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ABSTRACT: Syngas fermentation offers a promising route for biological hydro-
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limited understanding of nutrient requirements in natural microbial consortia.
This study investigated the macro- and micronutrient roles influencing carbon
monoxide (CO)-to-H, conversion in a thermopbhilic consortium using a medium
for thermophilic, anaerobic, and carboxydotrophic microorganisms as the starting
formulation. Yeast extract and trace element solution showed the strongest pos-
itive associations with H, production, supplying essential vitamins, nitrogen, and
enzymatic cofactors, including Ni and Fe, for CO dehydrogenase and hydroge-
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nase activity. In contrast, sulfide solution and NH,Cl showed inhibitory trends, [ o
likely through redox imbalance and hydrogenase suppression. Optimizing the osinisea
concentrations of yeast extract (7.5 g/L) and trace element solution (4 mL/L) "o I oo rn

increased H, production by 53% (3.59 # 0.06 mmol), although the elevated vol-

atile fatty acid concentration indicated partial reliance on organic carbon metabolism. Reducing yeast extract to 0.5 g/L and supple-
menting with Wolin’s vitamin solution maintained equivalent productivity while reducing medium costs by approximately 45% relative
to DSMZ 507. These findings suggest that precise nutrient management plays a decisive role in governing CO conversion toward H,,
providing critical insights for scalable, economically viable biohydrogen production from syngas fermentation.
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Bl INTRODUCTION

Hydrogen (H,) has been recognized as one of the most prom-
ising alternatives to fossil-based energy carriers, combining high
energy density, clean combustion properties, and broad applica-
bility from power generation to ammonia synthesis." Currently,
H, can be produced through several pathways, including steam
methane reforming, water electrolysis, and biological processes,
such as dark fermentation.” Among the diverse technologies
available, steam methane reforming remains the dominant pro-
duction route, accounting for most of the global H, production;
however, it is heavily reliant on fossil fuels and associated with
substantial carbon emissions.”> Increasing the contribution of
renewable H, production routes is essential as these alternatives
remain under development and require further improvements
in efficiency, scalability, and economic feasibility to become
competitive with conventional processes. Biological processes
remain constrained by low volumetric productivity and a poor
understanding of the nutritional requirements governing micro-
bial metabolism.

Synthesis gas (syngas) fermentation has been recognized as a
biological tool that exploits syngas generated from thermo-
chemical conversion technologies such as gasification or pyroly-
sis, as well as from industrial off-gas emissions, to produce
renewable products, such as ethanol and chemicals.* From the
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biological water—gas shift (BWGS) reaction, H, can also be pro-
duced via syngas fermentation, as carboxydotrophic microor-
ganisms, such as the bacteria  Carboxydothermus
hydrogenoformans, can convert carbon monoxide (CO) and
water (H,0) into H, and carbon dioxide (CO,).” The enzy-
matic mechanism underlying the BWGS reaction, and its
dependence on diverse nutrients, is summarized in Figure 1.
Despite the potential for H, production via biological routes,
yields are still not optimized to the level of established thermo-
chemical processes. As a result, improving H, productivity in
biological systems remains an important research focus. Since
carboxydotrophic microorganisms utilize carbon and energy
from the gas phase,® the growth medium represents the source
of macro- and micronutrients required to sustain their enzy-
matic machinery.” The optimization of growth media is a suit-
able approach not only to improve microbial activity and
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Figure 1. Enzymatic basis of the BWGS reaction and the nutritional requirements of its enzymatic functionality.® CO oxidation is catalyzed by CO
dehydrogenase (CODH), a [NiFe] metalloenzyme in which Ni and Fe are key constituents of the active site.” Two electrons (2e”) and two protons
(2H") are transferred via ferredoxin (Fd), an Fe-S cluster protein,” to [NiFe]-hydrogenase, which reduces protons to molecular H,.* Adequate sup-
ply of medium components is required to sustain enzymatic activity: macronutrients (e.g. Mg2+ as a universal enzymatic cofactor7) , nitrogen sources

for enzyme protein synthesis,'’ trace metals as active-site components of CODH, Fd, and hydrogenases,

'L12 vitamins and cofactors for coenzyme

synthesis,"* and redox agents (Eh) to maintain reducing conditions required by oxygen-sensitive enzymes.

yields but also to reduce medium formulation costs and facili-
tate eventual industrial implementation.

