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ABSTRACT

The production of medium-chain carboxylates (MCC) by mixed culture fermentation of complex organic feedstocks is often
constrained by the availability of reducing equivalents. Therefore, mixotrophic fermentation processes, which integrate diverse
carbon and reducing equivalents sources, are gaining more attention. However, the microbial communities evolving in such
complex environments, where organic and inorganic substrates interact, remain insufficiently understood. To identify the key
microorganisms involved in mixotrophic MCC production, two bioreactors were initially fed with brewer's spent grain as organic
feedstock and supplemented daily with H, and CO, as inorganic substrates. Time-course analyses of net metabolite production
rates and microbial community composition identified Megasphaera spp. (likely M. elsdenii and M. hexanoica) as the main chain
elongators in the system. The results suggest that these Megasphaera species metabolize short-chain carboxylates, H, and CO,,
with potential cross-feeding interactions with acetogens (likely Clostridium ljungdahlii and Clostridium luticellarii). The homo-
acetogenic acetate produced is subsequently elongated, likely by Megasphaera species, using H, and CO, as electron and carbon
sources for production of elongated carboxylates. This study paves the way for the development of MCC production strategies
that integrate organic waste valorization with direct CO, utilization, using H, as an electron donor, a process that aligns with
low-carbon-footprint technologies.

1 | Introduction carbon sources. Many microbial cultivation techniques can be

used to carry out this process, including axenic pure or mixed
Microbial production of medium-chain carboxylates (MCC) is cultures of wild-type or engineered strains, as well as non-
a versatile bioprocess based on chain elongation (CE) mecha- axenic community cultures based on defined media or using
nisms, which can use both organic and inorganic electron and complex organic feedstock (COF) (Agler et al. 2012; Baleeiro

Abbreviations: ASV, amplicon sequence variant; AUTO, autotrophic (period); BSG, brewer's spent grain; ButOH, butanol; C2, acetate; C3, propionate; C4, butyrate;
C5, pentanoate; C6, caproate; C7, heptanoate; C8, octanoate; C9, nonanoate; C10, decanoate; CE, chain elongation; CE ,, ¢ ,, chain elongation phase based on H, and
CO,; CE,,,, chain elongation phase based on lactate; CE| , . pon> Chain elongation phase based on lactate and ethanol; COD, chemical oxygen demand; COD, soluble
chemical oxygen demand; COD,, total chemical oxygen demand; EtOH, ethanol; FM, fresh matter; GLM, generalized linear model; Homo, homoacetogenic phase;
iButOH, isobutanol; iC4, isobutyrate; iC5, isopentanoate; IndVal, indicator value; iPropOH, isopropanol; ISA, indicator species analysis; Lact, lactate; MCC, medium
chain carboxylates; MIXO, mixotrophic (period); ML, mixed liquor; ND, not determined; NMDS, non-metric multidimensional scaling; PERMANOVA, permutational
multivariate analysis of variance; PhC2, phenylacetate; PhC3, phenylpropionate; PropOH, propanol; r_i, metabolite (i) production or consumption rate; R1 and R2,
bioreactor 1 and 2; RBO, reverse f3-oxidation pathway; rTCA, reductive tricarboxylic acid cycle; SCC, short chain carboxylates; TS, total solid; VS, volatile solid
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et al. 2019; Cabau-Peinado et al. 2021; Tarasava et al. 2022;
Vogeli et al. 2022; Kim et al. 2022, 2025; Gemeinhardt
et al. 2025).

Heterotrophic microorganisms can convert the fermentable
fractions of COF (e.g., carbohydrates, proteins, lipids) into elon-
gated carboxylates, either with or without exogenous supply
of reducing equivalents such as simple soluble carbohydrates,
ethanol, or lactate (Grootscholten et al. 2013; Xu et al. 2018;
De Groof et al. 2021; Kang et al. 2022; Wang et al. 2023). In
contrast, autotrophic microorganisms can convert inorganic
carbon sources (e.g., CO,, CO) into carboxylates, using hydro-
gen (H,) or electricity as electron donors (Jourdin et al. 2015;
Batlle-Vilanova et al. 2017; Bengelsdorf and Diirre 2017; Liu
et al. 2020; Baleeiro et al. 2021; Esquivel-Elizondo, Delgado, and
Krajmalnik-Brown 2017). To produce MCC, both autotrophic
and heterotrophic microorganisms require intracellular acetyl-
CoA and reduced cofactors as key intermediates to feed the main
chain elongation pathway, known as the reverse {3-oxidation
(RBO) (Vogeli et al. 2022; Bengelsdorf et al. 2018; Holtzapple
et al. 2021; Spirito et al. 2014; Dellomonaco et al. 2011). Briefly,
the RBO is a cyclic metabolic process that increases the carbon
chain length of carboxylates by two carbon atoms per elongation
cycle. The RBO pathway can be divided into three main stages:
initiation/elongation, a series of reduction and dehydration reac-
tions, and termination (Tarasava et al. 2022; Vogeli et al. 2022;
Dellomonaco et al. 2011).

Ethanol and lactate serve as conventional electron donors,
providing acetyl-CoA and reducing equivalents to feed the
RBO pathway (Wang et al. 2023; Spirito et al. 2014; Angenent
et al. 2016; Kucek et al. 2016). However, in organic waste
streams, their concentration is often insufficient to yield sig-
nificant amounts of MCC, particularly when using renewable
feedstocks with high lignocellulosic content. For example, the
MCC conversion yield obtained from brewer's spent grain (BSG)
without the addition of any electron donor does not exceed 5% on
a COD basis, even with BSG pretreated to enhance fermentabil-
ity (Perimenis et al. 2018; Henry et al. 2023, 2024). Alternative
strategies for supplying ethanol and lactate as exogenous elec-
tron donors should be explored, as these raw materials affect
the cost-efficiency and sustainability of the process (Baleeiro
et al. 2019).

One suggested strategy is to use H,, CO, and/or CO as electron
and carbon donors to substitute ethanol and lactate (Baleeiro
et al. 2021; Nzeteu et al. 2018). For example, the combination of
syngas fermentation and organic substrate conversion can trig-
ger chain elongation. This approach could enable the complete
conversion of lignocellulosic substrates into carboxylates by gas-
ifying their unfermentable fraction into synthesis gas (syngas,
i.e.,, CO, H, and CO,) (Baleeiro et al. 2019; Ferreira et al. 2019).
The syngas can then be converted by autotrophic microorgan-
isms to acetate or ethanol through the Wood-Ljungdahl pathway,
then feed chain elongator microorganisms that produced MCC.
Although CO present in syngas can support carboxydotrophs
and inhibit hydrogenotrophic methanogens (Esquivel-Elizondo,
Delgado, and Krajmalnik-Brown 2017; Esquivel-Elizondo,
Delgado, Rittmann, and Krajmalnik-Brown 2017), it can also
inhibit other microorganisms of interest in a mixotrophic micro-
bial consortium due to its toxic effects (Kroneck and Torres 2014;

Oelgeschldger and Rother 2008). Carboxydotrophs, such as
Clostridium autoethanogenum, C. ljungdahlii, and C. carboxy-
divorans, can tolerate CO, but primarily produce short-chain
metabolites such as ethanol, acetate, butyrate, 2,3-butanediol
or lactate (Bengelsdorf et al. 2018). Baleeiro and co-workers,
among other studies on the mixotrophic chain elongation topic
(Baleeiro et al. 2019, 2021, 2022), have recently shown that in-
creasing CO partial pressure during mixotrophic fermentation,
using corn silage as a complex organic feedstock, reshapes the
microbial community and shifts the production of carboxylates
with more than four carbon atoms towards predominantly ace-
tate and propionate (Baleeiro et al. 2023).

Another strategy to produce MCC is to combine the fermenta-
tion of renewable organic residues with the use of spent CO, and
sustainably produced H,. The combined addition of H, and CO,
has been shown to support MCC production during the fermen-
tation of COF (Henry et al. 2023). This approach, which does not
rely on CO, could promote higher microbial diversity, which is
necessary to optimize the COF degradation. COF fermentation
naturally generates biogenic CO,, which can be consumed by ac-
etogens in a mixotrophic environment to lead to the production
of metabolites in a potential carbon-neutral or carbon-negative
process (Hill and Papoutsakis 2025). The use of H, as an elec-
tron donor aligns with the decarbonization using “green” H, as
chemical and energy vector produced from renewable electricity
(Wu et al. 2022). Developing such a technology could integrate
biowaste upcycling, carbon capture and utilization, and the use
of low-carbon footprint H,.

