to specific environmental 
stressors due to their continuous exposure to environmental gradients (Chapter 3). Depending 
on the prevailing relations in the original incubations, namely competition vs syntrophy, and 
the adaptability potential of the added biomass to operational conditions, the overall 
piezotolerance and/or tolerance to elevated pCO2 could be enhanced. Preliminary studies on 
the co-cultivation of hydrocarbon-degrading piezotolerant isolates at atmospheric and high-
pressure conditions indicates the possibility to “synthesize” piezotolerant communities (Van 
Landuyt et al., 2020). Moreover, provided that reducing equivalents are available, 
incorporating highly specialized microorganisms, such as homoacetogens and 
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hydrogenotrophic archaea, which are able to grow under the operational conditions of interest, 
could improve the overall conversion process due to their CO2-utilization capabilities. 

DIET may be an option worth investigating in pressurized systems since the feasibility of 
syntrophic reactions may gain independence from mass transfer phenomena associated with 
interspecies electron transfer. Liu et al. (2020) thoroughly examined the energy feasibility of 
syntrophic methanogenesis using ethanol as a carbon source and including DIET as part of 
syntrophic reactions in addition to aceticlastic and hydrogenotrophic methanogenesis. Under 
product and reactant concentrations of 1 M and after corrections for T=305 K and gas partial 

pressures of 1 atm, the net available energies (
01

catG∆ in kJ mol-1) were comparable (-91.44 kJ 

molED
-1) when considering syntrophic ethanol oxidation with a) hydrogenotrophic 

methanogenesis or b) DIET. However, a pH2 in the order of magnitude suggested by these 
authors, is difficult to obtain by microbial fermentative activity only. Thus, this oversimplified 
assumption may mask other underlying issues, such as mass transfer limitations, that define 
the real hydrogen concentration to which microbes are exposed and ultimately the available 

01
catΔG . In this regard, DIET appears as a more resilient and effective process for syntrophic 

oxidation due to its independence from the concentration gradient, diffusion of mediators 
(hydrogen) and the associated thermodynamic constraints in reaction feasibility (Storck et al., 
2016).  

From a thermodynamic perspective, in methanogenesis DIET has a competitive advantage over 
interspecies electron transfer via hydrogen, since it avoids energy losses in production, 
consumption and diffusion of electron carriers (Baek et al., 2018). A digester supported by 
DIET can be envisioned to directly enhance CH4 production by utilizing the electrons, protons 
and CO2 from the oxidation of intermediates such as propionate and butyrate. Instead of 
hydrogenotrophic methanogenesis as electron sink, electroactive bacteria might be favored, 
which are cooperating in syntrophy with aceticlastic methanogens. One of the observed effects 
of elevated pCO2 in this research was the lowered relative abundance of hydrogenotrophic 
archaea and increased relative abundance of aceticlastic archaea (Figure 5-5). Therefore, 
elevated pCO2 could indirectly facilitate DIET via amendments in the microbial community as 
the ones observed in this thesis. In terms of the microbial community and enhanced DIET, the 
recently postulated DIET between Chloroflexi and Methanosaeta (J. Li et al., 2021; Wang et 
al., 2020) could also be studied in HPAD reactors since the applied and established conditions 
in Chapter 5 (elevated pCO2 and high S/X ratio) were favourable for the predominance of both 
taxa (Figure 5-5).  
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In addition to tailor-made adaptive laboratory evolution procedures to favour the predominance 
of taxa of interest (Chapter 4), the usage of conductive materials, namely magnetite, biochar, 
could also be tested in pressurized systems to achieve more direct management of the available 
electrons (Martins et al., 2018). Recent studies have found that members of Ercella, one of the 
prevalent genera under pressurized conditions when using adapted inoculum from a UASB 
treating petrochemical wastewater with high salinity (Chapter 3), can transfer electrons to 
extracellular acceptors. More remarkable, Ercella members have successfully used conductive 
materials, e.g., carbon cloth, to transfer electrons to methanogens (Feng et al., 2021).  