Growth medium optimization for syngas fermentation has
been investigated in previous studies; however, most have
focused on ethanol production using pure microbial cultures
rather than microbial consortia.'”'® In recent years, increasing
attention has been directed toward the use of mixed microbial
cultures, also referred to as natural microbial consortia, due to
their robustness, resistance to contamination, and suitability
for large-scale and nonsterile industrial operations.'® However,
identifying the nutritional requirements of natural microbial
consortia remains challenging, as these systems contain diverse
microbial populations with distinct, and sometimes, competing
nutritional demands.'” Consequently, the selection of an appro-
priate growth medium should promote microorganisms respon-
sible for the desired metabolic pathways while suppressing
competing or nonproductive populations. The growth medium
formulation ~ (DSMZ  507-Carboxydothermus  medium
(Table 1)), developed by the German Collection of
Microorganisms and Cell Cultures GmbH (DSMZ), is recom-
mended for the cultivation of several thermophilic, anaerobic,
and carboxydotrophic microorganisms. Notably, this medium
supports the growth of well-known H,-producing species,
including Thermosinus carboxydivorans, Thermolithobacter car-
boxydivorans, Carboxydocella sporoproducens, and
Carboxydothermus hydrogenoformans.'® This growth medium
formulation has been successfully applied in previous studies
to pure microorganisms capable of converting CO to H,,

showing that the selected nutrients were important for micro-
bial metabolism.'*?° However, its application to H, production
using a natural microbial consortium has not yet been explored,
despite its strong suitability for diverse microorganisms.
Moreover, the nutritional profiles and the effects of different
nutrients on carboxydotrophs and H,-producing microorgan-
isms in natural microbial consortia remain unexplored.

This study investigated the role of the nutritional require-
ments of the natural microbial consortium involved in biological
H, production. A series of design-of-experiments (DoE) was
conducted using a standard medium formulation (DSMZ
507) and food waste sludge as the inoculum source. The study
investigates the role of nutrients in promoting the BWGS reac-
tion within a natural microbial consortium. By elucidating
nutrient-driven metabolic selection in mixed cultures, this work
provides insights that support improvements in the efficiency,
scalability, and economic feasibility of biological H, production
from syngas fermentation.

H MATERIALS AND METHODS
Inoculum Source and Base Growth Medium

A natural microbial consortium was obtained from a 3000 m? biogas
reactor (Sobacken, Boras, Sweden), which operates at a temperature
of 58 °C, with a digestion mixture of food and industrial biodegradable
waste. Before the inoculation, the natural microbial consortium was
stored at 58 °C for a pretreatment step. The pretreatment step was per-
formed to reduce the presence of micro and macronutrients in the
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Table 1. Composition of the DSMZ 507 Growth Medium Used as the Base Formulation

macronutrients trace element solution” Wolin’s vitamin solution” liquid components
concentration concentration concentration concentration
component (g/L) component (g/L) component (mg/L) component (mg/L)
KCl 0.33 Na,- 52 biotin 20 sodium resazurin® 0.50
EDTA-2H,0 (0.1% w/v)
MgCl,-6H,0 0.52 FeCl,-4H,0 LS folic acid 20 sulfide solution” 20
(3% v/v)
CaCl,-6H,0 0.29 ZnCl, 0.07 pyridoxine 100
hydrochloride
NH,Cl 0.33 MnCl,-4H,0 0.1 thiamine HCI S0
KH,PO, 0.33 H,BO, 0.006 riboflavin S0
NaHCO, 1 CoCl,-6H,0  0.19 nicotinic acid S0
yeast extract  0.05 CuCl,2H,0  0.002 calcium p- S0
(+)-pantothenate
NiClL-6H,0  0.024 vitamin B,, 1
Na,MoO,-2 0.036 aminobenzoic acid S0

H,0

(pv)-alpha-lipoic acid SO

“Trace element solution was added at 1 mL/L to the growth medium. *Wolin’s vitamin solution (10x) was added at 1 mL/L to the growth medium.
“Sodium resazurin was added as a redox indicator. “Neutralized sulfide solution was added after flushing syngas into the flasks.

natural microbial consortium to better understand the impact of the
nutrients on microbial metabolism. The pretreatment step comprised
three sequential steps: (i) a centrifugation at 10,155 X g force for
S min to concentrate the solid content; (ii) a washing step with ultra-
pure water in a 250 pum sieve until the wastewater achieved a conduc-
tivity lower than 0.1 mS/cm; (iii) another centrifugation at 10,155 X g
force for S min to collect the solid part to be used as inoculum in the
experiments. Further evaluation of trace metals, as described in the
Analytical Methods section, was performed to check the effectiveness
of the pretreatment step applied. The total suspended solids (TSS)
and volatile suspended solids (VSS) content of the inoculum without
any pretreatment, step (i) and step (iii), were 1.72% and 1.06 +
0.01%, 27.32 + 0.28% and 15.19 + 0.08%, 20.82 + 0.80% and 11.62
+ 0.24%, respectively. All the experiments were inoculated with a
VSS concentration of 22 g/L from step (iii), following a previous ideal
VSS concentration for H, production in syngas fermentation.”'