The production of MCC by integrating acidogenic fermentation
of complex organic feedstocks with gas fermentation by mixo-
trophic microbial communities remains poorly understood. A
major knowledge gap in mixotrophic chain elongation lies in
identifying and understanding the dynamics of metabolically
active functional microbial groups that couple autotrophic and
heterotrophic pathways within the microbial network. The
present study aims to identify the microorganisms involved in a
mixotrophic fermentation and their interactions, with a partic-
ular focus on identifying the bacterial taxa involved in the H,-
and CO,-based chain elongation phase, first observed by Henry
et al. (2023). This process is further investigated in the present
study under the same physicochemical conditions and bioreac-
tor design.

2 | Material and Methods
2.1 | Substrate and Inoculum

Brewer's spent grain (BSG) was used as a renewable carbon-
based feedstock in this study. It was collected fresh on the day
of brewing at the Bertinchamps craft brewery in Gembloux,
Belgium. BSG was immediately divided into 1kg samples, which
were placed in plastic bags and stored in a freezer at —20°C be-
fore use. BSG comes from the same batch as the one used in
Henry et al. (2023) (Table 1). The inoculum consisted of a fresh
activated sludge sample collected at the municipal wastewater
treatment plant in Mont-Saint-Guibert, Belgium, on the day the
fermentation started. Table 1 summarizes the BSG and inocu-
lum composition.
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TABLE 1 | Physicochemical properties of the substrate and
inoculum (mean + standard deviation of triplicate analyses): Total solid
(TS) of the fresh matter (FM), volatile solid (VS) and chemical oxygen
demand (COD) content of the main components of total solids.

BSG Inoculum
Total solid, ... 0.227+0.001  0.0069+0.0001
(8rs/8rn)
Volatile solid, . 0.9585+0.0003  0.471%0.002
(8vs/8rs)
COD (gc0p/8rs) 1.55+0.01 0.82+0.02
Lignin (g, g o) 0.048£0.001 ND
Hemicelluloses 0.331+0.006 ND
(ghemicelluloses g_ITS)
Cellulose 0.178 £0.002 ND
(gcellulose gilTS)
Proteins (g, eins 8 '1s)  0-251£0.003 ND
Starch (g, ., 87'r¢) 0.069 +0.002 ND
Soluble sugars 0.0077 £0.0001 ND
(gsolublefsugars g_ITS)
Minerals 0.042+0.001 ND
(gminerals g_lTS)
Other (g, e, € '1s) 0.70+0.015 ND

Abbreviation: ND, not determined.

2.2 | Bioreactor Preparation and Monitoring

Fermentations were conducted in duplicate using 2L Scott
Duran GL45 glass bottles used as batch bioreactors, as de-
scribed in Henry et al. (2023). At the start of the fermentation,
the mixed liquor (ML) contained BSG at a concentration of
99+0.2 gop L'y in an initial total volume of 0.22L,,; . This
was achieved by adding fresh matter (FM) of BSG at a final
concentration of 65.6+0.1g., zse (corresponding to 14.9
g and 50.7 g, o), along with 20mL of inoculum (0.5 €con
L1, 11 mL of the concentrated mineral stock solutions, and
149.3+ 0.1 mL of water to each bioreactor. The final concen-
trations of the nutrients supplemented in the bioreactor were
as follows: 31mM NH,H,PO,, 2.9mM MgCl,6H,0, 0.8 mM
MgS0,7H,0, 1.4mM L' CaCl,2H,0, 2.7mM L' KCl, 48 uM
H,BO,, 75uM FeCl,4H,0, 6.2uM ZnSO,, 2.4uM MnCl,,
15uM CoCl,, 0.7uM CuCl,, 1.5uM NiCl,, 1.5uM Na,MoO,,
and 0.4 uM Na,Se,0,, adapted from Chen et al. (2016). The ini-
tial pH of ML was 5.38 +£0.02. It was adjusted to pH 6.8 before
the beginning of the fermentation by adding 2M KOH to each
bioreactor. The pH was measured with a pH-meter (WTW
pH-Electrode SenTix 41, WTW Multiline P4 universal meter).
Each addition to the bioreactor was weighed with a weigh-
ing scale (OHAUS navigator NVT6201) and recorded. Before
sealing the bioreactor, 10 mL of homogenized ML sample was
taken with a 50mL polypropylene syringe (BD Plastipack,
USA) and stored at —80°C for further analysis. Bioreactors
were then sealed and flushed for 5min at a 4 Lmin~! flow rate
with a H, and CO, gas mixture of 77.13/22.87%,,, (certified
Crystal Mixture, Air Liquide). In each bioreactor, 20 mL of gas

was sampled to identify the starting headspace gas composi-
tion and ensure that no O, traces remained. The gas pressure
was measured with a hand manometer (UNIK 5000 manom-
eter, GE, USA) and adjusted to 1.3bar (absolute pressure).
Bioreactors were incubated for 63days in a thermostatically
controlled incubation chamber at 35°C, in the dark, on an or-
bital shaker (Kiihner Shaker Lab-Shaker) set to 120 rpm with
a 2.5cm amplitude.

The bioreactor monitoring routine on each day of measurements
was carried out as detailed in Henry et al. (2023). Briefly, in the
thermostatically controlled incubation chamber, the initial bio-
reactor mass and initial pressure were measured, an initial gas
sample was analysed, and a 10mL sample of the homogenized
ML was collected for further analysis. Two mL of this ML sam-
ple were used to measure the pH and to determine the amount
of H,PO, or KOH needed to adjust the pH to 6.8. Another 2-mL
sample of the ML was directly collected in 5mL Eppendorf tubes
and stored at —80°C for subsequent microbial community anal-
yses. The remaining 6-mL sample was centrifuged, the pellet
was separated and stored at —20°C, while the supernatant was
directly used for soluble COD and soluble metabolites quantifi-
cation; the remaining liquid fraction was then stored at —20°C.
The required volume of neutralizing solution (2M KOH or 1M
H,PO,) was added to the bioreactor. Distilled water was added
to counterbalance the sampled volume to maintain a constant
ML volume of 0.22 L throughout the fermentation. Finally, each
bioreactor was flushed with the H, and CO, gas mixture and
pressurized to 1.3bar (absolute pressure).

2.3 | Chemical Analyses

Total solids, volatile solids, ash content and total COD
(COD,) were measured according to the standard methods
(Standard Methods Committee of the American Public Health
Association, American Water Works Association, and Water
Environment Federation 2023). Soluble COD (COD,) was
measured using the COD Cell Test method (Spectroquant kits
1.14555.0001 (500-10,000mg/L range), Spectroquant Pharo
300, Merck KGaA, Germany). The headspace gas composition
was analysed by gas chromatography (CompactGC3.0, Global
Analyser Solution) with a thermal conductivity detector. This
gas analyser was calibrated to quantify the proportions of H,,
N,, 0,, CO,, CH, and water vapour (H,O ) present in the gas
sample. Soluble metabolites were extracted from supernatant
of the ML with liquid-liquid extraction in diethyl ether and
analysed by gas chromatography with a flame ionization de-
tector (Trace GC-FID, Thermo Scientific). The detected and
quantified soluble metabolites were ethanol (EtOH), propanol
(PropOH), isopropanol (iPropOH), butanol (ButOH), isobu-
tanol (iButOH), acetate (C2), propionate (C3), butyrate (C4),
isobutyrate (iC4), pentanoate (C5), isopentanoate (iC5), hex-
anoate (C6, also called caproate), heptanoate (C7), octanoate
(C8, also called caprylate), nonanoate (C9), decanoate (C10),
phenylacetate (PhC2), and phenylpropionate (PhC3). All the
methods used are detailed in Henry et al. (2023). Lactic acid
was quantified by high-performance liquid chromatography
equipped with an Aminex HPX-87H column (300X 7.8 mm,
Bio-Rad, Hercules, USA) and a refractive index detector
(Agilent Technologies 1260 Infinity, G1362A 1260 RID).
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The eluent was a 5mM H,SO, solution, with a flow rate of
0.5mLmin™! for 55min. The column oven temperature was
maintained at 65°C, and the RID temperature was set at 50°C.
Metabolite production was normalized to the ML volume and
expressed in g 17y (Kgeop M3, to facilitate data com-
parison and transposition.

2.4 | Microbial Community Analysis by 16S rRNA
Gene Illumina Sequencing

Microbial identification, analysis of raw absolute counts
(Tremblay et al. 2015; Tremblay 2019; Tremblay and
Yergeau 2019), and evaluation of functional roles in the pres-
ent fermentation were performed using classical and validated
methodologies. Full methodological details, including data
treatment and statistical analyses, are described and referenced
in the Supporting Information. The Supporting Information
tables present the results of all PERMANOVA analyses
using Bray-Curtis dissimilarities and relative abundances of
ASVs (Tables S1-S4) and using Aitchison distances and clr-
transformed absolute abundance counts of ASVs (Tables S5-S8).

