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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Mixed anaerobic broths were enriched 
into syngas biomethanation cultures.

• An output gas biomethane content of ~ 
85 % was achieved in both bioreactors.

• Enrichment temperature shaped micro
bial diversity during biomethanation.

• Specific activity tests revealed the pre
dominant metabolic pathways in the 
cultures.
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A B S T R A C T

Syngas biomethanation—microbial conversion of CO2, CO, and H2 into CH4—offers a promising strategy for 
upcycling gas streams from organic waste gasification. This study investigated the effect of temperature on 
microbial community enrichment and performance during syngas conversion in continuous bubble column 
bioreactors operated under mesophilic (30 ◦C) and thermophilic (50 ◦C) conditions at increasing H2 loads. At the 
highest H2 load, the CH4 content in the biogas produced was approximately 84.6 ± 1.4 % under mesophilic 
conditions and 87.3 ± 1.3 % under thermophilic conditions. The study of the metabolic pathways revealed the 
dominance of syntrophic acetate oxidation, hydrogenotrophic methanogenesis, homoacetogenesis, and carbox
ydotrophic acetogenesis in the mesophilic consortium, while hydrogenotrophic methanogenesis and carbox
ydotrophic hydrogenogenesis dominated in the thermophilic consortium. Similarly, 16S rRNA metataxonomic 
analysis revealed shifts in microbial diversity, with Methanobacterium, Acetobacterium, and Anaerolineaceae 
dominating the mesophilic culture, and Methanothermobacter and carboxydotrophic Firmicutes accounting for 
almost the entire thermophilic community. These findings provide guidance for selecting mesophilic or ther
mophilic conditions based on preferred metabolic routes, microbial community composition, and process goals.
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1. Introduction

The gradual replacement of fossil-derived energy sources has become 
essential from both environmental and economic perspectives, as global 
energy demand continues to rise (Mignogna et al., 2023). Biomethane is 
a renewable energy source primarily composed of pure methane (CH4), 
making it a flexible and valuable energy carrier in the industrial, 
transportation, building, and power & heat sectors (Calero et al., 2023). 
The EU dependence on natural gas imports reached 97 % in 2022 
(European Biogas Association, 2023), highlighting the urgent need for 
measures to boost regional biomethane production. Biomethane can be 
produced either by biogas upgrading via removal of carbon dioxide 
(CO2) and trace components, or through gasification, followed by a 
methanation process (Meegoda et al., 2018). Gasification can overcome 
the limitations of anaerobic digestion via conversion of any type of 
waste, including recalcitrant organic waste, into a gas mixture (namely 
syngas) that can function as CH4 precursor.

Gasification comprises the partial oxidation of biomass or non- 
biodegradable organic waste products at high temperatures (between 
600–900 ◦C) using a gasifying agent (i.e. air, oxygen) with the 
concomitant formation of a gas mixture composed of mainly carbon 
monoxide (CO), hydrogen (H2), CO2 and CH4 (Grimalt-Alemany et al., 
2018; Latif et al., 2014; Westman et al., 2016). Syngas can be further 
converted into commercial products such as CH4, fatty acids, carboxylic 
acids, alcohols and biopolymers (Asimakopoulos et al., 2018). Biological 
syngas methanation (biomethanation) has emerged as a promising 
alternative to catalytic methanation owing to its operation at ambient 
pressure and lower temperatures (30–55 ◦C), higher specificity for CH4, 
and greater tolerance to inhibition by syngas pollutants (Henstra et al., 
2007; Paniagua et al., 2022).

Syngas biomethanation can be carried out by mixed microbial con
sortia (MMC) (Asimakopoulos et al., 2020a; Rafrafi et al., 2021; Xu et al., 
2020), obtained from sources such as anaerobic digestion sludges. This 
sludges represent a cheap and widely accessible MMC to function as 
inoculum for the start-up of syngas biomethanation systems 
(Laguillaumie et al., 2022). Syngas biomethanation by MMC stands as a 
highly robust and efficient metabolic process driven by the syntrophic 
interactions of a diverse group of anaerobic bacterial and archaeal 
species capable of converting CO and H2/CO2 into CH4 (Asimakopoulos 
et al., 2020b).

The process is based on carboxydotrophic hydrogenogenesis 
(water–gas shift reaction), carboxydotrophic acetogenesis, hydro
genotrophic methanogenesis, acetoclastic methanogenesis, acetate 
oxidation (SAO) and homoacetogenesis (Asimakopoulos et al., 2020b; 
Grimalt-Alemany et al., 2018; Li et al., 2020). Carboxydotrophic 
methanogenesis is another feasible reaction, although it does not play a 
significant role in CO conversion into CH4 in MMC (Grimalt-Alemany 
et al., 2020b; Kuipers and Kofoed, 2023).

Environmental factors such as pH and temperature play a funda
mental role in syngas biomethanation. Most methanogenic archaea can 
grow within a pH range of 6.0 to 8.0, with optimal growth at pH 7.0, 
while bacteria present a broader pH range for optimal growth 
(Asimakopoulos et al., 2021b; Li et al., 2021). Temperature determines 
the occurrence of metabolic pathways and the kinetics of syngas bio
methanation. Kinetic studies have reported that mesophilic conditions 
promote the development of carboxydotrophic acetogenic species and 
the subsequent conversion to CH4 by acetoclastic methanogens. On the 
other hand, under thermophilic conditions, CO is converted almost 
exclusively to H2 and CO2 by carboxydotrophic hydrogenogens and ul
timately converted to CH4 via hydrogenotrophic methanogenic archaea 
(Grimalt-Alemany et al., 2020b; Hu et al., 2024).

Moreover, several studies have reported increased CO and H2 con
version rates and associated enhancement of CH4 productivity with 
rising operational temperature (Asimakopoulos et al., 2020b; Sieborg 
et al., 2025; Xu et al., 2020). However, thermophilic conditions also lead 
to reduced dissolved gas availability, which can limit biomethanation 

performance, and increase operational costs compared to mesophilic 
conditions (Grimalt-Alemany et al., 2018). Consequently, exploring the 
effects of temperature and how it shapes microbial diversity is essential 
for tailoring bioreactor systems with optimized biomethanation 
performance.

An external addition of H2 to the syngas biomethanation bioreactor 
is typically required to reach a total conversion of CO2 and CO, and 
therefore high CH4 concentrations (Andreides et al., 2021). This H2 must 
be produced from water electrolysis powered via renewable electricity 
surplus to achieve a sustainable upgrading of syngas into biomethane 
(Asimakopoulos et al., 2021a).

To date, enrichment of anaerobic cultures for syngas biomethanation 
has been conducted in batch bottle systems (Arantes et al., 2018; García- 
Casado et al., 2024; Grimalt-Alemany et al., 2020b; Hu et al., 2024), 
while few studies have carried out methanogenic cultures enrichment in 
continuous bioreactors (Spyridonidis et al., 2023; Yun et al., 2017). 
These studies were focused on the enrichment of hydrogenotrophic 
cultures for biogas upgrading using CO-free syngas, without the addition 
of an external H2 supply. Direct enrichment of MMC in larger-scale, 
continuous bioreactors can facilitate the transfer of the system to in
dustrial applications (Figueras et al., 2021). This approach simplifies the 
scale-up process and may enhance microbial adaptation by reducing the 
time required for enrichment, as the larger supply of carbon and electron 
donors supports the proliferation of a significantly greater number of 
microbial generations (Luo and Angelidaki, 2013).