The standard growth medium used for further optimization, in
which the natural microbial consortium was cultivated, was DSMZ
507. The growth medium formulation and its original composition
are described in Table 1. Sodium resazurin (0.1% w/v) was added only
as a redox indicator and was not counted as a medium component in
experimental  designs.  Along  with DSMZ 507, 2-
bromoethanesulfonate (BES; 0.5 g/L) was added to inhibit methano-
gens, as previously applied.”!

Experimental Setup and Batch Conditions

All experiments were performed in 120 mL serum flasks containing
40 mL of the growth medium for each of the experimental designs,
with an adjusted initial pH of 6. The synthetic syngas used in this
experiment was composed of CO:CO,:N, (65:15:20). Following
media preparation and inoculation, sealed bottles were purged with
syngas. The serum flasks were placed in a shaking water bath at
100 rpm and SS °C (consistent with standard thermophilic laboratory
conditions) for 144 h.

DoE for Nutrient Screening and Optimization

Nutrient Screening by Fractional Factorial Design. A frac-
tional factorial design was applied to screen growth medium compo-
nents that influence CO consumption and H, production during
syngas fermentation. Ten components and their concentrations were
based on the DSMZ 507 medium (KCl, 0.33 g/L; MgCL,-6H,0,
0.52 g/L; CaCl,6H,0, 029 g/L; NH,Cl, 0.33 g/L; KH,PO,,
0.33 g/L, yeast extract, 0.05 g/L; NaHCO;, 1.0 g/L; trace element

solution, 1 mL/L; Wolin’s vitamin solution, 1 mL/L; and neutralized
sulfide solution, 20 mL/L). Sodium resazurin was added in all experi-
ments at 0.5 mL/L, as a redox indicator, and was not counted as a com-
ponent. The concentration of each component at different levels
(minimum, —1; central, 0; and maximum, +1) is described in
Table S1. A 32-run fractional factorial design with S central points
(0) was performed to screen the impact of the components on CO
consumption and H, production. All experiments were run in random
order.

Central Composite Design (CCD) for Optimization. A CCD
was performed after the fractional factorial design to optimize the com-
ponents that showed a positive impact on the CO consumption and H,
production during the screening experiment. The CCD was composed
of four factors: MgCl,-6H,0, CaCl,-6H,0, yeast extract, and trace ele-
ment solution. In addition, KH,PO, was maintained at the same con-
centration (0.33 g/L) based on the results from the screening part. The
concentration of each component at different levels (minimum, —1;
central, 0; maximum, +1, and axial points —2 and +2) is described in
Table S3. A 30-run CCD with 16 cube points, 4 center points in the
cube, 8 axial points, and 2 center points in axial was performed to opti-
mize the concentration of the screened components for CO consump-
tion and H, production. All experiments were run in random order.

The second CCD was composed of two factors (yeast extract and
trace element solution) with the concentration of each component at
different levels (minimum, —1; central, 0; maximum, +1, and axial
points —2 and +2) described in Table S6. In addition, MgCL,-6H,0
and CaCl,-6H,0 were kept at 0.52 and 0.29 g/L, respectively, based
on the results from the first CCD. A 33-run CCD with 12 cube points,
9 center points in the cube, and 12 axial points, was performed to opti-
mize the concentration of yeast extract and the trace element solution
for CO consumption and H, production. All experiments were run in
random order and in triplicate.

Reducing Yeast Extract Dependency: One-Factor-at-a-Time
(OFAT) and Fractional Factorial Design. To evaluate possible
yeast extract alternatives without significantly affecting CO consump-
tion or H, production relative to the optimized formulation, an
OFAT experiment and a fractional factorial design were used with five
different factors (Wolin’s vitamin solution, 0.5 mL/L; NH,Cl, 2 g/L; L-
cysteine, 0.5 g/L; a tungsten and selenite solution with 0.2 mg/L each,
using 1 mL/L of the solution; and a nickel and cobalt solution with 48
and 190 mg/L, respectively, using 1 mL/L of the solution). For the
fractional factorial design, the concentration of each factor is described
in Table S7 with the addition of an extra factor (yeast extract). A 32-
run fractional factorial design was performed to screen the suitability
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of different components to avoid or reduce the presence of yeast
extract without a significant difference in CO consumption and H, pro-
duction from the optimized formulation. All experiments were run in
random order in duplicate.