3 | Results

The two bioreactors (R1 and R2) were selected out of a set of
eight bioreactors operated under identical physicochemical and
monitoring conditions. All eight showed a similar overall trend
in MCC production, H, and CO, consumption (Figure S1). R1
and R2 were chosen as representative cases because they exhib-
ited identical metabolite production phases but differed in pro-
duction yield and temporality, allowing us to explore variability
within a supposed consistent physicochemical and microbial en-
vironment. At the start of the fermentation, all bioreactors were
fed with BSG as an organic substrate, inoculated with fresh acti-
vated sludge, and sparged with a mixture of H, and CO, as exog-
enous inorganic substrates. H, and CO, were supplied daily by
adjusting the absolute pressure to 1.3bar. The pH was adjusted
to 6.8 three times a week.

The dynamics of mixotrophic microbial communities and the
time course of metabolite production during BSG fermentation
were monitored in depth for these two biologically replicated
bioreactors (R1 and R2). Physicochemical parameters, such as
pH, neutralized protons, total and partial pressure, and me-
tabolite concentrations (in g..p L~ and mol L), were moni-
tored throughout fermentation and are presented in Figure S2.
Electron and carbon balances during the autotrophic period are
shown in Figure S3, while mass and COD balances across the
entire fermentation process are presented in Figure S4.

3.1 | Main Metabolic Production Phases Based on
Production and Consumption Rates

Figure 1 presents the metabolite production and consumption
kinetics for both bioreactors. Two fermentation periods are iden-
tified based on the substrate conversion of fermentable compo-
nents of BSG (starch, soluble sugars, proteins, and a fraction of
lignocellulose) and the consumption of CO, and H,. The first

period, from day 0 to day 14, is defined as mixotrophic due to the
distinct nutritional strategies in terms of utilization of carbon
sources and electron donors (“Mixo” in orange in Figure 1). BSG
was added only at the start of the fermentation as the organic
substrate and was almost completely exhausted after 14 days
of fermentation by chemoheterotrophic microorganisms, as
demonstrated by Henry et al. (2023). During this period, net
consumption of H, appeared in both bioreactors, suggesting
chemolithotrophic activities (Schwartz et al. 2013). Bioreactor 1
specifically showed a clear consumption of H, and CO, concom-
itant with acetate production (Figure 1), indicating the simulta-
neous activity of homoacetogenic bacteria, which confirms the
mixotrophic activities during the first period.

The second period, from day 14 to day 63 (“Auto” in blue in
Figure 1) is also mixotrophic but with autotrophic dominance.
Indeed, no additional BSG was introduced in the system and
besides the residual BSG solid fraction that can be converted
by heterotrophic microorganisms or the turnover of the mi-
crobial biomass, the major feed is the daily supply of H, and
CO,. During this period, the supplied H, and CO, were con-
tinuously consumed. According to the electron and carbon
balance (Figure S3), the metabolites produced during the au-
totrophic period correspond to at least 82%-85% of the sup-
plied H, and 83%-86% of the supplied CO,, confirming that
the metabolism during this second phase was predominantly
autotrophic.

Based on the uptake and secretion rates of substrates and metab-
olites in the fermentation broth, five metabolic phases were iden-
tified (Figure 1): hydrolysis and acidogenesis, chain elongation
based on lactate and/or ethanol (CE,, ¢ pon I brown), chain
elongation based on H, and CO, (CE ;,, o, in pink), homoace-
togenesis (Homo in grey), and methanogenesis. Methanogenic
phases are not indicated on Figure 1 due to the low methane
production observed, which started after day 51 for bioreactor 1
and day 42 for bioreactor 2. Hydrolysis and acidogenesis are not
depicted in Figure 1 as they are preliminary processes mainly
occurring during the mixotrophic period converting BSG into
primary metabolites (lactate, ethanol, and SCC).

During the mixotrophic period, the first phases of chain elon-
gation occurred when lactate was consumed between day 2 and
4 in bioreactor 1, and when lactate and ethanol were succes-
sively consumed between day 2 and 9 in bioreactor 2 (Figure 1,
CE_,.gron Prown area). In bioreactor 1, a homoacetogenic ac-
tivity was observed during the mixotrophic period between day
4 and 7, characterized by the consumption of H, and CO, and
the production of acetate (Figure 1). Acetate was then immedi-
ately consumed, along with H, and CO,, to produce butyrate,
valerate, and caproate until day 11. This pattern is characteristic
of a chain elongation phase based on SCC, H,, and CO, as pre-
viously described by Henry et al. (2023). In contrast, bioreactor
2 entered a stationary phase from days 9 to 14 after the observed
lactate and ethanol-based CE phase, with no net metabolite pro-
duction or consumption.

The autotrophic period began for both bioreactors after the or-
ganic substrate (BSG) was mostly exhausted, with a homoaceto-
genic phase characterized by a clear consumption of H, and CO,
concomitant with the production of acetate (Figure 1). After this
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FIGURE1 | Cumulative metabolite production (in mol; top) and time-interval average productivity (in mol d~!; bottom), both normalized to the
mixed liquor volume (in m?;,), over the 63-day fermentation period for bioreactor 1 (R1, left) and bioreactor 2 (R2, right). Negative productivity val-
ues indicate net consumption. The results are divided into two periods based on the organic substrate, H, and CO, consumption (mixotrophic period
from day 0 to day 14 (Mixo—orange), and the autotrophic period from day 14 to 63 (Auto—blue)). Main metabolic phases are identified based on

metabolite production or uptake rates and are highlighted by coloured areas: chain elongation based on lactate or/and ethanol (CE

chain elongation driven by H, and CO, (CE;,¢ ¢

LactsEtor PFOWI),

pink), and homoacetogenesis (Homo, grey). Metabolites are abbreviated as follows: Lact (lactate);

EtOH (ethanol); C2 (acetate); C3 (propionate); C4 (butyrate); C5 (valerate); C6 (caproate); C7 (heptanoate); C8 (octanoate).

homoacetogenic phase, the production of metabolites differed
between the two bioreactors.

In bioreactor 1, from day 18 to day 32, the main products were
medium-chain carboxylates (MCC; C6-C8), which were pro-
duced through the consumption of short-chain carboxylates
(8CC; C2-C5), H, and CO, (Figure 1—R1). Day 32 marked
a significant shift in the production phase, transitioning
from mainly producing MCC to primarily producing acetate.
Homoacetogenesis remained active until days 49-51, when
methanogenesis began to emerge slightly.

Bioreactor 2 primarily produced butyrate and valerate, from day
23 to day 30, along with a small amount of MCC, by consuming
acetate, propionate, H,, and CO,. Distinct acetate production

was observed from day 30 to 35, during the chain elongation pe-
riod driven by H, and CO,. Acetate was then consumed along
with propionate, butyrate, valerate, H,, and CO, to produce
mainly MCC (C6-C8) until day 42. This coincides with the onset
of methanogenesis.

After day 51 for bioreactor 1 and day 42 for bioreactor 2, car-
boxylate production stopped, and the remaining gas consump-
tion was mainly linked to the methane production (Figure 1).
To avoid electron misrouting towards CH, production, the pH
was lowered to 5.5 by adding H,PO, aiming at inhibiting meth-
anogens. In both bioreactors, acidification only temporarily
stopped methanogenesis. Both bioreactors were stopped on day
63 because of the reduced fermentation and chain elongation
activities.
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FIGURE 2 | Microbial community diversity metrics calculated from a rarefied ASV table normalized to a sequencing depth of 2000 reads. (A)
Richness (observed ASVs), Shannon index, Simpson's dominance index, and Gini coefficient for the initial inoculum, the native microbiome of BSG
samples, and both bioreactors (R1 and R2). (B) Temporal evolution of the Shannon (orange solid line, open circles), Simpson (blue solid line, filled
squares) and Gini coefficients (black dotted line, crosses) during fermentation in bioreactor 1 (R1, left) and 2 (R2, right). The pink shading indicates

the H,&CO,-based chain elongation phase identified during the autotrophic period (CE ), as described in Section 3.1.