This work aimed at enriching and characterizing the performance of 
mesophilic and thermophilic MMC capable of performing syngas bio
methanation at increasing loads of H2 in continuous lab-scale bubble 
column bioreactors (BCBs) with internal gas recirculation. To further 
characterize the culture enrichments, the microbial community struc
ture was determined by means of 16S rRNA gene sequencing and the 
metabolic pathways involved in syngas biomethanation were elucidated 
via ad-hoc H2/CO2, CO, and acetate activity tests.

2. Materials and methods

2.1. Mineral salt medium and inoculum

The mineral salt medium used in all assays was a modified anaerobic 
basal medium (BA) (Asimakopoulos et al., 2020b; Jiang et al., 2023). 
Details regarding the composition and preparation of BA can be found in 
the Supplementary Material.

The inoculum for the syngas biomethanation reactors was prepared 
by mixing two different anaerobic sludges in a 1:1 vol ratio. The first 
sludge was collected from the mesophilic mixed anaerobic digester of 
Valladolid Wastewater Treatment Plant (Valladolid, Spain), and the 
second sludge from the thermophilic anaerobic digester of San Sebastian 
Urban Waste Treatment Plant (San Sebastian, Spain). The inoculum pH 
was 8.28 ± 0.05 and contained 77.77 ± 0.93 g kg− 1 total solids (TS) and 
47.93 ± 0.65 g kg− 1 volatile solids (VS).

2.2. Bubble column bioreactors configuration

Two identical transparent PVC BCBs (0.085 m internal diameter ×
0.1 m height) with a working volume of 5 L were used for the enrich
ment of H2-assisted syngas biomethanation microbial communities 
(Supplementary Material, Fig. S1). A handcrafted nitrile rubber mem
brane (0.5 mm pore size) was placed at the bottom of the bioreactors to 
allow gas sparging. Syngas (35:30:25:10 %v/v H2:CO:CO2:CH4) and H2 
(≥99.9 %), purchased to Carburos Metálicos S.A. (Spain), were stored in 
100 L gas-tight bags (MediSense, Netherlands) and injected in the bio
reactors by means of peristaltic pumps (Watson Marlow, UK) and rota
meters (Aalborg, USA) to control the gas inlet stream. The BCBs were 
also equipped with an internal gas recirculation operated at a ratio of 
100 (Qrecirculation/Qsyngas = 100) along the entire experimental period. 
BCB1 was operated at 30 ◦C (mesophilic conditions) and the 
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temperature of BCB2 was maintained at 50 ◦C (thermophilic conditions) 
in order to evaluate the influence of the temperature on the performance 
and microbial population structure of syngas-converting enrichments. 
These operational temperatures were selected to represent the lower 
boundaries of the mesophilic and thermophilic ranges, respectively, 
which are less frequently investigated in the literature compared to the 
more conventional 37 ◦C and 55 ◦C, and that will reduce operational 
costs. By employing 30 ◦C and 50 ◦C, the study aimed to characterize 
system behavior under suboptimal yet relevant operating conditions 
that may occur in practical applications where temperature control is 
limited or subject to fluctuations. Temperature was controlled with a 
water bath circulating system (Thermo Fisher Scientific, USA) inter
connected to the external cylindrical jacket of the BCBs. The pH of the 
anaerobic culture broths was on-line measured and automatically 
adjusted to 7.0 ± 0.3 via a pH controller (EVopHP5, BSV Electronic, 
Spain) with NaOH 2 M or HCl 2 M solutions.

2.3. Enrichment and process optimization

Three operational phases were set during the enrichment and opti
mization of syngas biomethanation communities in the BCBs under 
mesophilic and thermophilic conditions. Initially, each BCB was filled 
with 4.8 L of BA medium and flushed with syngas to ensure an anaerobic 
environment. Then, the BCBs were inoculated with 200 mL of sludge 
mix inoculum to reach a VS concentration of 0.96 ± 0.10 g L-1. The first 
experimental phase (Phase I) involved the acclimation of the mixed 
microbial community to the operational temperature and to syngas as 
the sole source of carbon and energy, which lasted for 42 days. The inlet 
syngas flowrate was set at 10 mL min− 1 (EBRT 500 min, syngas loading 
rate of 2.88 Lsyngas Lreactor

-1 d-1) and maintained for all operational phases. 
Due to the incomplete stoichiometric conversion of CO and CO2 into CH4 
during Phase I, pure H2 was supplied from an additional gas-tight bag to 
the BCBs (Phase II) to modify the inlet gas composition 
(62.8:16.2:14.8:6.2 %v/v H2:CO:CO2:CH4). In addition, during Phase II 
(with a duration of 76 and 83 days for BCB1 and BCB2, respectively), a 
robustness test was performed to assess the influence of air intrusion on 
the consortium ability to recover its syngas biomethanation capacity. An 
air inlet stream of 1 L min− 1 was sparged overnight into the BCBs at day 
90 (BCB1) and day 67 (BCB2). In Phase III, pure H2 supply was increased 
to reach an inlet gas composition of 72.2:13.4:10.2:4.2 %v/v H2:CO: 
CO2:CH4 in order to optimize syngas conversion into CH4 for 37 and 93 
days in BCB1 and BCB2, respectively.

Gas samples of 250 µL were taken periodically from the inlet and 
outlet of the BCBs to measure gas composition by GC-TCD. Liquid 
samples of 60 mL from the cultivation broth were harvested twice per 
week to determine the pH, concentration of dissolved total nitrogen 
(TN), dissolved organic carbon (TOC), volatile fatty acids (VFAs), TS and 
VS. In order to prevent nutrient limitation, 0.8 L of culture broth were 
withdrawn once per week in Phase I, centrifuged (4200 rpm, 20 min) 
and the biomass pellet was resuspended in fresh BA, flushed with syngas, 
and returned to the BCB. Due to the rapid depletion of nutrients in the 
culture during Phases II and III, the frequency of mineral medium 
replacement was increased to twice a week.

2.4. Activity tests

The elucidation of the metabolic pathways involved in the meso
philic and thermophilic syngas bioconversion into CH4 in the BCBs was 
performed via activity tests conducted in 160 mL serum bottles. The 
assays employed syngas, CO, H2/CO2, or acetate as a carbon and energy 
source (Grimalt-Alemany et al., 2020b; Navarro et al., 2014). The initial 
conditions and substrates used in the tests are summarized in Table 1. 
Sodium 2-bromoethanesulfonate (BES) at a concentration of 15 mM was 
added to inhibit methanogenic archaea and quantify non-converted 
metabolites. All assays were carried out in triplicate.

The serum bottles were filled with 49 mL of BA medium and inoc
ulated with 1 mL of cultivation broth from the corresponding BCB at the 
end of Phase III, previously centrifuged (10000 rpm, 5 min) and resus
pended in 1 mL of fresh BA. BES or acetate were added, and the initial 
headspace composition was modified accordingly. The initial pH, pres
sure, headspace gas composition, biomass concentration (measured via 
optical density, OD), and VFAs were quantified. The average initial pH 
across all tests was 7.09 ± 0.04.