Analytical Methods

Headspace gas composition and liquid samples were analyzed follow-
ing a method previously described,”" where 250 pL gas samples were
collected daily through the rubber-sealed caps with a gas-tight syringe
(VICI, Precision Sampling Inc, USA) to be analyzed using a gas chro-
matography (PerkinElmer, Clarus 500, USA) equipped with a packed
column (Carbonex 1000, SUPELCO, 6 X 1.8” OD, 60/80 mesh,
USA) and a thermal conductivity detector (PerkinElmer, USA). Over
the experimental period, a total of seven gas samples were withdrawn
from the headspace with a cumulative volume of 1750 pL. Liquid sam-
ples were collected at the beginning (1 mL) and at the end of the
experiments and analyzed by gas chromatography (PerkinElmer, 590,
USA) with a capillary column (Elite-WAX ETR, 30 m 0.32 mm 1.00
m, PerkinElmer, USA) and a flame ionization detector.

TSS and VSS were determined according to standard methods for
the examination of water and wastewater.””

To evaluate the effectiveness of the inoculum pretreatment step, the
chemical properties of (i) nonpretreated biomass, (ii) biomass after the
first washing step, and (iii) biomass after the final washing step of the
natural microbial consortium were analyzed. All experiments were per-
formed in triplicate using a previously described method for elemental
analysis.>

Statistical and Data Analysis

The statistical analysis was performed using Minitab ver. 22.2.2
(Minitab, LLC). The level of statistical significance for the experimen-
tal designs was set at p < 0.10, consistent with a previous practice in an
exploratory sequential DoE study involving mixed microbial cultures,
where biological variability reduces statistical power and observed
trends guide subsequent optimization steps rather than establish defin-
itive significance.”**®

From the gas analysis, as described in the Analytical Methods sec-
tion, the gas quantification was calculated using gas standards.
Therefore, the CO consumption rate was calculated as follows (eq 1)

mmol) _ CO~CO¢ (1)

CO consumption rate ( g

days

The CO; represents the initial CO concentration (mmol), CO; rep-
resents the final concentration (mmol) at the end of the experiment or
on the day when CO was totally consumed, and days is represented by
the last day of the experiment or the final day on which CO was
detected.

Bl RESULTS AND DISCUSSION

This study investigated how medium composition influences
CO conversion and H, production during syngas fermentation
by a natural microbial consortium, with the aim of identifying
nutrient conditions that improve both process performance
and economic feasibility. Using a stepwise DoE approach,
including nutrient screening, optimization, and medium refor-
mulation, the results showed that nutrient composition strongly
affected system performance. Yeast extract and trace element
had the strongest positive effects on H, production, whereas
sulfide solution and NH,Cl were inhibitory. Medium optimiza-
tion increased H, production by 53%, and a revised lower-cost
formulation maintained similar productivity while substantially
reducing medium cost. The following sections discuss these
findings in detail.

Inoculum Pretreatment Reduces Residual Trace Elements

Since the food waste sludge inoculum carries intrinsic trace ele-
ment content, a washing prestep treatment was applied to min-
imize trace element carryover and ensure that subsequent
nutrient effects are attributed to the elements present in the
medium. Among the analyzed elements, reliable data were
obtained for calcium (Ca), iron (Fe), potassium (K), magne-
sium (Mg), manganese (Mn), aluminum (Al), and sodium
(Na). The protocol effectively reduces most measurable ele-
ments (Table 2), with pronounced decreases in Fe, K, Mg,
Mn, Al, and Na, while Ca remained relatively stable. This persis-
tence of Ca may indicate a stronger association with extracellu-
lar polymeric substances (EPS) in the biomass matrix.”®
Moreover, from a biochemical perspective, this step is funda-
mental, as trace elements, such as Ni and Fe, are key compo-
nents of CO dehydrogenase (CODH) and other
hydrogenases that catalyze CO oxidation."" Controlling trace
elements that come from the food waste sludge is particularly
critical for interpreting trace element supplementation effects
in subsequent experiments. While the elemental analysis con-
firms the effective reduction of most trace elements, the impact
of the washing protocol on microbial viability and community
composition was not directly assessed. Future studies should
include viability or community profiling before and after wash-
ing to confirm that the pretreatment does not alter the micro-
bial composition in ways that confound interpretation of the
nutritional requirements.

It should be noted that the washing pretreatment applied
here is a research tool to isolate and interpret the effect of indi-
vidual nutrients, rather than a recommendation for industrial
practice. In large-scale syngas fermentation, unwashed inoculum
would be the typical starting material, and the endogenous trace
element content of the sludge could partially substitute for the
supplemented trace elements and reduce the required addition.
However, the variability inherent in unwashed food waste diges-
tate would complicate systematic nutritional evaluation.