High-pressure operation, either in fermentation, pre-treatment or downstream applications, is 
usually perceived as expensive (Noppawan et al., 2021). However, contrasting evidence comes 
from techno-economic analyses addressing these technologies, making a case for economic 
and environmental sustainability benefits (Wu et al., 2020). Furthermore, recent investigations 
have shown that increased product yields are associated with stage-wise use of elevated pCO2. 
For example, operation under moderate supercritical CO2 (T >31°C and P > 74 bar) can help 
to enhance enzymatic hydrolysis and overall biogas production (Navarro et al., 2021). 
Supercritical-CO2-assisted enzymatic hydrolysis, when integrated into a biorefinery concept, 
can lead to cuts in production costs in the order of 40% (Wu et al., 2020). Pressurized treatment 
(e.g., supercritical CO2) can also help to increase sustainability in processes such as bioethanol 
production by reducing the total energy consumption due to enhanced hydrolysis. Recent 
studies show that alternative hydrolysis processes making use of harsher conditions are 
associated with a higher energy consumption for achieving similar product yields than 
supercritical CO2-based hydrolysis (Ge et al., 2020; Wu et al., 2020).  

On the other hand, high-pressure operation has been included inside recent techno-economical 
assessments and life cycle cost analysis. In the case of biogas upgrading with pressure swing 
adsorption (PSA) and High-Pressure Water Scrubbing (HPWS), the operation occurs inside a 
pressure range comparable to the one employed in this thesis (≤ 10bar). It was established that 
PSA and HPWS are slightly more cost-effective for small and medium-size gas-producing 
plants (350-500 Nm3 biogas h-1) than traditional alternatives (Lombardi and Francini, 2020).  

Considering the current natural gas crisis, HPAD with elevated pCO2 is a technology that could 
support a resilient, decentralized energy supply. HPAD is particularly relevant in direct biogas 
upgrading to biomethane. According to the European Biogas Association, biomethane will play 
an important role to achieve energy independence since it shall cover 20% of current European 
Union gas imports from Russia by 2030 (2022). Furthermore, when envisioning a hydrogen-
based bioeconomy (De Vrieze et al., 2020), indirect biogas upgrading can be considered an 
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additional energy storage process, where high-pressure operation could play a pivotal role. 
Pressurized operation can enhance the mass transfer of renewably produced H2, externally 
added to AD reactors, and the solubilization of CO2 from the produced biogas. Due to the 
positive effect of pressure on indirect biogas upgrading, the overall CH4 production is increased 
(Lai et al., 2021). Based on these scenarios, upscaling of HPAD at elevated pCO2 should be 
pursued independently of preliminary cost-effectiveness calculations.  

Soft-sensor applications can further reduce costs in environmental bioprocesses operating 
under pressure (Luttmann et al., 2012). Soft-sensors are software-based and use mathematical 
models fed with available online data to estimate the value of a specific process variable that 
is challenging to measure. This thesis investigated a simplified approach for pH estimation in 
pressurized systems via soft-sensors (See Annex A). However, estimating other variables of 
interest, such as biomass growth and gas transfer rate, could be derived from more complex 
dynamic mass balance models (Luttmann et al., 2012). The rapid growth of the Internet-of-
Things (IoT) and open-source electronic prototyping platforms (Arduino®, Raspberry Pi) for 
process monitoring and control could further help to decrease operational costs. However, 
specific calibration procedures and extensive testing will be required to achieve research-grade 
scientific instrumentation, but with the advantage of increasing process monitoring capabilities 
for a fraction of the costs (Chan et al., 2021). The selection of affordable materials for reactor 
construction, such as PVC (See Annex A) and novel tools such as 3D printing for reactor 
customization, could further improve process economics (Dursun et al., 2021). The mentioned 
approaches will help advance moderate and high-pressure research and speed up bioprocess 
innovation.   