H2&CO2_Auto

In conclusion, MCC accumulated to maximum concentrationsof 3.2 | Dynamics of Microbial Community

15.8 and 19.2 g, L™, in the fermentation broth of bioreactor =~ Composition and Detection of Significant Taxa

1 (at day 32) and bioreactor 2 (at day 42), respectively (Figure S2). Across Metabolic Phases and Sample Types

This corresponds to 39.7mmol 17!, , 15.0mmol, 1™, and

29mmolg 17, for R1 and 47.6mmol., 17", 18.2mmol.,  3.2.1 | Microbial Community Composition at

17, and 4.1mmol., 17, for R2. On day 63, the cumulative ~ Genera Level

net MCC production reached 75.1 and 86.9mol (normalized to

the mixed liquor volume (in m3ML)) in bioreactors 1 and 2, re- Fermentation began with coalescence of endogenous BSG mi-
spectively. For both bioreactors, caproate (C6) was the predom- crobial community and fresh activated sludge in the two batch
inant MCC, with a normalized cumulated net production of  reactors. The initial inoculum exhibited greater microbial di-
54.9 and 60.8 mol., m™—,,, in bioreactors 1 and 2, respectively.  versity than endogenous BSG, with 597 + 19 observed ASVs for
In addition, the maximum average time-interval normalized the inoculum and 51 + 2 observed ASVs for BSG (Figure 2A).
MMC productivity reached 9.03molm™,;, d~! in bioreactor 1 The initial inoculum and BSG samples had Shannon indices of
(between days 18 and 21) and 8.4molm™,;; d~! in bioreactor 2 5.820.04 and 2.15 +0.03, respectively (Figure 2A). Microbial
(between days 39 and 42). compositions of the fresh activated sludge (inoculum) and BSG
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are shown in Figures S5 and S6. Archaea were detected in the
inoculum at a relative abundance of 0.11% + 0.03%. In the BSG
samples, the Bacillaceae family was detected at a high rela-
tive abundance (92% + 1%), mainly represented by Bacillus sp.;
41% £ 1%. These spore-forming Bacillus sp. are known to grow
on BSG (Kotlar et al. 2011; Laba et al. 2017) and are part of the
endogenous BSG microbial community (Bianco et al. 2024;
Carvalheira et al. 2022). Common beer-spoilage bacteria
(Paradh et al. 2011; Juvonen 2015; Suzuki 2015) were identi-
fied at low levels, including members of the Lactobacillaceae
family (e.g., Lactobacillus sp. with a relative abundance of
3.9% +0.3%) and the Veillonellaceae family (e.g., Megasphaera
sp. with a relative abundance of 0.05% + 0.01%). Based on the
Gini coefficient (Figure 2A), the microbiome of BSG samples
(Gini=0.902+0.007) shows lower evenness than the inocu-
lum (0.617 £0.012). This confirms that the brewing process
exerts selective pressure during BSG production. This re-
sult also supports the expected high biodiversity of activated
sludge.

For both bioreactors, richness based on observed ASVs ranges
from 19 to 145, while the Shannon and Simpson indices fluctuate
from 0.48 to 3.97 and from 0.13 to 0.96, respectively (Figure 2A).
These changes throughout the fermentation suggest a succes-
sion of different nutritional and metabolic phases catalysed by
specific functional groups of phylogenetically distinct microor-
ganisms. Both the Simpson's dominance index and the Shannon
index demonstrated a marked decline in biodiversity during the
autotrophic H, and CO, chain elongation phase, indicating the
dominance of specific taxa, as confirmed by the high Gini coef-
ficient values (Figure 2B). During BSG fermentation under se-
lective anaerobic conditions with a pressurized headspace, the
microbial communities remain uneven compared to the inoc-
ulum, showing the greatest unevenness during the elongation
phase with H, and CO, (Figure 2B).

A total of 71 genera were identified with a relative abundance
greater than or equal to 1% in at least one of the samples an-
alysed for microbiome characterization. In bioreactor samples,
46 genera met this criterion. The evolution of the relative abun-
dances of the 25 most abundant taxa at the genus level for biore-
actors 1 and 2 is presented in Figures S7 and S8. Among these, 17
genera, shared between both bioreactors, belong to Firmicutes,
Bacteroidota and Actinobacteriota, collectively accounting for
61%+27% across all bioreactor samples. Megasphaera was the
most abundant genus throughout the entire fermentation pe-
riod, with a relative abundance of 30% =+ 33%, peaking during
the chain elongation phases despite significant variability.

During the mixotrophic period, both bioreactors were domi-
nated by bacterial genera linked to lactate production and con-
sumption, such as Lactobacillus (Pot et al. 2014), Streptococcus
(du Toit et al. 2014), Bifidobacterium (Egan 2018), Weissella
(Fusco et al. 2015), Olsenella (Dewhirst et al. 2001) and Dialister
(Wade 2015), and heterotrophic carbohydrate-degrading bacte-
ria, including Prevotella and Prevotella 7, recently reclassified
into the genera Segatella, Hallella, and Leyella (Hitch et al. 2022;
Shah et al. 2015) (Figures S7 and S8). The Megasphaera genus
reached a high relative abundance on day 4, when lactate
was consumed (Figure 1), at 31%+15% in bioreactor samples
(Figures S7 and S8). In bioreactor 1, on days 9 and 11, during

the mixotrophic H,- and CO,-based CE phase, Megasphaera ac-
counted for 60% + 18% of the microbial community.

During the H,- and CO,-based chain elongation phase of the
autotrophic period, Megasphaera was the most abundant
genus, with a relative abundance of 77%+11% and 79%+13%
in bioreactors 1 and 2, respectively. Clostridium sensu stricto
12 and Caproiciproducens were present during the homoaceto-
genic phases (day 14-18 and 32-51 for bioreactor 1; day 18-23
and 30-35 for bioreactor 2). During homoacetogenic phases,
Clostridium sensu stricto 12 had a mean relative abundance of
7.8%+4.1% and 2.4%+1.1%, and Caproiciproducens reached
9.4% +5.7% and 1.7% £+ 0.8% in bioreactors 1 and 2, respectively
(Figures S7 and S8).

Beta diversity analysis using NMDS and Bray-Curtis similarity
indices (Figure 3) revealed clear clustering of samples according
to the main metabolic phases. Three primary subgroups were
distinguished: the inoculum, the endogenous BSG microbiome,
and acidogenesis samples (at day 1), with the latter separated
from both the inoculum and BSG microbiome, reflecting a
rapid shift in microbial composition due to microbial commu-
nity coalescence and the imposed selective pressure (Liu and
Salles 2024). On day 4, the ethanol- and lactate-based CE sub-
group is also separated, confirming rapid community compo-
sitional changes under environmental selection. From day 4 to
day 14, samples from the mixotrophic period (crosses) clustered
tightly in the top-right section of the graph, including the eth-
anol- and lactate-based CE subgroup, the mixotrophic H,- and
CO,-based CE (Elong_H2CO2_Mixo) subgroup and the homo-
acetogenesis_Mixo subgroup. This indicates convergence and
compositional similarity of the microbial community. In con-
trast, autotrophic samples (open triangles) from day 14 to day 63
formed a more dispersed cluster below, with distinct separation
of autotrophic H, and CO,-based CE (Elong_H2CO2_Auto) and
methanogenesis subgroups, showing significant compositional
variations. Interestingly, homoacetogenesis subgroups (grey fill,
Figure 3) overlapped across ethanol- and lactate-based CE, H,-
and CO,-based CE and methanogenesis subgroups, suggesting
simultaneous homoacetogenic activity (Figure 3). The prox-
imity of the centroids of the ellipses encompassing all samples
from each bioreactor, R1 and R2, further indicates similarities
between the microbial communities in the two bioreactors. A
similar figure specifying the bioreactor origin of each sample is
provided in Figure S9.

PERMANOVA (adonis2, 999 permutations, Bray-Curtis dis-
tances) using the grouping variables shown in Figure 3 (BSG,
inoculum, and metabolic phases) on the dataset used for the
NMDS ordination revealed significant differences in microbi-
ome composition between groups. Grouping factors explained
62.6% of the variation in community composition (Figure 3).
Excluding the BSG and inoculum samples in the grouping
factors, similar results were obtained (R*>=0.572, F=17.8,
Pr(>F)=0.001). Pairwise PERMANOVA post hoc tests indi-
cated that metabolic phases differed significantly from each
other (adjusted p <0.02), except for the comparison between eth-
anol- and lactate-based chain elongation and homoacetogene-
sis_Mixo, highlighting the compositional shifts observed in the
NMDS analysis (Figure 3). Comparable patterns were observed
when using clr-transformed abundance tables with Aitchison
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FIGURE 3 | Non-metric Multidimensional Scaling (NMDS) of microbiome profiles for each technical sample from bioreactors 1 and 2, the in-
oculum and BSG samples. Marker shapes indicate sample types: inoculum (open diamonds), initial BSG sample (open circles), mixotrophic period
(crosses) and autotrophic period (open triangles). Marker colours and fill patterns represent the metabolic phase or sample origin: inoculum (purple),

initial BSG sample (blue), acidogenesis (red), lactate- and/or ethanol-based chain elongation (brown), H,- and CO,-based chain elongation (pink),

homoacetogenesis (grey), and methanogenesis (green). Black ellipses show the 95% confidence region for each reactor, and the labels Inoculum, BSG,

R1 and R2 mark the centroids (mean NMDS coordinates) of the corresponding groups. Permanova using the grouping variables shown in this figure

(“Samples from”) was significant (R?=0.62597, F=17.572, Pr(> F)=0.001).

(Euclidean) distances, confirming that these community dif-
ferences are robust to the choice of normalization and distance
metric (Figure S10).