The syngas activity tests (Test series 1) were carried out in order to 
characterize possible intermediate products and evaluate the syngas- 
converting performance of all the microbial groups involved in the 
biomethanation process. Furthermore, the H2/CO2 activity tests (Test 
series 2) in combination with the H2/CO2 + BES activity tests (Test se
ries 3) allowed for the identification of hydrogenotrophic methanogenic 
and homoacetogenic metabolic routes. Activity tests using CO (Test se
ries 4) and CO + BES (Test series 5) were conducted to elucidate the 
presence of carboxydotrophic acetogenic, hydrogenogenic and meth
anogenic catabolic routes in the enriched microbial cultures. Finally, the 
determination of the occurrence of acetoclastic pathways was accom
plished via the acetate activity tests (Test series 6).

Test bottles were incubated in a rotary shaker at 250 rpm and the 
incubation temperature was set at 30 ◦C or 50 ◦C for tests inoculated 
with BCB1 and BCB2 cultures, respectively. The headspace composition, 
pressure, VFAs and biomass concentrations were monitored daily. The 
final pH of all tests was also recorded.

2.5. Calculations

The product yields in the activity tests were calculated as the number 
of moles of electrons integrated into the product j per number of moles of 
electrons released by the assimilation of substrates (electron yield) with 
equation 1 (Supplementary Material). Each mole of CO and H2 dispenses 
two moles of electrons (ne− H2 = ne− CO = 2e− mol) (Asimakopoulos et al., 
2020a).

The value of ne− acetate was 8 e- mol and ne− (j) was equal to 8 e- mol for 
CH4 and 14 e- mol for propionate. Only acetate and propionate were 
considered in the metabolites yield calculation, as other VFAs were 
either not detected or were present at negligible concentrations during 
the activity tests.

Biomass yield in the activity tests was measured as volatile sus
pended solids (VSS) per mol of substrate and calculated with equation 2 
(Supplementary Material).

The syngas quality index (SQI) represents the ratio of electron donors 
to carbon donors in syngas available for biomethanation and can be 

Table 1 
Initial conditions set in the activity tests performed with the mesophilic and thermophilic enriched microbial cultures.

Test series Test condition H2 (atm) CO2 (atm) CO (atm) CH4 (atm) N2 (atm) Acetate (mM) BES (mM)

1 Syngas 1 0.3 0.2 0.1 − − −

2 H2/CO2 1.2 0.4 − − − − −

3 H2/CO2 + BES 1.2 0.4 − − − − 15
4 CO − − 0.2 − 1.4 − −

5 CO + BES − − 0.2 − 1.4 − 15
6 Acetate − − − − 1.6 25 −
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calculated as described by Asimakopoulos et al. (2021a). An SQI of 4 
indicates that, stoichiometrically, no compound would be limiting and 
that complete conversion of the substrates into CH4 is theoretically 
feasible. In contrast, an SQI below 4 indicates that carbon donors are in 
stoichiometric excess.

2.6. Analytical methods

The gaseous concentration of CO2, CO, CH4, and H2 were determined 
using a Bruker 430 gas chromatograph (Palo Alto, USA) equipped with a 
thermal conductivity detector and two capillary columns: CP-Molsieve 
5Å (15 m × 0.53 mm × 15 µm) and CP-PoraBOND Q (25 m × 0.53 
mm × 10 µm). Oven, injector, and detector temperatures were main
tained at 37, 150 and 200 ◦C for 5.5 min, respectively. Helium was 
employed as the carrier gas at 13.7 mL min− 1.

The VFAs (acetate, propionate, butyrate, isobutyrate, valerate, iso
valerate) concentrations in the cultivation broth of the BCBs and activity 
test cultures were determined using 2 mL samples. The harvested culture 
was centrifuged at 10000 rpm for 10 min and the resulting supernatant 
was processed through a 0.22 µm pore size filter. Finally, 1 mL of filtrate 
was acidified with 20 µL of concentrated H2SO4. VFAs were then 
quantified in a gas chromatograph 7820A (Agilent, USA) equipped with 
a flame ionization detector, a G4513A autosampler and a Chromosorb W 
AW packed column (2 m × 1/8″ × 2.1 mm SS) (10 % SP 1000, 1 % 
H3PO4, WAW 100/120). The injector, oven and detector temperatures 
were maintained at 375, 130 and 350 ◦C, respectively, while N2 was 
used as the carrier gas at 45 mL min− 1.

The TS and VS concentrations in the inocula and BCBs cultivation 
broths were measured according to standard methods (Bridgewater 
et al., 2017). OD was measured at a wavelength of 600 nm using a 
spectrophotometer SPECTROstarNano (BMG LABTECH, Germany). A 
correlation between OD600 and VSS concentration was established 
(Bridgewater et al., 2017). The pH was analyzed using a Basic 20 +
pHmeter (Crison Instruments S.A., Barcelona). The TOC and TN con
centrations of the BCB cultures were determined in a TOC-LCSH/CSN 
analyzer equipped with a TNM1 chemiluminescence unit (Shimadzu, 
Japan).

2.7. DNA extraction and microbial diversity analysis

Total genomic DNA was obtained from 2 mL samples collected from 
both the inocula and the culture aliquots from each of the BCBs under 
steady conditions in Phase I, II and III. Samples were stored at − 20 ◦C 
until DNA extraction. Prior to the extraction, samples were centrifuged 
at 10000 rpm for 5 min and the resulting biomass was washed with 1X 
PBS. DNA was then isolated using the DNeasy PowerSoil Pro Kit (QIA
GEN, Germany). The final DNA concentration in the samples was 
quantified using a Qubit 4 Fluorometer (Thermo Fisher Scientific, USA).

Metataxonomic analysis was performed by Novogene (Cambridge, 
UK). 16S rRNA amplicon library generation and sequencing were per
formed in an Illumina NovaSeq 6000 instrument (paired-end 250 bp 
sequencing). PCR amplification of 16S rRNA gene V4 and V5 hyper
variable regions was carried out with 515F (5′- 
GTGCCAGCMGCCGCGGTAA-3′) (Parada et al., 2016) and 907R primers 
(5′-CCGTCAATTCCTTTGAGTTT-3′) (Muyzer et al., 1995). Paired-end 
reads were assembled using FLASH V1.2.11 (Magoč and Salzberg, 
2011). The bioinformatic pipeline to analyze Amplicon Sequencing data 
was completed with QIIME2 software (version QIIME2-202202). 
Denoising of de-duplicated sequences was performed with DADA2 
method to generate Amplicon Sequence Variants (ASVs). Finally, ASVs 
were taxonomically annotated by means of rRNA database SILVA 
(version 138.1) (Quast et al., 2012) to discern microbial diversity in the 
samples. All the raw sequences data have been deposited in GenBank 
under BioProject PRJNA1221909. Principal Coordinate Analysis (PCoA) 
was performed in R (version 4.3.1) to visualize differences in microbial 
community composition across the collected samples, based on 

weighted UniFrac distance metrics. The resulting PCoA plots were 
generated using the ggplot2 package (version 3.4.2).