This thesis (Chapter 3) has limitedly shown the potential for incorporating new techniques to 
describe microbial growth and community dynamics, namely flow cytometry (FCM). This 
technique has been recently compared with more well-established alternatives such as Illumina 
sequencing, metabolomics and metaproteomics. According to the authors, FCM shows 
promising results in describing community composition (beta diversity) in a shorter and less 
biased way (De Vrieze et al., 2021). However, its application in high-pressure systems remains 
challenging because FCM analyses are being carried out in depressurized samples, which likely 
affects cell viability despite the decompression process being done at conservative rates (Zhang 
et al., 2020). The alternative, i.e., to carry out continuous real-time data acquisition with FCM 
equipment in pressurized reactors, is technically complex. Nevertheless, experiences with 
custom-built continuous staining devices for analysis of microbial communities are already 
available for drinking water monitoring (Props et al., 2018). Thus, if technical challenges are 
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overcome, such a system could also operate at moderate pressures, significantly improving our 
monitoring capabilities. 

One of the current bottlenecks in high-pressure systems, in general, is in-situ monitoring. 
Traditionally, samples are taken from pressurized equipment and measured at atmospheric 
conditions, which might introduce biases in the measurement. Non-invasive, non-destructive 
techniques, such as in-situ Raman and X-ray spectroscopy, have already been used to monitor 
in-situ microbial activity in high-pressure reactors/cells via quantification of liquid and gas 
metabolites (Knebl et al., 2020; Oger et al., 2010; Picard et al., 2007). These technologies could 
potentially be used to further elucidate the effect of high pressure on the activity of open 
microbiomes. However, specially designed reactors with optical fibers or transparent openings 
need to become available. Provided these reactor innovations occur, Raman and X-ray 
spectroscopy can be used as a suitable option to corroborate the conclusions reached so far with 
traditional biomass monitoring schemes (Oger et al., 2010).   

Isolated strains with proven stress tolerance and biopolymer production capabilities could be 
used in bioprocesses, where pressure has shown interesting modifying effects, e.g., in 
biopolymer production (Mota et al., 2019). Furthermore, for the particular case of biocellulose 
production, the use of glycerol as a substrate has shown a positive effect on the yield and 
properties of the obtained material (Kato et al., 2007; Zhong et al., 2013). Thus, biopolymer 
production under pressurized conditions with open cultures or strains isolated from open 
cultures under extremes conditions using (waste) glycerol as a substrate is an avenue worth 
exploring.  

Regarding the ALE process (Chapter 4), additional experiments in parallel where ALE at 
increasing S/X ratio is carried out with a headspace of a) just H2, b) mixture H2:CO2 and c) just 
CO2 at the same buffer capacity are required. Through these experiments, we could 
discriminate pH effects and further elucidate the role of elevated CO2 on hydrogen 
consumption/production in HPAD and HP-MCF. Subsequently, the obtained inoculum could 
be incubated in parallel at pressurized conditions with i) headspace composition of origin and 
ii) alternative compositions tested in ALE. This set of experiments could help depict additional 
cross-resistance effects due to fluctuating headspace composition. 

It has been postulated that elevated pCO2 effects on substrate uptake depend on the transport 
systems found in microorganisms converting glucose or glycerol: PTS vs facilitated diffusion 
(Carruthers, 1991; Mitchell, 2016). Thus, it remains to be proven if an enhanced membrane 
permeability due to elevated pCO2 facilitated substrate uptake. In the chain of events, this could 
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have triggered pathways such as lactate uptake for immediate use of reducing equivalents 
(Hoelzle et al., 2021) but also could have resulted in the uncoupling of catabolism and 
anabolism. Therefore, studies on cell membrane permeability under elevated pCO2 in mixed 
cultures or artificially assembled syntrophic consortia are required to determine the synergistic 
effects of elevated pCO2 and high S/X ratio on substrate uptake rates.  

