Microbial taxonomy as a predictor of biohydrogen performance in anaerobic sludges
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Abstract

Dark fermentation is a promising biological route for sustainable biohydrogen production from organic residues,
although its performance is strongly dependent on the inoculum employed. In this work, industrial anaerobic
sludges from full-scale digesters were evaluated as inocula for hydrogen production, assessing whether microbial
taxonomy can serve as a predictor of fermentative performance. Taxonomic profiling based on 16S rRNA gene
sequencing indicated strong ecological filtering by pretreatment and fermentation, resulting in reduced diversity
and convergence toward Firmicutes-enriched communities. Overall, the results support the use of microbial
taxonomy as a practical predictor of biohydrogen performance and as a basis for rational inoculum selection to
improve the robustness and efficiency of dark fermentation processes.

Introduction

Although hydrogen is often positioned as a cornerstone of future low-carbon energy systems, current supply is
still dominated by fossil-based thermochemical production routes that are highly energy intensive (Ramteke et al.,
2025). This has intensified interest in biological alternatives that can valorise organic residues under comparatively
mild operating conditions while generating renewable gaseous products (Saravanan et al., 2021). Dark
fermentation is one of the most versatile options, as it can convert a wide range of waste-derived substrates into
H, alongside soluble fermentation products (Hidalgo et al., 2022). Yet, the same robustness that mixed microbial
consortia provide can also become a limitation: complex community metabolism may reroute electrons and carbon
toward non-target products, including methane or lactate-linked pathways, thereby reducing hydrogen recovery
(Gupta et al., 2024). For this reason, inoculum selection, and its targeted conditioning, plays a decisive role in
process reliability. Acidification is widely used to inhibit methanogens and enrich hydrogen producers, but its
effectiveness varies with the initial community structure and, ultimately, with sludge origin. Because industrial
anaerobic sludges originate from different sectors and are shaped by the wastes they treat, they represent distinct
inoculum sources with different microbial starting points. Therefore, linking sludge provenance to community
shifts and hydrogen outcomes is essential to support robust and predictable dark-fermentation performance.

Material and methods

Five anaerobic sludges were collected from full-scale mesophilic digesters treating different waste streams
(municipal wastewater, pulp and paper, bakery, sugar, and meat-processing; Castilla y Le6n, Spain). Each sludge
was subjected to acid pretreatment (pH 5.5) to curb methanogenesis and then used as inoculum in standardised
mesophilic batch dark-fermentation tests with glucose as the model substrate. Total biogas production and
composition (H,, CO, and CH,) were quantified, and final pH was recorded. Cumulative gas production data were
modelled using the modified Gompertz equation to extract kinetic descriptors. The microbial structure of raw
inocula (T,) and post-fermentation sludges (T,) was assessed via 16S TRNA gene (V3-V4) amplicon sequencing
(Illumina MiSeq) processed with DADAZ2, and a subset of samples was additionally characterised by scanning
electron microscopy (SEM).

Results and discussion

Marked differences in dark fermentation performance were observed among the industrial anaerobic sludges,
confirming that inoculum origin strongly conditions hydrogen production even under identical operating
conditions. Cumulative gas production profiles exhibited clearly distinct dynamics across inocula, with some
sludges displaying short lag phases and rapid gas accumulation, whereas others showed delayed onset and lower
overall production, suggesting a less favourable metabolic balance and/or stronger competition from non-hydrogen
pathways (Figure 1). In several cases, the gas composition patterns were consistent with partial diversion of carbon
and reducing equivalents away from H,, which can occur through competing routes such as methanogenesis or
alternative fermentative products. Modified Gompertz modelling captured these trends and enabled a quantitative
comparison of key kinetic descriptors, including maximum production potential, maximum production rate and
lag phase, thereby supporting the observed ranking of inocula and providing an objective basis for comparing their
suitability.
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Figure 1. Cumulative biogas (H, + CO, + CH,) production during mesophilic batch assays using acid-pretreated
anaerobic sludges from different industrial sectors as inocula (average of triplicates; SD < 5%).

At the microbial level, community analysis indicated that acid pretreatment followed by fermentation acted as a
strong ecological filter, reducing richness and evenness and driving convergence toward Firmicutes-enriched
assemblages. Importantly, genus-level ordination revealed two complementary patterns: (i) a clear structuring
effect of sludge origin, indicating that sector-specific inocula retained distinct community signatures, and (ii) a
consistent shift from raw inocula (T,) to post-fermentation communities (T,), reflecting systematic community
restructuring under the applied selective pressures (Figure 2). Taken together, these results suggest a mechanistic
link between taxonomic composition and functional output, where inocula enriched in hydrogenogenic taxa are
more likely to deliver higher H, productivity and more stable kinetics. Overall, the combined performance, kinetic
modelling and ordination evidence supports the use of microbial taxonomy as a practical basis for rational
inoculum selection and conditioning, ultimately improving the robustness and predictability of dark-fermentation
biohydrogen production.
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Figure 2. Genus-level ordination plots showing (a) separation of samples by sludge origin and (b) grouping by
time (raw inocula, T,, versus post-fermentation sludges, T,).
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