3.2.2 | Significant Taxa Identification
and Taxa Assignment

3.2.2.1 | Taxa Assignment With Silva and Geneious
Prime BLASTn Method. All ASVs were identified at
the genus level using the Silva database. Those significantly
associated with a metabolic phase or period, as determined
by at least one of the methods cited above and being part
of the 25 most abundant ASVs at the “silva database”-genus
level, were identified as the genus and species with the best
match obtained through BLASTn in Geneious Prime using
the 16S ribosomal rRNA gene collection. All genus and spe-
cies identifications using the Silva database and the Geneious
Prime BLASTn method are summarized in the “Supple-
mentary Summary table—ASV sp.” sheet of the Supporting

Infortmation excel file. The evolution of their relative abun-
dance through the entire fermentation can be followed using
the “RelAb Dynamics” sheet of the Supporting Infortmation
excel file.

Although the V4 region of 16S rRNA gene alone cannot guar-
antee species-level resolution, the two ASVs (ASV1 and ASV2)
are presumed to correspond to Megasphaera hexanoica and
Megasphaera elsdenii (sharing 99% and 100% identity with
their assigned species). These two ASVs share only 95% iden-
tity, with 12 nucleotide differences across the 252bp V4 region
(Figure S11). This level of divergence is well below the com-
monly accepted thresholds for species identity (>98.5% for 16S
rRNA gene V3-V4 region (Wang et al. 2025), and ~100% for
16S rRNA gene V4 region alone (Edgar 2018)), which strongly
supports that these ASVs represent distinct species. Therefore,
although species-level assignment should be interpreted with
caution, the genetic distance between ASV1 and ASV2 justifies
their discrimination. In contrast, ASV2, ASV27, and ASV30
were all identified as Megasphaera elsdenii with sequence
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identities of 100%, 99.8%, and 99.6%, respectively, differing by
only 1-2 nucleotides, suggesting that they all likely belong to the
same species (Figure S11).

Although the V4 region of the 16S rRNA gene does not provide
absolute species-level resolution, species names are used with
caution throughout the manuscript for readability. To ensure
transparency, all ASVs and their corresponding taxonomic as-
signments (including identity percentages) are provided in the
sheet “Summary table—ASV sp.” of the Supporting Infortmation
excel file.

3.2.2.2 | Bioindicator Species. Significant taxa are inter-
preted as key contributors (players) or potential bioindicators
of shifts in microbial community composition and function, as
they exhibit statistically significant differences in abundance
across conditions or metabolic phases. Three methods were
used to detect significant taxa: (i) ASV coefficients from a linear
model (R Stats Package; Figures S12 and S13, Table S9), (ii) indi-
cator species analysis (ISA) by Dufréne and Legendre (1997),
and (iii) generalized linear model (GLM) with negative binomial
distribution in DESeq2 (Figures S14-S17).

The linear model (Table S9) shows that species within the
Megasphaera genus, especially ASV1 and ASV2 (presumably M.
hexanoica and M. elsdenii) are significant during the different
CE phases. M. hexanoica is significant only in the autotrophic
period and the autotrophic H,- and CO,-based CE phase, while
M. elsdenii is significant in both nutritional periods, specifically
during H,- and CO,-based CE phases and the ethanol- & lactate-
based CE phase (Figures S12A,B and S13B-D).

The ISA confirms ASV1 (likely M. hexanoica) has strong associ-
ation with the H,- and CO,-based chain elongation phase, with
an indicator value of 0.93 (p=0.001) using a binary grouping
variable (Elong_H,CO, vs. Others). ASV1 demonstrates a spec-
ificity of 94.9% and a selectivity of 90.9% with the Elong_H,CO,
group. Differential abundance analysis using DESeq2, based on
pairwise comparisons between sample groups (Figures S14-
S17), estimated log, fold changes and identified ASV1 as the
taxon most significantly associated with: (i) the autotrophic
period (versus mixotrophic, Figure S14), (ii) the H,&CO,-based
CE phases (versus mixotrophic CE phases, Figure S15) and (iii)
the autotrophic H,&CO,-based CE phases (versus all metabolic
phases occurring during the autotrophic periods Figure S16).

According to the indicator species analysis (ISA), ASV2 (likely
M. elsdenii) was not identified as an indicator species for any
specific metabolic phase or period, suggesting a transversal role
throughout the entire fermentation. Moreover, DESeq2 pairwise
comparisons showed ASV2 was not significantly associated
neither with the mixotrophic period nor the autotrophic one.
In contrast, ASV2 is significantly associated with (i) mixotrop-
hic CE phases compared with all other mixotrophic metabolic
phases, Figure S15 and (ii) the autotrophic H,&CO,-based CE
phases compared with all other autotrophic metabolic phases,
Figure S16. This supports the linear model, indicating that ASV2
(likely M. elsdenii) is a key player during the ethanol- and lactate-
based CE and the H,&CO,-based CE phases (Figure S13B-D).
Overall, these results support the hypothesis that both species
are involved in H,- and CO,-based chain elongation.

Thelinear model shows that ASV15, ASV17 and ASV25 (presum-
ably assigned to Clostridium luticellarii and Caproiciproducens
galactitolivorans) are within the ten most significant taxa during
the autotrophic homoacetogenic phases (Figure S13F), while
ASV10 (likely C. ljungdahlii) presents the thirteenth highest
coefficient in the mixotrophic homoacetogenic phase (data not
shown). The ISA performed using the binary grouping variable
Homoacetogenesis vs. Others yielded indval values of 0.85 and
0.86 (p=0.001), respectively, for ASV10 and ASV15. These high
indicator values indicate a strong association of both taxa with
the homoacetogenic phase, with specificities of 84% and 87% for
ASV10 and ASV15, respectively. Moreover, ASV10 and ASV15
(likely C. ljungdahlii and C. luticellarii) were significantly asso-
ciated with the autotrophic period (versus mixotrophic period
Figure S14). This is aligned with the linear model and the ISA
outcomes and supports the hypothesis that ASV10 and ASV15
are involved in homoacetogenesis.

The results from all three methods (linear model, ISA, and
DESeq2) converge to indicate that ASV1 (likely Megasphaera
hexanoica) and ASV2 (likely Megasphaera elsdenii) are sug-
gested to be key microorganisms involved in H,- and CO,-based
CE and ethanol- & lactate-based CE, while ASV10 (likely C.
ljungdahlii) and ASV15 (likely C. luticellarii) are suggested to be
key microorganisms during the homoacetogenic phases. These
findings will be discussed in the following section, with a focus
on these four ASVs. Other microorganisms, such as Eubacterium
(ASV33), Caproiciproducens (ASV17 and 25), Bifidobacterium
spp., and Prevotella spp., may also play secondary roles and will
be highlighted where relevant.

3.2.2.3 | The 25 Most Abundant Taxa of the Microbial
Communities. Figure 4 shows the 25 most abundant ASVs
detected across both bioreactors. Eighteen of these ASVs were
among the top ten significant taxa identified using the linear
model during specific periods and metabolic phases (Table S9).
The ASVs are hierarchically clustered in a horizontal manner
based on their co-occurrence across metabolic phases, and in a
vertical manner based on reactor presence (Reactor), nutritional
periods (Metabolism_Carbon), and metabolic phases (Main_
Metabolic_Phase). This shows that there are similar community
compositions within each group. Figure 5 shows the relative
abundance of 12 key taxa identified throughout the specific met-
abolic fermentation phases: the CE,;,, o, CE homoa-
cetogenesis, and methanogenesis phases.

ETOH&Lact”

During the mixotrophic period, for both bioreactors, ASV2
(likely M. elsdenii) emerged as a dominant species alongside lac-
tic acid-producing and consuming bacteria, as well as hetero-
trophic carbohydrate and protein-degrading bacteria (Figure 4,
Table S9). On day 4, when both bioreactors clustered closely on
the dendrogram (Figure 4), ASV2 accounted for 30% + 14% of all
taxa (Figure 5).

In bioreactor 1, days 7, 9 and 11 form a cluster representing
the transition from a homoacetogenic to a H,- and CO,-based
CE phase (Figure 4). On day 7, which showed the highest ace-
tate production rate (Figure 1: 13.8 molm=3d~"), ASV10 (likely
C. ljungdahlii) appeared at 1.6%=%0.9% relative abundance
(Figure 5). During the subsequent mixotrophic H,- and CO,-
based CE phase (from day 9 to day 11), ASV2 (likely M. elsdenii)
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sity reflects clr-transformed abundance, with higher values in red and lower values in blue (see colour scale legend; minimum clr of around —0.46,

maximum clr of around 11.5). The x-axis clusters samples based on microbial community composition similarity, and is annotated for bioreactors,

carbon metabolism type (autotrophic or mixotrophic), and main metabolic phases. ASVs on the y-axis are clustered according to their co-occurrence

patterns across samples.

resurged, rising from 6.6% +4.0% (day 7) to 59.3% +7.3% (day 9)
before declining to 6.4% +2.0% on day 14 (Figure 5).