Pressure is an operational parameter not considered at the same level of importance as 
temperature, pH, OLR, SRT in AD or MCF. However, with the deployment of high-rate 
anaerobic digesters (e.g., expanded granular sludge bed - EGSB) biomass can be exposed to 
pressures between 1-2.5 bar. EGSB reactors are characterized by a higher height-to-diameter 
ratio than conventional anaerobic reactors, such as the upflow anaerobic sludge blanket 
(UASB) reactor (Seghezzo et al., 1998). The operational pressure range of 1-2.5 bar is 
estimated from the correspondence between pressure increase and depth (1 bar per 10 m). 
Depending on the biogas composition, this could imply exposure to pCO2 in the range from 
0.5-0.8 bar. Despite being in the low range of pressures studied in this research, these values 
have been already associated with kinetic limitations and shifts in microbial community 
structure (Chapters 2 and 4). Operational problems observed in EGSB reactors could also be 
associated with pressurization, depressurization, volume compression and biomass 
recirculation cycles. Some of the results presented here could justify further studies on the 
effect of these cycles on biomass activity and growth in high-rate AD reactors at the pilot or 
industrial scale.  

The usage of elevated pCO2 has also been investigated inside AD-associated technologies such 
as Dissolved Air Flotation (DAF) for microbubble generation to achieve optimal performance 
in solid-liquid separation (research with Super-W consortium partner Paques Technology 
B.V.). Preliminary results were promising regarding particle separation2. However, due to the 
elevated pCO2 employed in the DAF system (2-3 bar), when compared to pCO2 in traditional 
AD, it is crucial to address the effects of biomass exposure to high levels of dissolved CO2 if 
biomass recirculation from the DAF to the main digestion unit is intended. 

 

                                                 

2 Data not shown due to confidentiality agreement 
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The usage of AD as a technology for carbon (CO2) sequestration has been recently reviewed 
by Xu et al. (2021) and distinctive approaches have been presented. For example, CO2 bio-
conversion mediated by exogenous H2 can occur in a separate bioreactor (ex-situ biogas 
upgrading) (Angelidaki et al., 2018; Díaz et al., 2015) or the same digester (in-situ upgrading) 
(Deschamps et al., 2021; Zabranska and Pokorna, 2018). However, in-situ biogas upgrading 
might impact overall process stability due to CO2 consumption modifying operational pH 
(Kougias et al., 2017). Moreover, thermodynamic limitations in syntrophic propionate and 
butyrate oxidation could become evident due to increased pH2 when exogenous H2 is added to 
the reactors. As well, high pH2 may lead to a transition of the dominant syntrophic interaction 
in the digester: at high pH2, homoacetogens may become predominant, due to their higher H2 
threshold (350-700 nM) and can outcompete hydrogenotrophic methanogens (Xu et al., 2021). 
Thus, at high pH2, H2 and CO2 are transitorily converted into acetate, subsequently consumed 
by aceticlastic methanogens (Aryal et al. 2018). This process could further take advantage of 
the mixotrophic capacity of acetogens (Chapter 5) such as Clostridium spp., Eubacterium 
limosum and Moorella thermoacetica to achieve high acetate levels due to heterotrophic sugar 
conversion and autotrophic CO2 fixation (Jones et al., 2016). 

Another alternative for CO2 sequestration is based on electromethanogenesis. In this process, 
external energy is supplied to drive the non-spontaneous reaction of CO2 to CH4 (Cheng et al., 
2009; Van Eerten-Jansen et al., 2012). Electromethanogenesis can occur by direct electron 
transfer from the cathode to the microbe via outer membrane redox proteins such as 
cytochromes and conductive pili (Choi and Sang, 2016). Furthermore, electromethanogenesis 
can indirectly occur via the formation of H2 in the cathodic compartment from free H+ and 
posterior utilization by hydrogenotrophic methanogens (Blasco-Gómez et al., 2017). In the 
latter work, the performance of electromethanogenic systems could be improved by enhanced 
mass transfer of gaseous substrates (CO2) due to increased operational pressures. The practical 
usage of the gaseous substrate seems to be preferred, due to pH stabilization under continuous 
flushing and potential financial savings compared to the utilization of carbonates (Jiang and 
Zeng, 2018). Other opportunities for CO2 utilization in AD include CO2 reduction coupled with 
increased electron transfer due to DIET in digesters where electroconductive materials such as 
magnetite, biochar and activated carbon are present (Xiao et al., 2019). CH4 production rates 
might be improved, due to the higher substrate availability (CO2) for electromethanogenesis 
(Guo et al., 2021) associated with high pressure operation, and the aforementioned increased 
electron transfer rate.  