3. Results and discussion

3.1. Performance of syngas biomethanation in bubble column bioreactors

The performance of the biomethanation process during culture 
enrichment was evaluated based on the CH4 content of the outlet biogas 
throughout the operational phases of the BCBs (Fig. 1). Additionally, the 
quantification of VFAs concentration provided further insights into the 
metabolism of the microbial consortia prevailing under the operational 
conditions of BCB1 and BCB2. The pH of the enrichment broths was 
maintained at 7.16 ± 0.16 in BCB1 and 7.07 ± 0.17 in BCB2 throughout 
the entire operation. The total dissolved nitrogen was also monitored to 
ensure that nutrient depletion did not limit CH4 production 
(Supplementary Material, Fig. S2).

The SQI of the inlet gas streams injected into the BCBs accounted for 
1.18, 2.54 and 3.62 during the operational Phases I, II, and III, respec
tively. Therefore, a complete conversion of the electron donors (H2 and 
CO) was theoretically achievable across all the experimental Phases.

The initial phase of the enrichment process involved the acclimation 
of the inoculum to syngas as the sole source of carbon and energy. A 2- 
day lag phase was observed before an increase in CH4 concentration in 
the outflow gas was detected under mesophilic and thermophilic con
ditions. During the start-up period, acetate rapidly accumulated in both 
bioreactors, with acetate concentrations in BCB1 (maximum of 2 g L-1) 
ten times higher than those observed in BCB2. The endogenous degra
dation of the anaerobic sludge inoculum may have contributed to the 
VFAs production during the initial operation of the BCBs. Following this 
initial acclimation period, steady state was achieved, with CH4 con
centrations reaching 37.3 ± 1.3 % in BCB1 and 37.2 ± 1.3 % in BCB2, 
while the contents of CO and H2 were approximately 1 % in the outlet 
gas streams of both BCBs. The low quality of the produced biomethane 
can be attributed to the composition of the supplied syngas, as indicated 
by its SQI, with CO2 content in the output gas under the steady state of 
57.1 ± 0.8 % and 56.3 ± 0.6 % for BCB1 and BCB2, respectively.

The additional H2 supplied to the bioreactors during Phase II 
increased the CH4 content in the upgraded gas up to 71.1 ± 0.4 % in 
BCB1 by day 104, as anticipated with the higher SQI of 2.54. Similarly, 
the CH4 concentration in the upgraded gas in BCB2 increased up to 66.4 
± 2.6 % by day 60 (prior to the robustness test). However, after the tests, 
the CH4 concentration in the upgraded gas stabilized at a lower and 
more variable steady state concentration of 56.5 ± 2.1 % CH4. After the 
robustness test, CO conversion remained high, supporting CO concen
trations below 2 % in the upgraded gas in both BCBs. Nonetheless, H2 
was not fully converted. H2 supplementation in Phase II induced a rapid 
VFAs accumulation in BCB1, mainly acetate, which reached concen
trations above 7.1 g L-1. Similarly, acetate and propionate were the main 
VFAs accumulated in BCB2 in Phase II, but their concentration did not 
reach values over 0.2 g L-1. A sudden increase in H2 partial pressure can 
foster the development of homoacetogens in MMC, suggesting that the 
additional H2 supplied to BCB1 may have shifted the syngas conversion 
routes, favoring acetate production (Rafrafi et al., 2021; Tsapekos et al., 
2022). Therefore, the accumulation of acetate and H2 depletion likely 
facilitated SAO metabolism, which contributed to the observed con
sumption of VFAs in the cultivation broth by the end of Phase II.

The impact of air intrusion on the ability of the consortium to 
maintain the biomethanation performance was evaluated during Phase 
II in each of the BCBs during the robustness test. The combined effects of 
starvation and O2 exposure resulted in a reduction in CH4 levels in the 
upgraded gas in both bioreactors. Nevertheless, the biomethanation 
performance in BCB1 exhibited a rapid recovery in the subsequent days, 
with CH4 contents of 59.8 ± 1.1 % after 8 h from the interruption of air 
supply. Steady state CH4 contents of 66.3 ± 2.4 % were recorded at the 
end of Phase II. Interestingly, the accumulated VFAs in BCB1 were 
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rapidly degraded during air exposure, likely due to the presence of 
facultative anaerobic microorganisms, which suggests that the absence 
of syngas electron donors restricted VFAs production. In contrast, the 
biomethanation capacity of the microbial community present in BCB2 
was more severely affected by the presence of O2 compared to that in 
BCB1. Indeed, 16 days were needed to reach CH4 levels over 50 %, and 
steady state CH4 contents of 56.5 ± 2.1 % were recorded in the upgraded 
gas from day 71 onwards. Indeed, oxygen can severely impact syngas 
biomethanation, as methanogenic archaea are highly susceptible to in
hibition under aerobic environments. However, studies have indicated 
that methanogens can remain viable even after several hours of air 
exposure (Jarrell, 1985). Additionally, MMC typically exhibit a greater 
tolerance to air than isolated strains, due to the inherent presence of 
facultative anaerobes capable of in-situ depleting the dissolved O2 in the 
cultivation broth (Kato et al., 1993). These findings confirmed that the 
MMC developed in the BCBs exhibit robust biomethanation capabilities 
and may be effectively utilized in biological methanation systems 
without the risk of irreversible process collapse due to incidental O2 
intrusions.

During operational Phase III, both BCBs achieved the maximum CH4 
content in the upgraded gas, which was aligned with the higher SQI of 
the inlet gas. Steady state CH4 contents of 84.6 ± 1.4 % and 87.3 ± 1.3 
% were recorded in Phase III in BCB1 and BCB2, respectively. This 
finding is consistent with observations from a batch thermophilic bio
methanation system operated at 50 ◦C, where methanogenesis is 
enhanced under high H2 partial pressure (Palacios et al., 2025). Con
trary to the expected, H2 was not fully converted during Phase III. 
However, the carbon donors (CO and CO2) remained below 1 % in the 
upgraded gas during steady state conditions. In this context, a 0.18 L 
biomethanation trickle-bed reactor supplied with syngas (SQI = 3.67, 
EBRT = 3h) exhibited a CH4 composition of 71.7 % in the upgraded gas 
when operated under mesophilic conditions (37 ◦C) and 71.2 % under 
thermophilic (60 ◦C) conditions. However, the H2 conversion rate was 

found to be nearly 100 % under both operational conditions 
(Asimakopoulos et al., 2021a). Although similar thermophilic BCB sys
tems have reported H2/CO2 conversion rates as high as 94 % 
(Laguillaumie et al., 2022), the incomplete H2 utilization observed in 
our system suggests that gas mass transfer limitations may have con
strained the efficiency of biomethanation. Another study reported that 
slightly reducing the H2 flow supply by 7.5 % relative to stoichiometry 
requirements improved H2 conversion rates in a trickle-bed bio
methanation reactor (Sposób, 2024). The operational parameters, 
reactor scale, and microbial dynamics likely contributed to the higher 
H2 conversion in the referenced trickle-bed reactor, thus further inves
tigation into these factors is needed to optimize microbial efficiency and 
minimize H2 losses in the BCBs.