In bioreactor 2, during the mixotrophic period, samples
from days 7, 9, and 11 also clustered together (Figure 4).
The heterotrophic carbohydrate-degrading bacteria iden-
tified as Prevotella genus (mainly ASV3 and ASV28) were
among the most abundant ASVs (Figure 4, Figure S8). ASV33
(Eubacterium [nodatum group]) was also prevalent from day
7 to day 14, with an average relative abundance of 4.2% £ 3.5%
(Figure 5, Figure S8). ASV33 is closely related to Aminicella
lysinolytica (identity 96.6%) or Eubacterium pyruvativorans
(identity 95.6%) based on BLASTn search in the 16S rRNA
gene database.

The autotrophic period after day 14 encompasses the main
metabolic phases: homoacetogenesis, H,- and CO,-based CE,
and methanogenesis. This period was malnly domlnated by
the Megasphaera genus, including ASV1 (likely M. hexano-
ica), ASV2, ASV27, and ASV30 (likely M. elsdenii) as well as

ASV4 (likely M. sueciensis). Clostridium sensu stricto 12 genus
was represented by ASV10 (likely C. ljungdahlii), ASV15, and
ASV54 (presumably associated with C. luticellarii), along with
ASV17 and ASV25 (likely Caproiciproducens galactitolivorans)
(Figures 4 and 5, Figures S7, S8 and S14, Table S9).

For both bioreactors, the H, and CO,-based CE phases (days
18-32 for R1 and days 23-42 for R2) were dominated by the
Megasphaera genus, with relative abundances of 67% + 23% for
R1 and 79% +13% for R2 (Figures S7 and S8). ASV1 and ASV2
were the dominant species during these H, and CO,-based
CE phases (Figures 4 and 5). In bioreactor 1, the Megasphaera
genus was overwhelmingly represented by ASV1 (likely M.
hexanoica). In contrast, bioreactor 2 underwent a succession of
Megasphaera species during the autotrophic H,- and CO,-based
CE phase (Figures 4 and 5). Specifically, ASV2, 27 and 30 (likely
M. elsdenii) dominated from day 25 to 32 (52% =+ 12%), followed
by ASV1 (likely M. hexanoica) until day 42 (86% + 8%) before de-
clining. Their decline marks the end of the H, and CO,-based
CE phase (Figures 4 and 5).
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In bioreactor 1, homoacetogenic phases occurred before and after
the autotrophic H,- and CO,-based CE phase, while in bioreactor
2, homoacetogenic phases occurred before and during the auto-
trophic H,- and CO,-based CE phase (Figure 1). Compared to
the other metabolic phases, the top 10 significant taxa identified
during the homoacetogenic phases comprised ASV17 and ASV25
(likely Caproiciproducens galactitolivorans), ASV15 (likely C. luti-
cellarii), and ASV4 (likely M. paucivorans) (Figure S13F, Table S9).
The heatmap (Figure 4) clustered both vertically and horizontally,
ASVs 10, 17, 15, 25 and 4 together, showing their co-occurrence
during the autotrophic period. All these taxa linked to both au-
totrophic homoacetogenic and H,&CO,-based CE phases showed
low relative abundances that varied over time (Figure 5). The
“Supplementary Spreadsheet, RelAb Dynamics” can be used to
track the dynamics of all identified taxa.

The autotrophic period in both bioreactors ended with a meth-
anogenic phase, involving different genera: Methanobrevibacter
in R1 and Methanobacterium in R2, both being hydrogeno-
trophic methanogens. The development of these Archaea can
be explained by their presence in the endogenous inoculum
(Supporting Information Spreadsheet, “RelAb Dynamics”). It
is hypothesized that they outcompeted the homoacetogens and
the H,-and CO,-based chain elongators at the end of the fer-
mentation, when nutrient and substrate availability was limited,
allowing the slower-growing Archaea to develop. In bioreactor
1, ASVA41 (likely Methanobrevibacter aggregans) was presumed
to be responsible for methane production, while in bioreactor 2,
ASV94 (likely Methanobacterium acidilurans) was the primary
methanogen (Figure 5, Supporting Information Spreadsheet,
“RelAb Dynamics”).

3.2.3 | Correlation Between Metabolite Production
Rate and Relevant ASVs

All absolute ASV abundances were clr-transformed, repre-
senting log-ratios relative to the community geometric mean.
Figure 6 illustrates the correlation between clr-transformed
abundances of significant ASVs (see Section 3.2.2) and aver-
age time-interval productivities (molm=3,;, d~!, normalized
to the mixed liquor volume in m=, ) throughout fermen-
tation in both bioreactors. Positive Spearman's correlation
coefficients (in red, Figure 6) indicate a direct relationship
between increases in ASV abundance and metabolite pro-
duction rates. False-positive correlations may occur when the
clr-transformed abundance of an ASV decreases while metab-
olites are being consumed. In contrast, negative Spearman's
correlation coefficients (shown in blue, Figure 6) indicate an
increase in ASV abundance associated with metabolite con-
sumption, whereas false-negative correlations can appear
when ASV abundance decreases while metabolites are pro-
duced. To minimize false positives and false negatives, only
significant Spearman’s correlation coefficients with a p <0.05
are discussed below.

ASVs 1, 2 and 4 (likely M. hexanoica, M. elsdenii and M. suec-
iensis), ASVs 10 and 15 (likely C. ljungdahlii and C. luticellarii)
and ASVs 17 and 25 (likely Caproiciproducens galactitolivorans)
show significant correlations with the consumption of both H,
and CO,. Moreover, ASV1 (likely M. hexanoica) is also signifi-
cantly correlated with the consumption of SCC (C2, C3, C4, C5)
and the production of MCC (C6, C7 and C8). The three ASVs
likely associated with M. elsdenii (ASVs 2, 27, and 30) exhibit
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significant correlations with different metabolites. Specifically,
ASV?2 correlated with the consumption of lactate, H,, CO,, and
C2, along with the production of carboxylates from C4 to C7.
While ASVs 27 and 30 both showed significant correlation with
C2 consumption, ASV30 is primarily associated with H, con-
sumption and the production of C4, C5 and C6, whereas ASV27
mainly correlates with the production of C4 to C8, without sig-
nificant H, and CO, consumption. ASV4 (likely M. sueciensis)
correlates with the consumption of C3, H,, and Co, and the pro-
duction of C6 to C8. ASV10 (likely C. ljungdahlii), ASV15 and
ASV 54 (likely C. luticellarii) and ASV25 (likely C. galactitoliv-
orans) are significantly associated with the consumption of H,
and CO, and the production of C2. Additionally, ASV17 (likely
C. galactitolivorans), ASV15 and ASV54 (likely C. luticellarii)
both significantly correlate with the consumption of H, and CO,
and the production of C8.

4 | Discussion

4.1 | Microbiome Structure-Function Coupling
During the Fermentation

4.1.1 | Megasphaera as a Versatile Consumer of Carbon
and Electron Sources in Chain Elongation

The Megasphaera genus was identified as a key player in both
bioreactors, with an average relative abundance of 56% +32%
during all chain elongation phases, utilizing lactate, etha-
nol, or H, and CO,. Distinct Megasphaera-associated ASVs
emerged sequentially, each correlating with specific metabo-
lite consumption and production (Figure 6). The predominant
Megasphaera spp. exhibited phase-dependent dynamics: ASVs
2,27, and 30 (likely M. elsdenii) persisted in both mixotrophic
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and autotrophic conditions, while ASV1 (likely M. hexanoica)
dominated during autotrophy. Figure 7 illustrates metabolite
production kinetics alongside the Megasphaera spp. relative
abundance and the relative abundances shift of ASV1 (likely
M. hexanoica) and ASV2 (likely M. elsdenii) throughout the
chain elongation process.

4.1.2 | ASV2 (Likely M. elsdenii) as a Carboxylate (SCC
and MCC) Producer From Lactate

ASV2 (likely M. elsdenii) is notably prevalent during the
EtOH- and lactate-based chain elongation phases (Figure 7,
Table S9, Figure S13C), with an average relative abundance of
30%=+14% on day 4 in R1 and R2 (representing over 98% of all
Megasphaera-associated reads) (Figure 7). This time point co-
incides with lactate consumption in both reactors (Figure 1),
while ethanol is being produced (Figure 7). M. elsdenii is known

R1

to metabolize lactate into various SCC and MCC, including
C2, C3, C4, C5, and C6 (Chen et al. 2019; Prabhu et al. 2012;
Weimer and Moen 2013). The significant negative Spearman
coefficient between ASV2 and lactate (Figure 6), indicates that
ASV2 is a key lactate-utilizing species in this system. Since the
other lactate consumers, such as Bifidobacterium spp. (ASVs 11
and 63) and ASV3 (likely Segatella paludivivens) (Figure 6), do
not produce MCC, ASV2 (likely M. elsdenii) becomes the only
taxon responsible for MCC production from lactate during this
fermentation phase (see Section 4.1.6 for a discussion on other
lactate utilizers).