On the other hand, the production of multi-carbon compounds from CO2 constitutes a form of 
energy storage. Through microbial electrosynthesis (Rabaey and Rozendal, 2010), CO2 can be 
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converted into acetate (Patil et al., 2015) or butyrate (Ntagia et al., 2021), which are precursors 
for the chemical industry (Nevin et al., 2010). Other researchers have proposed “microbial 
electrolytic carbon capture” as a suitable alternative for CO2 capture and utilized this concept 
already at full scale at a wastewater treatment plant (Lu et al., 2015). In this technology, the 
organic matter present in high-salinity wastewater from the petrochemical industry is used to 
produce protons. Protons, in turn, interact with metal hydroxides formed in the cathode 
compartment, transforming CO2 into metal-bicarbonate. Bicarbonate can be further used for 
alkalinity regulation in the plant, helping to reduce operational costs (Lu et al., 2015).  

Another possibility for CO2 valorization in two-stage AD systems may come from using H2 
and CO2-rich off-gas from the acidogenic reactor, while controlling the partial pressures in the 
stoichiometric ratio of 4:1, to stimulate the hydrogenotrophic methanogenic pathway in the 
second stage (Xu et al., 2021). CO2-enriched gaseous streams also can be obtained after pre-
treatment of flue gases from cement production, fossil fuel-fired power plants with gas 
separation membranes. The CO2-enriched stream could be used for selective acetate production 
by simultaneous CO2 sequestration in AD reactors with enriched homoacetogenic activity, 
provided hydrogen or formate are present as electron donors (Liu et al., 2017). In their 
investigation, Liu et al. (2017) also mentioned the importance of inoculum enrichment for 
homoacetogenic activity using sodium formate and the CO2 content in the headspace. Chapter 
5 suggested an important role of formate and CO2 for enhancing acetogenic activity in AD. 
However, more research is needed to clarify the specific role of formate in enhancing 
homoacetogenic activity under pressurized conditions. 

From a circular economy perspective, a photosynthetic route for CO2 capture with microalgae 
could be explored for biogas upgrading to biomethane. In this process, light-driven 
CO2 fixation is carried out by microalgae in coexistence with sulfur-oxidizing bacteria that can 
oxidize the H2S from the biogas to sulfate using the oxygen produced by the microalgae 
(Franco-Morgado et al., 2018; Passos et al., 2018). By moderately increasing the operating 
pressure of transparent photobioreactors, CO2 gas transfer can positively improve, impacting 
the overall productivity. Moreover, pressure and CO2 could also be used in harvesting the 
microalgae via pressure-induced coagulation (Lee et al., 2015). As well, when going towards 
the supercritical CO2 conditions (e.g., 50 MPa and 80°C), the recovery of industrially relevant 
pigments (β-carotene, chlorophyll) can be assisted (Kitada et al., 2009). Similar to the research 
line concerning photo-CO2-valorization, investigations with purple phototrophic bacteria 
(PPB), a type of β-Proteobacteria capable of hetero/ auto/ and mixotrophic metabolisms, are 
gaining momentum (Kondaveeti et al., 2020). The capability of PPB for CO2-fixation via the 
Calvin-Benson-Bassham cycle is of particular interest. PBB can assimilate CO2 via 
photoheterotrophy of reduced substrates (propionate, butyrate, valerate, caproate) in the 
presence of infrared light. CO2 can also be fixed by photo-autotrophy, where the electron donor 