Since the concentration of VFAs remained below inhibitory values, 
sufficient electron acceptors were supplied, and the pH was controlled at 
optimum values for biomethanation. The presence of H2 in the upgraded 
gas during Phases II (3.3 ± 0.5 % H2) and III (5.6 ± 0.6 % H2) in both 
BCBs suggested that mass transfer limitations hindered the availability 
of H2 for the microorganisms. Despite the high CH4 content achieved in 
the upgraded syngas during the final experimental phase in both BCB1 
and BCB2, a higher biomethane purity is required for its direct injection 
into the natural gas grid. Therefore, a further optimization of opera
tional parameters such as the SQI, gas residence time and internal gas 
recirculation rate may improve CH4 yields and H2 conversion rates, 
thereby contributing to the optimization of the biomethanation process 
in the BCBs (Gavala and Skiadas, 2025).

Acetate was the predominant accumulated metabolite in the culti
vation broth during Phase III in BCB1, reaching concentrations of 
approximately 0.7 g L-1. Interestingly, these levels were substantially 
lower than the VFAs accumulation observed during Phases I and II. 
However, VFA concentrations were close to zero by the end of the 
enrichment process. A similar accumulation of VFAs occurred during 
Phase III in BCB2, although the concentrations of these organic 

Fig. 1. Time course of the outflow gas composition in A) BCB1 and B) BCB2, and of volatile solids (VS), pH, acetate, propionate, butyrate, isobutyrate and isovalerate 
in C) BCB1 and D) BCB2. Operational phases are delimited with a vertical continuous line. The dashed line represents the robustness test performed in each reactor.
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compounds remained below 75 mg L-1. This finding suggests the pres
ence of microorganisms from the acetoclastic trophic group, which may 
scavenge VFAs from the BCB1 culture (García-Casado et al., 2024; 
Grimalt-Alemany et al., 2020b). Biomass concentration in both BCB1 
and BCB2 reached maximum values during Phase III. The steady state 
biomass content in BCB1 (4.2 ± 0.1 g VS L-1) was higher than that 
observed in BCB2 (3.4 ± 0.2 g VS L-1), which was consistent with the 
higher biomass yield calculated for the mesophilic enriched consortium 
in the syngas activity test, compared to the thermophilic consortium.

3.2. Identification of syngas biomethanation pathways

The results of the specific activity tests, which were conducted to 
analyze the metabolism of the mesophilic and thermophilic microbial 
communities enriched in BCB1 and BCB2, respectively, are presented in 
Table 2. The syngas specific activity tests were carried out to evaluate 
the overall performance of the mesophilic and thermophilic enriched 
consortia. Differences were observed in the profiles obtained for the gas 
conversion and products generated between consortia (Supplementary 
Material, Fig. S3). The conversion of syngas by the mesophilic enriched 
consortium resulted in CH4 (Supplementary Material, Fig. S3A) and 
acetate in the initial stages of the experiments (Supplementary Material, 
Fig. S3C). Acetate reached a maximum concentration of 7.77 ± 0.48 mM 
and was further converted into CH4 (0.44 ± 0.04 e-mol yield). In 
contrast, the thermophilic enriched community performed syngas bio
methanation (0.70 ± 0.01 e-mol CH4 e-mol− 1 substrates) 
(Supplementary Material, Fig. S3B) with a residual acetate accumula
tion (0.01 ± 0.00 e-mol acetate e-mol− 1 substrates) (Supplementary 
Material, Fig. S3D). These empirical findings suggest that temperature 
led to enrichments that convert syngas into CH4 through different 
metabolic pathways.

On the other hand, the mesophilic enriched culture under an initial 
H2/CO2 atmosphere initially synthesized CH4 (Supplementary Material, 
Fig. S4A) while acetate rapidly accumulated until gaseous substrates 
depletion (Supplementary Material, Fig. S4C). Subsequently, acetate 
was degraded to produce CH4, resulting within an e-mol yield of 0.90 ±
0.01. Tests supplied with H2/CO2 and BES resulted in the depletion of 

gaseous substrates (Supplementary Material, Fig. S4E) and the subse
quent accumulation of acetate as the main end-product (0.72 ± 0.02 e- 
mol acetate e-mol− 1 substrates) and minor propionate concentrations 
(0.020 ± 0.001 e-mol propionate e-mol− 1 substrates) (Supplementary 
Material, Fig. S4G). Thus, homoacetogenesis and hydrogenotrophic 
methanogenesis acted as competing H2-depleting catabolic routes in the 
mesophilic anaerobic MMC, which is supported by multiple studies 
(Asimakopoulos et al., 2020b; Grimalt-Alemany et al., 2020b; Liu et al., 
2016). Notably, it was observed that acetate was eventually converted 
into CH4, highlighting the role of VFAs as intermediate metabolites in 
mesophilic syngas biomethanation. On the contrary, H2/CO2 conversion 
by the thermophilic enriched consortium resulted in the production of 
CH4 as the primary end-product (0.79 ± 0.01 e-mol yield) 
(Supplementary Material, Fig. S4B). Indeed, a negligible concentration 
of acetate was accumulated at the end of the thermophilic tests, yielding 
0.01 ± 0.00 e-mol acetate per e-mol of H2 (Supplementary Material, 
Fig. S4D). The fact that the activity tests with H2/CO2 BES 
(Supplementary Material, Fig. S4F and S4H) did not exhibit metabolic 
activity suggests that hydrogenotrophic methanogenesis was the key 
catabolic route responsible for CH4 production from H2/CO2 in the 
thermophilic enriched consortium from BCB2, while homoacetogenesis 
could have been present to a lesser extent.

During the CO activity tests, the mesophilic enriched community 
rapidly converted CO into acetate (Supplementary Material, Fig. S5C), 
which was then converted into CH4, achieving an e-mol yield of 0.75 ±
0.03 e-mol CH4 e-mol− 1 CO (Supplementary Material, Fig. S5A). Inhi
bition of mesophilic methanogens with BES resulted in the accumulation 
of acetate (0.55 ± 0.01 e-mol yield), with no apparent depletion of the 
metabolites produced from CO (Supplementary Material, Fig. S5E and 
S5G). Additionally, a similar acetate e-mol recovery was observed in CO 
activity batch tests reported in literature. Sancho Navarro et al. (2016)
have reported that CO (initial pCO = 0.2 atm) was converted by meso
philic MMC inhabiting anaerobic sludge primarily via carboxydotrophic 
acetogenesis (0.51 ± 0.08 e-mol acetate e-mol− 1 CO) when BES (50 
mM) was added to the cultures. This finding, along with the data 
extracted from the herein conducted metabolic assays, implies that 
carboxydotrophic acetogenesis may be the predominant CO-consuming 

Table 2 
Final pH, biomass yield and product recovery in the activity tests conducted with the mesophilic and thermophilic enriched microbial communities.