Nutritional Effects on BWGS Reaction during Screening

To identify which medium components drive H, production
under BWGS reaction conditions, all the components from
Table 1 (except sodium resazurin) were screened in a fractional
factorial design (Table S1). Yeast extract emerged as the stron-
gest positive contributor (Figure 2 and Table S2), with a posi-
tive association detectable even at 0.03—0.05 g/L. This reflects
its role as a multinutritional supplement, being a source of read-
ily available organic nutrients, growth factors, and vitamins that
support microbial activity and metabolic performance.'®'*
Understanding inhibitory trends contributes to the elucida-
tion of which components should be excluded in further optimi-
zation. Despite the absence of individual statistical significance,
inhibitory trends could be observed for sulfide solution and
NH,Cl (Figure 2 and Table S2), while KCI and Wolin’s vitamin
solution also presented unexpected negative trends. Sulfide
solution was associated with reduced H, production at
600 mg/L, consistent with reported toxicity thresholds in dark
fermentation (800 mg/L),”” suggesting that even subtoxic con-
centrations may affect the carboxydotrophic community.
NH,CI inhibition is consistent with ammonia-mediated inter-
ference with hydrogenase activity.”® While KCI and Wolin’s
vitamin solution, which were not previously reported as inhibi-
tors, may have their observed negative trends attributed to ionic
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Table 2. Elemental Content before and after the Pretreatment Step

elements (g/L)

treatment Ca Fe K
after centrifuge 14.73 + 0.36 245 + 0.14 1.00 + 0.07
first wash 17.40 + 0.12 1.80 + 0.07 098 + 0.18
last wash 14.68 + 0.28 0.82 + 0.06 0.45 + 0.14

Mg Mn Al Na
0.73 + 0.06 0.27 + 0.06 18.48 + 0.57 393 +£0.25
0.65 + 0.07 0.22 + 0.06 17.97 + 0.80 4.00 + 0.40
0.42 + 0.06 0.13 + 0.06 7.88 + 0.62 1.85 + 0.30

(A) H2 Production

MACRONUTRIENTS
KClI

MgCl,

CaClz

NH,CI

KH,PO,

NaHCOs
MICRONUTRIENTS
Trace elements
Wolin's vitamins
ORGANIC SUPPLEMENT
Yeast extract
REDOX AGENT

Sulfide solution

MACRONUTRIENTS

MICRONUTRIENTS

Wolin's vitamins

ORGANIC SUPPLEMENT

(B) CO Consumption Rate

KClI
MgCl,
CaCl,
NH CI

KHIPO‘

NaHCOJ

Trace elements

Yeast extract

REDOX AGENT

Sulfide solution
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- Positive effect - Negative effect - Neutral (=0)

Figure 2. Effect size plot of growth medium components on H, production (A) and CO consumption rate (B) during the nutrient screening phase
(fractional factorial design). Arrow length is proportional to the effect size calculated from fitted means (Table S2). Components are grouped by
functional category: macronutrients, micronutrients, organic supplement, and redox agent.

imbalance or osmotic stress specific to this consortium, rather
than direct toxicity.

The absence of statistical significance across all compo-
nents (Table S2) is consistent with a system governed by
nutrient balance rather than a single-factor limitation, consis-
tent with the multienzymatic profile of the BWGS reaction
pathway, where CODH, Fd, and hydrogenase require distinct
nutritional inputs (Figure 1). Mg** and Ca®>* showed consis-
tently positive trends with H, production, while KH,PO,
remained neutral (Figure 2). KH,PO, neutrality is consistent
with its primary role as a pH buffer rather than influencing
metabolic activity. Components with neutral or positive
trends (MgCl,, CaCl,, KH,PO,, trace element solution,
and yeast extract) were kept for further optimization.
Although the trace element solution did not reach statistical
significance, its retention was supported by a positive
concentration-dependent trend, and the established bio-
chemical requirement for Ni and Fe as active-site metals in
CODH and [NiFe]-hydrogenases."’

Nutritional Optimization on Key Drivers for BWGS Reaction

A CCD was performed to optimise four components (MgCl,,
CaCl,, trace element solution, and yeast extract) selected dur-
ing the screening phase, while KH,PO, was maintained at
0.33 g/L. MgCl, and CaCl, performed best at their original
concentrations (Figure 3 and Table 1), confirming their stan-
dard formulation values are already near-optimal. Neither excess
nor deficiency of Mg** and Ca®>" improved performance, con-
sistent with their roles in microbial metabolism, growth, and
adaptation.””” Although only yeast extract was statistically sig-
nificant (p < 0.10) (Table S4), the concentration-dependent
response of the trace element solution in Figure 3 justified its
inclusion in the subsequent two-factor optimization.