6
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could be H2, produced via more sustainable alternatives such as water hydrolysis driven by 
solar or wind (Angelidaki et al., 2018; Puyol et al., 2017a). Due to their versatile metabolism, 
PBB potentially could be used to produce high-quality microbial protein (MP) and other by-
products such as fatty acids, carotenoids, phytohormones and vitamins from residual waters, 
such as domestic sewage. MP production combining anaerobic fermentation and PPB is an 
alternative worth exploring inside the resource recovery agenda coupled with increased 
sustainability in protein production (Capson-Tojo et al., 2020). However, these technologies 
are immature, and further research is needed (Alloul et al., 2021; Capson-Tojo et al., 2020; 
Puyol et al., 2017a; Spanoghe et al., 2021). 

Some of the envisioned / previously reported technological integrations keeping AD/MCF as 
a core technology but oriented towards CO2 sequestration and utilization are presented in 
Figure 6-3.  
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Figure 6-3: Proposed/ envisioned technology integration for CO2 sequestration and utilization in anaerobic 
digestion (AD) systems 
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In a research area where high equipment costs have limited the expansion of the field, e.g., 
high-pressure operation (Sauer et al., 2012), developing systems with lower production and 
monitoring costs while achieving process robustness is desirable. The use of soft-sensors, i.e., 
software-based estimation of process variables, is gaining attention in the bioprocesses field 
due to the advantages of cost reduction and simplification of process monitoring. However, 
concerns regarding data pre-processing, accuracy, robustness, calibration, validation have 
limited widespread usage of frugal equipment and monitoring applications (Luttmann et al., 
2012). This section summarizes the experiences concerning the development of a) low-cost 
reactors for pressure operation and b) soft-sensor for pH monitoring in pressurized systems 
employed for anaerobic bioconversions.  

 

 

The preliminary experiments of anaerobic bioconversions under elevated partial pressure of 
CO2 (pCO2) were carried out using a set-up consisting of three in-house developed reactors 
(790 mL), assembled with low-cost bulk produced components and two custom made stainless-
steel parts. Although the commercially available vessel (paintball bottle Tippman 0.79 L HP 
tank) was certified to 200 bar, the set-up was tested in a range from 3 to 10 bar (Figure A-2 A). 
The liquid sampling port was comparable to a “dip tube” commonly present in high-pressure 
equipment. The accompanying “marker” was used for pressurization via its adaptation to a 
compressed CO2 bottle (>99%) instead of a paintball gun. The quick-fit connection (now 
installed sideways in the pressure bottle) was used for gas sampling using plastic syringes (10 
mL) coupled with 3-way valves. 

This application was developed based on an experimental and simplified model component. 
The pH in experiments pCO2 was monitored using the set-up described in the previous section. 
In brief, the set-up consisted of an in-house developed PVC reactor (500 mL) able to withstand 
pressures until 12 bar (Figure A-2 D). A pressure-resistant pH probe (16 bar CPS11D, Endress 
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and Hauser, Switzerland) with a pressure sensor (B+B Thermo-Techniek, Germany) and a gas 
inlet were installed in the top part of the reactor. In the side-bottom of the reactor, a liquid 
sampling port was installed. Temperature was controlled with an incubator at 35±1°C and 
mixing was provided with a magnetic stirrer. Data from the pH probe was retrieved every 5 
seconds, converted using a multichannel transmitter (Endress and Hauser, Switzerland), and 
visualized through a Lab-view interface. Pressure signal was monitored with a microcontroller 
(Arduino Uno©, Italy) and recorded at 3 seconds intervals. Three different mesophilic inocula 
with confirmed propionate oxidation activity at atmospheric pressure were used. The inocula 
were collected from A) sludge digester treating excess sewage sludge, B) UASB reactor 
treating sugar beet wastewater and C) AnMBR treating wastewater from the food and feed 
industry. 