Product yield (e-mol product (e-mol substrates) -1)
Activity test Final pH Biomass yield (g VSS 

mol− 1)
CH4 Acetate Propionate H2 Product recovery (% e-mol products (e-mol 

substrates) -1)

Mesophilic enriched microbial community
Syngas 7.18 ±

0.06
1.06 ± 0.01 0.44 ±

0.04
− − − 43.68 ± 4.56

H2/CO2 7.54 ±
0.05

0.36 ± 0.03 0.90 ±
0.01

− − − 90.84 ± 1.48

H2/CO2 +

BES
7.31 ±
0.07

0.75 ± 0.03 − 0.72 ±
0.02

0.020 ±
0.001

− 73.94 ± 2.22

CO 7.49 ±
0.08

2.22 ± 0.24 0.75 ±
0.03

− − − 76.37 ± 4.36

CO + BES 7.17 ±
0.02

2.27 ± 0.15 − 0.55 ±
0.01

0.001 ±
0.000

− 55.18 ± 0.99

Acetate 7.54 ±
0.12

0.32 ± 0.06 0.70 ±
0.03

− − − 69.64 ± 3.16

Thermophilic enriched microbial community
Syngas 7.67 ±

0.08
0.67 ± 0.02 0.70 ±

0.01
0.01 ±
0.00

− − 71.72 ± 1.06

H2/CO2 7.60 ±
0.05

0.65 ± 0.02 0.79 ±
0.01

0.01 ±
0.00

− − 79.66 ± 0.71

H2/CO2 +

BES
7.09 ±
0.04

− − − − − −

CO 7.73 ±
0.05

0.88 ± 0.02 0.65 ±
0.01

0.07 ±
0.01

− − 71.35 ± 2.42

CO + BES 7.60 ±
0.02

0.20 ± 0.03 − 0.09 ±
0.02

− 0.74 ±
0.02

98.48 ± 7.02

Acetate 7.11 ±
0.03

− − − − − −
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metabolic pathway involved in syngas biomethanation carried out by 
the mesophilic enriched consortium.

On the other hand, the tests with the thermophilic enriched culture 
demonstrated that CO was consumed with a simultaneous CH4 release 
(0.65 ± 0.01 e-mol yield) (Supplementary Material, Fig. S5B). Acetate 
was also produced from CO, although the yield was low (0.07 ± 0.01 e- 
mol of acetate produced for e-mol of CO) (Supplementary Material, 
Fig. S5D). Additionally, no further conversion of the metabolites 
occurred. Upon addition of BES, CO continued to be consumed by the 
thermophilic microbial consortium, but no CH4 was produced 
(Supplementary Material, Fig. S5F). Instead, equal concentrations of H2 
and CO2 and a minor acetate accumulation (Supplementary Material, 
Fig. S5H) were detected. The distinct metabolite production profile 
observed in specific tests with CO, without BES addition and with 
methanogenesis inhibition, suggest that the thermophilic enriched 
consortium was able to convert CO indirectly into CH4, with H2 acting as 
intermediate metabolite. This pattern was consistent with findings from 
similar CO activity tests utilizing thermophilic syngas-consuming MMC 
(Grimalt-Alemany et al., 2020b). It can be hypothesized that carbox
ydotrophic hydrogenogenesis was the dominant CO-converting meta
bolic route within the thermophilic microbial consortium (Hu et al., 
2024), although carboxydotrophic acetogenesis may also occur at low 
rates and carboxydotrophic methanogenesis remains feasible.

The specific acetate consumption experiments revealed that the 
mesophilic enriched community degraded acetate while CH4 was 
simultaneously produced as the main end-metabolite, yielding 0.70 ±
0.03 e-mol CH4 e-mol− 1 acetate (Supplementary Material, Fig. S6A and 
S6C). Conversely, the thermophilic microbial consortium exhibited no 
activity when acetate was used as the sole source of carbon and energy 
(Supplementary Material, Fig. S6B and S6D). In this context, acetoclastic 
methanogenesis typically governs acetate conversion in mesophilic mi
crobial consortia-driven syngas biomethanation due to its thermody
namically favorable reaction compared to SAO (ΔG◦ = − 31 kJ mol− 1 

and ΔG◦ = +104.6 kJ mol− 1 for acetoclastic methanogenesis and SAO, 
respectively) (Grimalt-Alemany et al., 2018). However, coupling acetate 
oxidation with the hydrogenotrophic methanogenesis pathway over
comes the energetic limitations, making acetate degradation via SAO 
feasible (ΔG◦ = − 31 kJ mol− 1 for the combined reaction) (Hattori, 
2008). Moreover, kinetic models of syngas conversion by mesophilic 
MMC have demonstrated that high acetate concentrations and low H2 
partial pressure enabled SAO to play a significant role in acetate 
degradation through this metabolic pathway, under the reported oper
ating conditions (Grimalt-Alemany et al., 2020a). H2 in the headspace 
may not have been detectable due to the rapid consumption of the 
produced gas by hydrogenotrophic methanogens or the presence of 
other syntrophic relationship mechanisms, such as direct interspecies 
electron transfer.

Additionally, high acetate concentrations are known to be inhibitory 
to acetoclastic methanogens as a result of their limited tolerance to ac
etate accumulation (Pan et al., 2021). Thus, considering that no species 
from the acetoclastic methanogenic trophic group were identified at 
significant levels during any of the enrichment phases in BCB1, acetate 
and VFAs likely acted as intermediates preferentially depleted via the 
SAO pathway rather than through direct acetoclastic methanogenesis. 
On the other hand, the absence of acetate consumption during the ex
periments incubated at 50 ◦C suggests that both acetoclastic methano
genesis and SAO may not have been significantly relevant metabolic 
pathways for biomethanation by the thermophilic community enriched 
in BCB2 by the end of Phase III.

Overall, the calculated e-mol recovery of the quantified products 
showed a good consistency and values over 70 %, except in the meso
philic tests conducted with syngas and CO in the presence of BES. Other 
compounds (e.g. bioalcohols, biopolymers) have been identified in 
syngas-fermenting MMC systems in literature (Asimakopoulos et al., 
2018). Some species of Acetobacterium have been shown to produce 
ethanol via the carboxydotrophic metabolic route (Arantes et al., 2020), 

and Rhodopseudomonas has been shown to be able to accumulate poly
hydroxyalkanoates from VFAs (acetate and propionate) (Wu et al., 
2012). This could indicate that unquantified byproducts may have 
accumulated in the culture during syngas conversion by the enriched 
mesophilic consortium, thereby interfering with the estimated product 
recovery. Additionally, the test inoculated with the mesophilic enriched 
community and supplied with CO and BES exhibited the highest biomass 
yield (2.27 ± 0.15 g VSS mol− 1). Mesophilic acetogenic carboxydo
trophs have been shown to be more energy-efficient than other syngas- 
converting microorganisms in MMC. Similar biomass yields (2.45 ±
0.06 g VSS mol− 1) were reported for this microbial trophic group in 
methanogen-inhibited specific activity tests conducted by Grimalt-Ale
many et al. (2020b) and inoculated with a mesophilic syngas-converting 
enriched MMC under a CO atmosphere (pCO = 0.4 atm) as the sole 
carbon source, which was consistent with the lower product recovery 
recorded in our batch assays.

3.3. Microbial community analysis

The bacterial and archaeal community were analyzed in the initial 
inoculum and at the end of each operational phase (I, II, III) in BCB1 and 
BCB2 to assess the impact of the enrichment process on microbial di
versity. A total of 1304 ASVs were obtained, indicating that several 
microbial species were involved in the enrichment. The initial inoculum 
comprised the most diverse microbial community (Simpson index of 
0.970), whereas all BCBs samples exhibited more uniform microbial 
communities (Simpson indices of 0.736 for BCB1 and 0.669 for BCB2, at 
phase III) (Supplementary material, Table S1). These findings suggest 
that mesophilic and thermophilic biomethanation enrichment processes 
resulted in a less complex microbial community, which was also 
observed in other syngas-utilizing enrichment studies as a result of the 
limited carbon spectrum of syngas (Grimalt-Alemany et al., 2020b; Liu 
et al., 2018).