4.1.3 | Is ASV2 (Likely M. elsdenii) a Chain
Elongator From H,, CO,, Acetate, and Propionate?

In both bioreactors, alongside MCC production, the relative
abundance of ASV2 (likely M. elsdenii) increased a second time
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reaching an average relative abundance of 49% + 14% in biore-
actor 1 from day 9 to day 11, and 38% +9% in bioreactor 2 from
day 25 to day 32 (Figures 1, 5 and 7). These resurgences were
observed in both bioreactors during an H,- and CO,-based CE
phase, coinciding with the mixotrophic period in bioreactor 1
and the autotrophic period in bioreactor 2.

M. elsdenii is known to convert carbohydrates (mainly glu-
cose) or lignocellulosic hydrolysates into carboxylates (C2, C3,
C4, C5, and C6) (Weimer and Moen 2013; Nelson et al. 2017).
In bioreactor 1, the presence of the fermentable fraction of BSG
that had not yet been fully converted may explain M. elsdenii
resurgence during the mixotrophic H,- and CO,-based CE phase
(days 9-11). However, in bioreactor 2, the fermentable fraction of
BSG had been largely depleted during the autotrophic H,- and
CO,-based CE phase (days 25-32), which cannot explain the re-
appearance of ASV2 (Figure 7). In addition, according to known
metabolic pathways, acetate, H,, and CO, should have been
produced if carbohydrates or lactate were used as electron do-
nors and carbon sources for chain elongation (da S. Cabral and
Weimer 2024), whereas in both bioreactors during these inter-
vals, acetate, H,, and CO, were intensely consumed (Figure 7).
Indeed, from day 25 to day 32 in bioreactor 2, the microbiome,
dominated by ASV2 (likely M. elsdenii), consumed acetate, H,,
and CO, to produce butyrate, valerate, caproate, and heptanoate
(Figures 1 and 7). The consumption of acetate, H,, and CO,,
along with the production of C4, C5, C6, and C7, is strongly cor-
related with the presence of ASV2 (likely M. elsdenii) (Figure 6).
Moreover, M. elsdenii-associated ASVs 27 and 30 showed simi-
lar correlations with acetate and H, consumption and with the
production of C4, C5, and MCC (Figure 6). This suggests that M.
elsdenii plays a key role in the elongation of carboxylates, regard-
less of the initial carboxylate chain length or whether it contains
an even or odd number of carbons.

In addition to M. elsdenii significantly consuming SCC, its neg-
ative correlation with H, and CO, production rates suggests a
potential to consume these gases (Figure 6). The consumption
of H, correlates significantly with ASV2 and ASV30 (p<0.01,
Figure 6), and almost significantly with ASV27 (p=0.053).
Interestingly, CO, consumption correlates only with ASV2
(p<0.05, Figure 6). Since these three M. elsdenii ASVs accounts
for 52% +12% of the microbial community in bioreactor 2 from
day 25 to 32, and the electron and carbon balances (Figure S3)
indicates that 82%-85% of supplied H, and 83%-86% of supplied
CO, are incorporated into metabolites during the autotrophic
period, M. elsdenii most likely utilizes both H, and CO, in its
chain elongation pathway. Additionally, syntrophic, or synergis-
tic interactions between homoacetogens and M. elsdenii may ex-
plain elongated carboxylates production alongside H, and CO,
consumption (Section 4.2).

4.1.4 | Is ASV1 (Likely M. hexanoica) the Specialist in
MCC Production From SCC, H, and CO,?

In both bioreactors, ASV1 (likely M. hexanoica) dominates the
autotrophic period showing an overwhelming relative abundance
during H, and CO,-based CE phases up to 91% +2% in bioreac-
tor 1 and 83%+ 3% in bioreactor 2 (Figures 5 and 7, Supporting
Information Spreadsheet, RelAb Dynamics). Figure 6 shows that

ASV1 (likely M. hexanoica) significantly consumes H,, CO,, SCC
(C2, C3, C4 and C5) and significantly produces MCC (C6, C7 and
C8). During H, and CO,-based CE phases, the fermentable frac-
tion of BSG was nearly depleted, with no detected consumption of
lactate or ethanol, leaving H, as the sole available reducing equiv-
alent. Compared to M. elsdenii ASVs, ASV1 (likely M. hexanoica)
correlates more strongly with H,, CO,, C4, and C5 consumption
(Figure 6), suggesting ASV1 (likely M. hexanoica) is the specialist
producer of MCC in this system. The proposed pathway for MCC
production by M. hexanoica from H,, CO,, and carboxylates is
discussed in Section 4.3.

4.1.5 | Homoacetogens as Key Players in Mixotrophic
Chain Elongation System

In both bioreactors, multiple homoacetogenic phases, charac-
terized by acetate production and H,&CO, consumption, oc-
curred during mixotrophic and autotrophic periods (Figure 1).
ASVs 10, 15, 17 and 25 (likely C. ljungdahlii, C. luticellarii and
Caproiciproducens galactitolivorans) cluster in the dendrogram
during the autotrophic homoacetogenic phases (Figure 4) and
are statistically significant during autotrophic homoacetogenic
phases compared to the other metabolic phases (Figure S13F,
Table S9). Moreover, all three correlate significantly with H, and
CO, consumption and acetate production (Figure 6).

C. ljungdahlii is a well-established acetogen that produces ac-
etate from H, and CO,, among other substrates (Hermann
et al. 2020; Tanner et al. 1993; K&pke et al. 2010). C. luticellarii
has recently been identified as a major producer of acetic acid
at pH6.5 in the presence of H, and CO, (Marién et al. 2023).
Despite their low relative abundance during acetate-producing
phases, C. ljungdahlii (ASV10, 2.3%+2.1%) and C. luticellarii
(ASV15, 2.6%+2.2%) seem to be the main acetate producers.
With a calculated soluble concentration of H, and CO, oscillat-
ing from 0.59 to 0.69 mM;, and from 6.59 to 7.75mM_,,, and a
measured pH oscillating from 6 to 6.8 for both bioreactors, these
(homo-)acetogens from the Clostridiaceae family are in the right
condition to grow (Poehlein et al. 2025; Laura and Jo 2023).

In contrast, the significant presence of ASV17 and ASV25 (likely
Caproiciproducens galactitolivorans) during homoacetogenic
phases is unexpected (Figure S13F, Table S9). Indeed, this spe-
cies is closely related to Caproicibacter fermentans, known for
producing carboxylates, H, and CO, from carbohydrates (Kim
etal. 2015; Flaiz et al. 2020). Its identification as a significant taxon
throughout the autotrophic period seems inconsistent (Table S9).
A plausible hypothesis is that this species gradually metabolizes
the residual solid fraction of BSG, which slowly solubilizes over
time. This aligns with incomplete electron and carbon balances
observed during the autotrophic period (Figure S3), suggesting
forgotten processes and additional electron and carbon inputs to
close these balances (Heijnen and Verheijen 2011).

4.1.6 | Supporting and Competing Taxa Involved in
Chain Elongation Process

During the mixotrophic period, Olsenella, Lactobacillus, Limo-
silactobacillus, Bifidobacterium, Prevotella, and Prevotella_7 are
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identified asSCC-producinggenera(Figure 6). Limosillactobacilus,
Streptococcus, and Weissella genera appear to be the main lactate
producers, as their representative ASVs (respectively 19, 7 and
9) show significant positive coefficients in the Spearman cor-
relation analysis (Figure 6). In contrast, ASV 3 (likely Segatella
paludivivens) and ASVs 11 and 63 (Bifidobacterium spp.) seem
to significantly consume lactate for SCC production (Figure 6).
Interestingly, S. paludivivens is not known to metabolize lac-
tate and instead produces acetate from carbohydrates (Hitch
et al. 2022; Ueki et al. 2007). Similarly, Bifidobacterium spp. are
reported not to metabolize lactate (Mattarelli 2018), though they
produce it along with acetate via hexose and pentose fermentation
(Spormann 2023). Since lactate consumption and carbohydrate
conversion can occur simultaneously but through distinct met-
abolic pathways, Spearman’s correlations should be interpreted
cautiously, as they may reflect co-occurrence rather than direct
metabolic interactions.

These results also suggest that ASV2 (likely M. elsdenii) is the
only significant lactate utilizer in the system (Figure 6). Its
co-occurrence with lactate producers indicates cross-feeding
activity among these genera. Zhao et al. (2024) recently demon-
strated lactate cross-feeding between Bifidobacterium spp. and
Megasphaera indica, contributing to butyrate production in the
human colon. In the present system, lactic acid producing bac-
teria, such as Bifidobacterium, Limosillactobacillus, Weissella,
and Bacillus likely support the growth of M. elsdenii, enabling
carboxylate production, primarily butyrate and caproate.