Response surface optimization of yeast extract and trace ele-
ment solution concentrations identified a clear area where a
substantial improvement in H, production relative to the orig-
inal formulation (i.e. 3.59 + 0.06 mmol, a 53% increase) was
achieved (Figure 4). The trace element solution was the only
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(A) H2 Production (mmol)

Yeast extract 0.92 1.44 1.94

0.01gL 003gL 005gL 007gL 0.09gL

Trace elements 271 1.72 1.44 1.88 3.03

0.25mU/L 0.63mU/L 1.00 mL/L 1.38 mU/L 1.75 mU/L

MgCl, 138 1.42 1.44 1.43 1.40

0.14g4 033gL 052gL 0.72gL 091gL

CacCl, 1.07 1.44 1.1

0.07gL 0.18gL 029gL 0.40gL 0.51 gl

(B) CO Consumption Rate (mmol/d)

0.06 017

0.01gL 0.03gL 0.05g4L 0.07gL 0.09gL

0.25mU/L 0.63mL/L 1.00 mL/L 1.38 mL/L 1.75 mU/L

0.14 0.10

0.14g4 033gL 052gL 072gL 091gL

-0.02 0.17 0.20 0.02

0.07gL 0.18gL 029gL 0.40gL 0.51 gl

Response magnitude

Low

High

Figure 3. Fitted mean H, production (A) and CO consumption rate (B) as a function of individual medium component concentrations, estimated
from the first central composite design (CCD). Values were calculated from the response surface regression model by varying each component across
its experimental range while holding all other components at their center point. Bold borders indicate the concentration selected for further

optimization.
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< 31
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Figure 4. Contour plot for (A) H, production and (B) CO consumption rate against yeast extract and trace element solution.

component with a significant positive impact on the CO con-
sumption rate (Table SS), which aligns with the requirement
for Ni and Fe as active-site metals in CODH and [NiFe]-
hydrogenases.'’ The CO consumption rate in the optimized
medium did not differ significantly from the original medium
(045 + 0.02 vs 0.32 + 0.28 mmol/d, respectively, p >
0.10). The improvement in H, production is consistent with
enhanced CODH and hydrogenase activity supported by
improved nutrient availability, though the lack of a significant
difference in CO consumption rate (p > 0.10) and the absence
of a direct enzymatic validation in this study hinder mechanis-
tic conclusions from this variable alone. The H,/CO molar
ratio at the optimized medium exceeded the theoretical

BWGS reaction stoichiometry, which is consistent with the
contribution of yeast extract as organic carbon to H, produc-
tion in parallel with the BWGS reaction. In natural microbial
consortia, heterotrophic microorganisms can utilize amino
acids, peptides, and carbohydrates present in yeast extract to
generate H, independently of CO conversion,>”*' which
would produce a molar H,/CO ratio exceeding the theoretical
BWGS reaction limit. This interpretation is consistent with
the concurrent VFA accumulation observed in this study.
However, a complete carbon mass balance would be required
to quantify the relative contribution of CO and yeast extract to
total H, production. The optimized growth medium was com-
posed of yeast extract (7.5 g/L), trace element solution
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(4 mL/L), MgCl, (0.52 g/L), CaCl, (0.29 g/L), and KH,PO,
(0.33 g/L).

Understanding the metabolic consequences of high yeast
extract concentration is necessary to assess whether the
improvement in H, production is sustainable at the process
scale. Elevated yeast extract drove a marked increase in volatile
fatty acid (VFA) production (Table S6) and substantially
increased medium cost (Figure 6). At 7.5 g/L, yeast extract
was not only acting as a nutrient supplement but also as an
additional carbon substrate, diverting carbon flux from CO-
derived H, toward fermentative VFA production. Accordingly,
the 53% increase in H, production observed at the optimized
yeast extract concentration cannot be readily attributed to
enhanced BWGS reaction activity alone, as the concurrent
VFA accumulation indicates partial carbon diversion through
heterotrophic pathways promoted by yeast extract organic car-
bon. The yeast extract composition can include amino acids,
peptides, vitamins, and other organic compounds'® that can
be consumed by a natural microbial consortium, with docu-
mented effects on changes in the production and distribution
of the microbial consortium process.*”*! Dependence on yeast
extract as a carbon source conflicts with the fundamental goal of
syngas fermentation, which is the efficient utilization of carbon
from the gaseous feed, minimizing the dependence on organic
cosubstrates.”> Consequently, subsequent experiments were
designed to evaluate strategies for reducing reliance on yeast
extract while maintaining process performance. Moreover, the
direct validation of the proposed enzymatic mechanisms, such
as CODH activity assays, hydrogenase activity measurements,
and metabolic flux analysis, was outside the scope of this study
and is identified as an important direction for future work to
confirm the mechanistic basis of the nutritional effects reported.