The relative abundances of the main phyla and genera identified are 
represented in Fig. 2. Most of the microbial genera detected in the 
inoculum were not discerned in any of the BCBs samples or showed 
minor relative abundance (except for Caldicoprobacter and Syntropho
monas). Moreover, microbial diversity largely diverged in BCB1 and 
BCB2, which suggests that temperature promoted a strong shift in the 
microbial community during the culture enrichment. This behavior is 
also reflected in the PCoA (Fig. 3), where two different groups were 
clearly separated. Additionally, the inoculum clustered apart from both 
groups. One cluster comprised BCB1 samples, while the other included 
BCB2 samples, supporting that each temperature condition shaped the 
microbial community in a significantly distinct manner and led to the 
enrichment of specific microbial groups. The thermophilic enrichment 
samples showed a more concentrated distribution, indicating lower 
community variability across the different operational Phases of BCB2 
compared to BCB1.

The composition and relative abundance of the microbial consortia 
in BCB1 during the enrichment exhibited differences in each operational 
phase. The main phyla characterized in BCB1 samples were Eur
yarchaeota, Firmicutes, Chloroflexi, Proteobacteria and Synergistota. The 
only archaeal genus detected in BCB1 with significant abundance was 
Methanobacterium. Indeed, its relative abundance increased from < 0.1 
% (M1) and 2.4 % (M2) to 28.9 % in the final enriched microbial culture 
(M3). The Firmicutes phylum in M1 was dominant (69.6 %), but its 
relative abundance decreased in M2 (24.7 %) and M3 (16.3 %). Syn
trophomonas and Acetobacterium represented more than 98 % of the 
Firmicutes phylum in BCB1 samples. Despite Syntrophomonas being the 
most abundant genus at the end of the first Phase of BCB1 enrichment 
(M1, 48.6 %), its presence was negligible in M2 and M3 (<0.01 %). 
Nevertheless, the genus Acetobacterium consistently maintained a sig
nificant presence throughout all three enrichment phases (19–24 %). In 
addition, the phylum Chloroflexi led the microbial community diversity 
developed in BCB1, particularly in Phases II and III where it reached 
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shares of 63.8 % and 47.6 %, respectively. Interestingly, more than 95 % 
of the ASVs classified under Chloroflexi phylum belonged to the Anae
rolineaceae family. Synergistota and Proteobacteria were also observed as 
part of the microbial consortium in all BCB1 Phases (0.9–3.9 %).

The metabolism of Methanobacterium supports the production of CH4 
from H2/CO2 or formate (Holmes and Smith, 2016). This genus has been 
typically identified in mesophilic mixed microbial communities from 
bioreactors supplied with syngas (Cheng et al., 2022; Jiang et al., 2023; 
Sposób, 2024; Thapa et al., 2022). Mesophilic temperatures have been 
shown to promote the enrichment of the Methanobacterium archaeal 
population in H2/CO2-converting systems (Rafrafi et al., 2021). The 
increasing availability of H2 during operational Phases II and III sup
ported the development of the Methanobacterium genus. The genus 
Syntrophomonas has been reported to degrade VFAs, exclusively when 
hydrogenotrophic microorganism are present (Sousa et al., 2007). The 
low concentration of VFAs observed at the end of Phase I under meso
philic conditions could have supported the high abundance of Syntro
phomonas in the microbial consortium. The Acetobacterium genus is 
known to consist of anaerobic homoacetogenic bacteria, with several 
species also associated with carboxydotrophic acetogenic growth (Ross 
et al., 2020). Members of the Acetobacterium genus have been frequently 
observed in enriched syngas-converting mesophilic consortia (Arantes 
et al., 2018; Cheng et al., 2022; García-Casado et al., 2024; Grimalt- 
Alemany et al., 2020b; Sancho Navarro et al., 2016; Tunca et al., 
2025). Consequently, Acetobacterium species were likely responsible for 

the production of VFAs from both H2/CO2 and CO in BCB1. Aceto
bacterium might have outcompeted the methanogenic archaea in Phase I 
of the BCB1 enrichment, which could explain the low abundance of 
Methanobacterium in M1. The Anaerolineaceae bacteria are chemo
heterotrophic microorganisms found in methanogenic sludge reactors 
associated to cell debris and dissolved organic matter recycling (Bovio- 
Winkler et al., 2023). Both Anaerolineaceae (Zeng et al., 2024) and 
Synergistota (Chen et al., 2024) can establish a syntrophic association 
with hydrogenotrophic methanogens, which supports the active CH4 
production observed in BCB1.

Similarly, the diversity of the microbial consortium underwent sig
nificant variations over the course of the thermophilic enrichment. 
Overall, the microbial consortia enriched in BCB2 was composed of 
Euryarchaeota, Firmicutes, Chloroflexi, Bacteroidota, Proteobacteria, Syn
ergistota, Coprothermobacterota and Nitrospirota. Methanothermobacter 
was the only genus detected from the Euryarchaeota phylum, with a 
relative abundance ranging from 14-24 % in T1 and T2, and reaching 
52.4 % by the end of the enrichment (T3). Firmicutes was one of the 
dominant phyla developed in BCB2, comprising between 43 and 67 % of 
the microbial community across all operational phases. The main genera 
classified within Firmicutes were Moorella (7.9 %) and Caldicoprobacter 
(3.3 %) in T1, Lutispora (3.6 %) and Brockia (2.5 %) in T2, while Ther
micanus (13–26 %) was observed in both T1 and T2. Chloroflexi was not 
as dominant in BCB2 microbial consortia compared to BCB1, and it was 
even less abundant in T3 (from 10.2 % in T1 to 1.7 % in T3). Bacteroidota 

Fig. 2. Relative taxonomic abundance of annotated ASVs of the initial inoculum and BCBs microbial consortia. M1, M2 and M3 refer to samples withdrawn from 
BCB1 at the end of Phase I, II and III, respectively. T1, T2 and T3 refer to samples withdrawn from BCB2 at the end of Phase I, II and III, respectively.
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(13.0 %) and Nitrospirota (1.6 %) were only present at significant levels 
in T1, while Proteobacteria (7.6 %) and Coprothermobacterota (2.4 %) 
were relevant in T2. Synergistota represented less than 0.4 % of the total 
microbial community present at the end of Phase III (1.2 % in T1 and 
T2).