 

Figure A-1: Schematic representation of the used set-up for development of soft-sensor for pH monitoring in 
anaerobic pressurized systems 

 

Despite the affordability of the paintball bottles system for pressurized operation, its reliability 
was not satisfactory to carry out high-quality research. Thus, a set of industrially produced 
high-pressure reactors ((Nantong Vasia, China) suitable for pressures up to 600 bar in 
combination with the Arduino soft-sensor was employed for some of the further experiments 
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in this study (Figure A-2 B). These reactors were equipped with the aforementioned “dip tube” 
for liquid sampling retrieval. Gas samples were taken via a self-developed gas-sampling device 
constructed with a pressure-resistant valve (Festo, Germany) and stainless steel connectors 
(Swagelok, US). 

 

 

 

 

 

 

 

 

 

 
 

Figure A-2: Overview of the development of a hybrid frugal pressurized bioreactor. Figure adapted from (Ceron-
Chafla and Lindeboom, 2022). The set-ups presented in the dotted rectangle were developed inside the scope of 
this thesis. 
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The equilibrium pH in the pressurized reactor was calculated using the geochemical 
equilibrium software PHREEQC (USGS, Version3). Total pressure, gas type, and initial 
medium composition were considered for the calculation. A simplified kinetic model was 
constructed in Phreeqc to simulate the substrate bioconversion effect on equilibrium pH of the 
pressurized system. The model incorporated complex ionic matrices, acid-base equilibria, ion-
pairing, solubility and Monod kinetics for biomass growth.  

 

 

Discrepancies were found between the calculated pH with the Phreeqc model and the measured 
pH in the experiments without inoculum at pCO2=3 bar (Figure A-3). This observation suggests 
the existence of additional alkalinity sources, which accounted for approximately 2.5 mM 
based on additional calculations. However, when considering a buffer concentration of 100 
mM as HCO3

-, results obtained with the Phreeqc model and measured experimentally were 
close to each other.  

 
 

Figure A-3: Experimental and simulated values for equilibrium pH in physicochemical system at 3 bar pCO2 B) 
pH evolution on a pressurized system at 3 and 8 bar pCO2. Points represent measured experimental data and lines 
the calculated equilibrium pH using a PhreeqC developed model  
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Results obtained from the PhreeqC calculations and experiments with the pressurized system 
described in the Materials and Methods sections indicate a close correspondence in the 
calculated pH values when alkalinity (100 mM as HCO3

-) is included (Figure A-4). The effect 
of increasing pCO2 from 3 to 8 bar was studied with inoculum B. Calculated pH values were 
slightly lower than measured ones, suggesting that other possible buffering systems, e.g., 
ammonium, need to be further evaluated (Figure A-5). 

 

Figure A-4: Experimental and simulated results for equilibrium pH in physicochemical system at 3 bar pCO2 
using a different types of inoculum: A) Sludge from UASB treating waste activated sludge from a domestic 
wastewater treatment plant B) sludge from a UASB treating effluent from a sugar beet factory and C) Sludge from 
an AnMBR treating wastewater from the food and feed industry  

 
 

Figure A-5: Effect of increasing pCO2 in equilibrium pH of the pressurized system B) pH evolution in the 
pressurized system. Points represent experimental data and lines the calculated equilibrium pH using a PhreeqC 
developed model 
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The alternative use of “commercially available” equipment (paintball bottles) and open-source 
prototyping platforms (Arduino©) for laboratory research can help to reduce equipment and 
monitoring costs considerably. Furthermore, it can become an alternative option for the 
simultaneous training of groups of students. Reliability is still an issue with the frugal 
equipment and monitoring presented to study pressurized anaerobic conversions. The right 
level of simplification of a complex system as anaerobic conversions occurring under 
pressurized conditions is still required. However, if overcome via more extensive calibration 
and validation, these frugal innovations could turn pressurized digestion research into a more 
accessible field for a wider academic audience. 
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