Yeast Extract Reduction without Loss of H, Productivity

Yeast extract simultaneously provides vitamins, nitrogenous
compounds, trace elements, and compounds influencing redox
potential, which are essential for microbial growth and

metabolic activity (e.g,, amino acids, vitamins, and minerals).""
To systematically characterize the individual and combined
roles of yeast extract, a two-stage approach was applied: a pre-
liminary OFAT experiment to assess individual component
effects without interaction between factors, followed by a frac-
tional factorial design to identify significant interactions
between components. None of the individual alternatives evalu-
ated at the OFAT experiment significantly reduced H, produc-
tion relative to the optimized medium, except for L-cysteine
(Figure S), while the supplementation with Ni/Co significantly
enhanced the CO consumption rate. This response is consistent
with the fundamental role of Ni in the activity of [NiFe]
hydrogenases, a key enzyme involved in the H, production
metabolism,* and the role of Co in anaerobic metabolism, as
it is a central component of cobalamin, which is involved in
key enzymatic reactions in acetate-producing pathways.'>
Although the Ni and Co concentrations were 0.96 and
1.08 mg/L with Ni/Co supplementation, and 0.76 and
0.95 mg/L without supplementation, respectively, they were
considerably lower than 25 mg/L reported to result in a
71% increase in H, production from glucose,** the observed
enhancement in the CO consumption rate suggests that even
modest adjustments in trace metal availability can influence
enzymatic activity and metabolic performance. These findings
suggest that yeast extract’s benefits are distributed across multi-
ple nutritional functions rather than concentrated in a single
component, which justifies a further fractional factorial design
to evaluate the components’ interactions.

A fractional factorial design was employed to determine
whether combinations of yeast extract alternatives and their
interactions could collectively maintain H, productivity
(Table S7). Among all tested components, Wolin’s vitamin
solution emerged as a promising positive substitute to maintain
H, production (p < 0.10; Table S8), while W/Se presented a
small but significant negative effect on both responses. The
appearance of Wolin’s vitamin solution as significant in the
present fractional factorial design, but not in the earlier

LY el

Yeast Yeast Ni & Co
extract 7.5 extract 0.5 solution
g/L g/L

H, production (mmol)/ CO consumption rate (mmol/d})

NH,CI Wolin's

W & Se  L-cysteine
vitamin solution
solution

Figure 5. H, production and CO consumption rate from the one-factor-at-a-time evaluation. The blue dashed line represents the H, production
obtained with the optimized medium. An asterisk (*) indicates significantly different H, production between treatments. Different letters indicate
significant differences in CO consumption rate between treatments. Not detected (n.d.).
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Table 3. Composition and Performance Comparison of the DSMZ 507 Medium, Optimized Medium, and the Resource-Efficient

Medium
component/parameter DSMZ 507 optimized medium resource-efficient medium

composition

KCl 0.33

MgCL,-6H,0 0.52 0.52 0.52

CaCl,-6H,0 0.29 0.29 0.29

NH,CI 0.33

KH,PO, 0.33 0.33 0.33

NaHCO, 1

yeast extract 0.0S 7.5 0.5

trace element solution (mL/L) 1.0 4.0 4.0

Wolin’s vitamin solution (mL/L) 1.0 0.5

sodium resazurin (mL/L) 0.50

sulfide solution (mL/L) 20

performance

H, production (mmol) 1.84 £ 0.11 3.58 + 0.24 3.28 + 0.07

CO consumption rate (mmol/d) 0.32 + 0.08 0.41 + 0.04 0.42 + 0.03

cost (€/L) 4.64 7.07 2.56
screening, most likely reflects the masking by complex nutrient =
interactions in the larger factorial design. The positive effect of < [H,[ co Il Medium cost
Wolin’s vitamin solution is consistent with the known role of E &7 r8
vitamins, as they are crucial in microbial metabolism and > 7. 7.07
enzyme function as essential cofactors'® and also precursors ©
to coenzyme A, which is an important cofactor in carbon fixa- S 54 L6
tion pathways.*® It is assumed that the yeast extract’s benefit g =5
in this consortium correlates with its vitamin content rather § 5 464 @
than its nitrogenous compounds, trace minerals, or reducing- g : B
agent fractions. Moreover, the resource-efficient medium, for- 8 4+ -4 ©
mulated at 0.5 g/L yeast extract, minimizes the potential contri- O §
bution of yeast extract as an organic carbon substrate while Zg Eh 256 B
maintaining equivalent H, productivity and CO consumption S . =
rates. However, the absence of complete electron balance is a £ 21 M2
limitation of this study. Future mechanistic studies should inte- é 14
grate carbon and electron balances with enzyme-level measure- S
ments to fully characterize the redox flux that supports the 3, Lo
observed H, production responses. % Original Optimized Resource-efficient

I (DSMZ 507) (Yeast extract- 7.5 g/L. (Yeast extract- 0.5 g/L.