Methanothermobacter archaea are hydrogenotrophic methanogens 
adapted to thermophilic and extremely thermophilic environments 
(Laguillaumie et al., 2022). This genus is considered a key group of 
methanogens in systems devoted to syngas or H2/CO2 conversion under 
thermophilic conditions (Asimakopoulos et al., 2020b; Biderre-Petit 
et al., 2024; Goonesekera et al., 2024; Grimalt-Alemany et al., 2020b; 
Keramati et al., 2024; Laguillaumie et al., 2022; Li et al., 2021, 2022; 
Zheng et al., 2023). The long-term operation of BCB2 under thermo
philic conditions, coupled with the high H2 content in the gas injected 
during T3, likely facilitated the dominance of Methanothermobacter in 
the microbial community, as observed by Zheng et al. (2023). Addi
tionally, M. thermautotrophicus has been demonstrated to utilize CO as its 
sole energy source (Omae et al., 2019), suggesting that Meth
anothermobacter species may have potentially used inlet CO for growth 
during BCB2 operation. However, the activity tests herein indicated that 
carboxydotrophic hydrogenogens were involved in CO metabolism, at 
least during the final phase of the enrichment. The phylum Firmicutes, 
known to contain the majority of identified carboxydotrophs, has been 
associated with H2/CO2 production from CO in a trickling-bed reactor 
devoted to syngas biomethanation (Goonesekera et al., 2024). There
fore, unclassified Firmicutes strains in BCB2 may have carried out car
boxydotrophic hydrogenogenesis.

Another genus detected in BCB2 that is capable of consuming CO was 
Moorella (Zheng et al., 2023). Moorella consists of homoacetogenic 
bacteria that can also produce acetate from CO as the primary end 
product, making syngas fermentation a suitable process for these bac
teria. Then, the accumulation of acetate in the initial stages of T1 could 
be associated to the presence of Moorella in BCB2. The genus Lutispora 
has been identified as part of the mixed microbial communities involved 
in synthetic gas conversion in our particular study (Asimakopoulos 
et al., 2020b; Grimalt-Alemany et al., 2020b). Lutispora has been 

associated with the production of VFAs (acetate, propionate, isobutyrate 
and isovalerate) from amino acids (Keramati et al., 2024). Hence, 
Lutispora may have contributed to cellular debris recycling and VFAs 
production during T2.

Other thermophilic bacteria identified in T1 and T2 harbor the SAO 
metabolism, including Synergistota, Anaerolinea (Chloroflexi), Caldico
probacter (Firmicutes) (Dyksma et al., 2020), Coprothermobacter (Cop
rothermobacterota) (Morgan-Sagastume et al., 2019), Tepidiphilus 
(Proteobacteria) (Keramati et al., 2024), and Lentimicrobium (Bacter
oidota) (Zheng et al., 2019). These genera have thus been potentially 
linked to the degradation and production of short-chain VFAs, based on 
the partial pressure of gases. Metabolic interactions between the diverse 
identified syntrophic bacteria and the methanogenic archaea Meth
anothermobacter may have dominated syngas conversion in T1 and T2 
samples of BCB2, following a similar commensalism observed in BCB1.

Overall, considering the results from the activity tests and the anal
ysis of the structure of the microbial consortia in BCB1, the proposed 
metabolic network for syngas biomethanation carried out by the mes
ophilic enriched consortium suggests that the H2/CO2 present in syngas 
could have been converted directly into CH4 via the hydrogenotrophic 
methanogenic pathway (mediated by Methanobacterium) and into VFAs 
(mainly acetate) via the homoacetogenic pathway (carried out by Ace
tobacterium). Additionally, the CO present in syngas may have been 
primarily converted into VFAs through the carboxydotrophic meta
bolism of Acetobacterium. Furthermore, the SAO bacteria identified in 
BCB1 may have also degraded VFAs into H2/CO2 or formate, which were 
then utilized by Methanobacterium for CH4 production. Direct interspe
cies electron transfer may also explain the commensal relationship be
tween SAO bacteria and methanogens in the generation of CH4 from 
VFAs within the BCB1 enriched consortium. On the contrary, the 
enriched microbial consortium developed in BCB2 achieved syngas 
biomethanation mainly via the direct hydrogenotrophic pathway (with 
Methanothermobacter) and the indirect conversion of CO via Firmicutes.

Our study presents novel insights demonstrating how temperature 
shapes microbial community structure and metabolic pathways in 
continuously operated biomethanation bioreactors under varying H2 

Fig. 3. Principal Coordinates Analysis (PCoA) based on Weighted UniFrac distance of mesophilic and thermophilic enriched microbial communities. M1, M2 and M3 
refers to samples withdrawn from the BCB1 at the end of Phase I, II and III, respectively. T1, T2 and T3 refers to samples withdrawn from the BCB2 at the end of Phase 
I, II and III, respectively.

V. Rodríguez-Gallego et al.                                                                                                                                                                                                                    Bioresource Technology 437 (2025) 133082 

9 



syngas compositions. Thus, previous studies have explored the temper
ature effect on microbial community enrichment and metabolic path
ways in batch cultures for syngas biomethanation (inherently with a low 
gas supply and with a limited number of generations). However, this 
work provided a comprehensive characterization of microbial dynamics 
during continuous enrichment under mesophilic and thermophilic 
conditions, which enhances our understanding of microbial interactions 
in configurations that more accurately represent actual biomethanation 
processes, facilitating the optimization and tailoring of future systems 
for industrial applications.

4. Conclusion

This study successfully enriched robust microbial communities for 
the conversion of syngas into CH4 during the long-term operation of 
BCBs under mesophilic and thermophilic conditions. Syngas was con
verted into CH4 via the direct hydrogenotrophic and indirect aceto
clastic and carboxydotrophic pathways under mesophilic conditions, 
and exclusively via the direct hydrogenotrophic and indirect carbox
ydotrophic hydrogenogenesis pathways under thermophilic conditions. 
By correlating trophic groups with specific microbial taxa, this study 
provided novel insights into the role of temperature as a critical factor 
influencing metabolic interactions, as well as its impact on the abun
dance of specific microorganisms and the overall performance of the 
biomethanation process across varying syngas compositions in contin
uously operated enrichment systems. These findings provide practical 
guidance for selecting operational temperatures based on desired mi
crobial activity, supporting the tailored design of syngas bio
methanation systems for industrial applications. Future work should 
focus on determining and improving gas–liquid mass transfer rates and 
optimizing biomethanation performance at larger scales.
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García-Casado, S., Muñoz, R., Lebrero, R., 2024. Enrichment of a mixed syngas- 
converting culture for volatile fatty acids and methane production. Bioresour. 
Technol. 400, 130646. https://doi.org/10.1016/j.biortech.2024.130646.

Gavala, H.N., Skiadas, I.V., 2025. Operation at thermophilic temperatures: an 
underestimated asset for gas fermentation processes. Curr. Opin. Biotechnol. 94, 
103319. https://doi.org/10.1016/j.copbio.2025.103319.

Goonesekera, E.M., Grimalt-Alemany, A., Thanasoula, E., Yousif, H.F., Krarup, S.L., 
Valerin, M.C., Angelidaki, I., 2024. Biofilm mass transfer and thermodynamic 
constraints shape biofilm in trickle bed reactor syngas biomethanation. Chem. Eng. 
J. 500, 156629. https://doi.org/10.1016/j.cej.2024.156629.

Grimalt-Alemany, A., Asimakopoulos, K., Skiadas, I.V., Gavala, H.N., 2020a. Modeling of 
syngas biomethanation and catabolic route control in mesophilic and thermophilic 
mixed microbial consortia. Appl. Energy 262, 114502. https://doi.org/10.1016/j. 
apenergy.2020.114502.
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