ASV33, mainly detected in bioreactor 2, was identified as
Eubacterium [nodatum group], closely related to Aminicella lysi-
nolytica or Eubacterium pyruvativorans (Figure 5). Both species
are non-saccharolytic bacteria but ferment amino acids to pro-
duce carboxylates (Wallace et al. 2003, 2004; Ueki et al. 2015).
Another carboxylate-producing, amino-acid-fermenting an-
aerobe, Acidaminococcus fermentans (ASV34), was predomi-
nant during the first 25days in both bioreactors (Supporting
Information Spreadsheet, “RelAb Dynamics”). This suggests
that BSG protein degradation, previously reported by Henry
et al. (2023), likely occurred in this experiment, with these pro-
teins being partially converted into carboxylates.

During methanogenic phases, ASV41 (likely Methanobrevibacter
acididurans) and ASV94 (likely Methanobacterium aggregans)
are identified as the primary contributors to methane pro-
duction. Both Methanobrevibacter and Methanobacterium are
hydrogenotrophic methanogens (Boone 2015; Miller 2015), ac-
counting for 79% and 21% of all Archaea detected during the
entire fermentation, respectively. The absence of acetate con-
sumption and aceticlastic methanogens during the methano-
genic phases suggests that aceticlastic methanogenesis is being
inhibited. This is probably due to the high partial pressure of
H,, which is preventing the growth of their required syntrophic
fatty acid oxidizers (Schink 1997).

4.2 | Proposed MCC Production Pathway in
This System

Figure 8 illustrates microbial interactions during mixotrop-
hic and autotrophic periods. In addition to acidogenic bacteria

metabolizing BSG into intermediates and homoacetogenic bac-
teria converting H, and CO, into acetate, our findings indicate
that Megasphaera spp. are the primary chain elongators in this
mixed culture fermentation. ASV2 (likely M. elsdenii) appears
to be a versatile chain elongator, consuming lactate, H,, CO,,
and C2 to produce SCC and MCC (C4 to C7). In contrast, ASV1
(likely M. hexanoica) appears to be a more specialized MCC
producer in this system by consuming H,, CO,, and C2-C5 to
generate C6-C8. The co-occurrence of Megasphaera spp. with
ASV10 and ASV15 (likely C. ljungdahlii and C. luticellarii)
suggests potential syntrophic/synergistic interactions. Mook
et al. (2024) recently reported on the interaction between an en-
gineered Acetobacterium woodii that consumes H, and CO, to
produce lactate, and a Clostridium drakei strain SL1 that gen-
erated elongated carboxylates from that lactate. In the present
work, homoacetogens ASVs 10 and 15 (likely C. ljungdahlii and
C. luticellarii) may produce acetate from H, and CO,, while
Megasphaera spp. consume acetate in combination with H, and
CO, to produce elongated carboxylates.

4.3 | Hypothetical Direct Use of CO, and H, by
Megasphaera spp.

To our knowledge, this is the first report associating
Megasphaera spp. (presumably M. elsdenii and M. hexanoica)
with the consumption of H,, CO, and SCC to produce elongated
carboxylates. However, M. elsdenii was already reported to uti-
lize H, in 1953 (Elsden and Lewis 1953). In their preliminary
study, Elsden and Lewis (1953) identified bacterial strain LC,
later confirmed as M. elsdenii, as capable of using gaseous H,
during pyruvate fermentation to produce carboxylates. They
also found that adding C2, C3 or C4 during pyruvate fermenta-
tion enhanced H, consumption and increased the formation of
C4, C5 and C6, respectively (Elsden and Lewis 1953). However,
these experiments were conducted under low CO, partial pres-
sure, limiting their ability to assess CO, uptake.

More recently, Lee et al. (2020) conducted a genome-scale met-
abolic network reconstruction, suggesting that M. elsdenii can
fix CO, to produce butyrate and caproate. The proposed path-
way combines an incomplete reductive tricarboxylic acid cycle
(rTCA) with a subsequent RBO cycle (Lee et al. 2020). The path-
way starts from pyruvate and HCO,~, where ATP-dependent
pyruvate carboxylase generates oxaloacetate, which continues
through the rTCA to crotonyl-CoA. Crotonyl-CoA is then con-
verted to butyryl-CoA, which can either form butyrate or enter
the RBO cycle as butyryl-CoA, ultimately yielding caproate (Kim
et al. 2022; Lee et al. 2020). Taken together, this study shows M.
elsdenii and M. hexanoica may directly metabolize SCC, H, and
CO, to produce elongated carboxylates, without synergic or syn-
trophic interactions with other functional groups. This would be
possible only if (i) pyruvate can be generated from H, and CO,,
and (ii) H, can serve directly as a reducing equivalent.

Pyruvate can be produced from acetyl-CoA and CO,. Under
high CO, partial pressure, the TCA cycle can reverse towards
autotrophy, converting acetyl-CoA and CO, to pyruvate by re-
ductive carboxylation catalysed by pyruvate synthase, with-
out ATP requirement (Steffens et al. 2021; Berg 2011). The
observed consumption of H, could be directly catalysed by
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FIGURE 8 | Proposed microbial interactions during mixotrophic and the autotrophic BSG fermentation in the presence of H, and CO,.

Megasphaera spp. through their hydrogenases. M. elsdenii
has genes encoding different types of hydrogenases (Van Dijk
et al. 1979; Atta and Meyer 2000; Caserta et al. 2016). While
hydrogenases, such as Hyd (Esselborn et al. 2013; Katsyv
et al. 2023), are mainly studied for H, generation, they can
also catalyse the oxidation of H, into protons and electrons
(Fourmond et al. 2021). In the oxidation mode, hydrogenases
generate electrons that contribute to the respiratory chain for
ATP production. Additionally, some soluble hydrogenases
can regenerate reduced cofactors NAD(P)H by consuming
supplied H, (Lubitz et al. 2014). For chain elongation, re-
duced NADH is essential for driving the reverse (3-oxidation,
with 2mol of NADH required per elongation cycle (Wu
et al. 2017). Similarly, the production of crotonyl-CoA from
pyruvate via the reductive TCA requires 4 mol of NADH (Kim
et al. 2022).

Although Megasphaera spp. possess hydrogenases for H, me-
tabolism and M. elsdenii can utilize CO, through a partial
reductive TCA cycle, the pathway to produce elongated car-
boxylates from H,, CO,, and carboxylates remains unclear.
In addition, the significant decline in the relative abundance
of Megasphaera, along with the sharp decrease in elongated
carboxylate production (Figures 1 and 7), indicates that the
conditions required to sustain elongated carboxylate produc-
tion using SCC, H, and CO, have not yet been fully optimized.
These decreases in abundance and production may suggest in-
hibition from carboxylate toxicity (Jarboe et al. 2013; Desbois
and Smith 2010), nutrient deficiencies, unfavourable growth
conditions, or competing pathways consuming H, and CO,.
Further studies should focus on the eco-physiology of M. els-
denii and M. hexanoica to identify their specific MCC produc-
tion pathways using carboxylates, H,, and CO,, and to assess

the impacts of carboxylate concentrations and other limiting
nutrients on growth.

5 | Conclusion

This study identifies Megasphaera spp. (presumably
Megasphaera elsdenii and Megasphaera hexanoica) as the pri-
mary species responsible for MCC production in a mixed culture
fermentation system fed by a combination of organic (brewer's
spent grain) and inorganic (H, and CO,) substrates. ASV 2 (likely
Megasphaera elsdenii) is identified as a versatile chain elonga-
tor, capable of producing both SCC and MCC from lactate in the
early fermentation phases, and elongated carboxylates (mainly
butyrate, valerate and caproate) from acetate, propionate, H,
and CO,. Under the investigated conditions, ASV1 (likely M.
hexanoica) appears to be specifically adapted to produce MCC
(caproate, heptanoate and octanoate) from H,, CO, and SCC
(acetate, propionate, butyrate and valerate), primarily during
the autotrophic period. Potential syntrophic or synergistic in-
teractions between acetogens from the Clostridiaceae family
(presumably C. ljungdahlii and C. luticellarii) with Megasphaera
spp. are suggested by the formation and utilization of acetate
during the mixotrophic and autotrophic H,- and CO,-based CE
phases. This study is the first one to suggest that Megasphaera
spp. can directly use H, and CO, along with carboxylates to pro-
duce elongated carboxylates, enhancing the targeted production
of medium-chain carboxylates. Further studies on pure or poly-
cultures of M. elsdenii and M. hexanoica in H, and CO, environ-
ments, with or without carboxylate supplementation, and with
or without the identified homoacetogens (likely C. ljungdahlii
and C. luticellarii), could provide valuable insights into the MCC
production pathway in this system.
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