Productivity and Cost

To assess whether the reformulated resource-efficient medium
achieves both productivity and economic viability, it was evalu-
ated against the original growth medium formulation (DSMZ
507) and the nutrient-optimized formulation. The resource-
efficient medium preserved H, productivity while reducing cost
relative to both other growth media (Figure 6 and Table 3),
while the CO consumption rate did not differ significantly
among the three media. CO consumption rate equivalence con-
firms that the resource-efficient medium maintains CO conver-
sion capacity while lowering H, production cost, thereby
demonstrating the decoupling of yeast extract’s nutrient func-
tion as an organic carbon cosubstrate. As a partial indicator of
process selectivity toward the BWGS pathway, the H,/CO
molar ratio was 0.96 for DSMZ 507, 1.75 for the optimized
medium, and 1.56 for the resource-efficient medium, with a the-
oretical BWGS reaction stoichiometry 1.0 mol H,/mol CO. A
full carbon mass balance, integrating CO,, VFA, and biomass
carbon fractions, is acknowledged as an important limitation
and is identified as a priority for future work. The H,/CO molar
ratios observed for the optimized (1.75) and resource-efficient
(1.56) media exceeded the theoreticall BWGS reaction

+ trace element - 4 mL/L
+ Wolin's vitamin 0.5 mL/L)

+ trace element - 4 mL/L)

Figure 6. H, production (mmol) and CO consumption rate (mmol/
d), and total cost for the DSMZ 507 medium, the optimized medium,
and the resource-efficient medium. Asterisks (*) indicate significant
differences between the growth media. The media cost was calculated
using Sigma-Aldrich (Sweden) chemical prices in February 2026.

stoichiometry of 1.0 mol H,/mol CO, suggesting that yeast
extract-derived organic carbon contributed to H, production
in a parallel pathway in both formulations, even at the reduced
yeast extract concentration of 0.5 g/L in the resource-efficient
medium. Notably, the DSMZ 507 ratio (0.96) approached the
theoretical limit, suggesting that at the original yeast extract
concentration (0.05 g/L), heterotrophic H, production was
minimal, and CO was the dominant contributor. The progres-
sive increase in H,/CO ratio with increasing yeast extract con-
centration is therefore consistent with a shift from
predominantly autotrophic CO-driven metabolism in DSMZ
507 toward a mixed trophic system in the optimized and
resource-efficient media. Therefore, a complete carbon mass
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balance and a microbial community analysis would be required
to evaluate nutrient contribution to H, production and micro-
bial community abundance. Overall, these results demonstrate
that targeted vitamin supplementation is a viable strategy for
sustaining BWGS reaction productivity in the present natural
microbial consortium at a reduced medium cost. It should be
noted that the cost comparison is limited to growth medium
chemical costs and does not account for process-scale factors,
including reactor operation, gas—liquid mass transfer efficiency
(kLa), energy input for thermophilic temperature control, or
gas compression and feeding costs. A full techno-economic
analysis would be required to evaluate economic viability at
the pilot or industrial scale.

Bl CONCLUSIONS

Syngas fermentation with a natural microbial consortium is sen-
sitive to the balance of both macro- and micronutrients, and no
single nutrient drives performance in isolation. The results sug-
gest that yeast extract’s benefit in this consortium correlates pri-
marily with its vitamin and cofactor content, as evidenced by
the significant positive effect of Wolin’s vitamin solution (p <
0.10) and its effectiveness in maintaining H, productivity at
the reduced yeast extract concentration. Direct validation of
individual vitamin contributors through defined omission stud-
ies would be required to confirm this interpretation. Trace ele-
ments, particularly Fe and Nij, are likely key factors limiting CO
consumption, consistent with their role as active site metals in
CODH and hydrogenase. The inhibitory trends observed for
sulfide solution and NH,Cl emphasize the critical role of redox
balance and nitrogen source management in regulating the
activity of carboxydotrophic microbial communities. Overall,
these findings suggest that the BWGS reaction can be guided
toward H, production by nutrient selection, achieving a
53% improvement in H, production with a 45% lower medium
cost than the original standard formulation (DSMZ $07).
However, the H,/CO molar ratios exceeding 1.0 for both the
optimized and resource-efficient media indicate that yeast
extract-derived carbon contributed to H, production in a differ-
ent pathway concurrently with BWGS reaction, even at the
reduced yeast extract concentration. Future studies incorporat-
ing carbon mass balances and 16S rRNA amplicon sequencing
to characterize the microbial community composition under
each nutritional condition would be essential for identifying
the functional populations responsible for BWGS reaction activ-
ity and for clarifying how nutrient-driven metabolic selection
shifts community structure. Additionally, monitoring fermenta-
tion over a longer period than 144 h in reactor systems, would
help determine the stability of the observed nutritional effects
on both CO conversion and community dynamics.
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