Microbiome metabolic modelling suggests a phage-driven microbial adjustments in
pilot-scale CO, biomethanation
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Introduction

Microbial carbon capture and utilization technologies are increasingly important for sustainable development,
particularly for enhancing carbon recovery and reducing environmental pollution. Among these, biomethanation
represents a key biotechnological strategy, in which methanogenic archaca convert carbon dioxide (CO:) and
hydrogen (H,) into methane (CH,) under anaerobic conditions. While abiotic factors influencing biomethanation are
well studied, biotic drivers, especially bacteriophages, are increasingly recognized as critical determinants of
microbial community structure and reactor performance. This study investigated a thermophilic pilot-scale
trickle-bed reactor (TBR) operated at 55°C, designed for CO, biomethanation. The system successfully reduced gas
retention time from four hours to 50 minutes while maintaining CH, purity above 95%. However, a mechanical
failure in the trickling pump triggered major microbial community shifts, hypothesized to be linked to phage
induction and subsequent microbiome restructuring. Under a phage-induced lysis scenario, susceptible taxa would
decline while releasing intracellular metabolites that could transiently stimulate the growth of surviving organisms.
To test this hypothesis, genome-scale metabolic models (GEMs) and flux balance analysis (FBA) were used to
simulate the release of cytosolic metabolites from taxa that declined after the malfunction.

Materials and Methods

The experimental setup consisted of a 100 L packed-bed trickle-bed reactor filled with high-density polyethylene
Raschig rings and supplied with controlled gas and liquid flows. The reactor operated under stable thermophilic
conditions (55+1°C), with nutrients recirculated from a 100 L stainless steel sump (Xirostylidou et al., 2024).
Samples were collected from both the liquid phase and the biofilm. DNA and RNA were extracted using
commercial kits (DNeasy® PowerSoil® and RNeasy PowerSoil Total RNA Kit - QIAGEN, Hilden, Germany),
followed by shotgun sequencing on an Illumina NovaSeq platform. Standard bioinformatic workflows were applied
for read processing, metagenomic assembly, reconstruction of metagenome-assembled genomes (MAGs), taxonomic
and functional annotation, and relative abundance estimation (Ghiotto et at., 2025). Mobile genetic elements
(MGE's), including plasmids, phages, and prophages, were identified, clustered, and linked to potential hosts using
established pipelines (Ghiotto et at., 2025).

GEMs were reconstructed from MAGs using gapseq (Zimmermann ef al., 2021), assuming an anaerobic,
hydrogen-rich environment. Individual and community-level metabolic simulations were performed with FBA and
using MICOM software (Diener et al., 2020). FBA was constrained by measured gas consumption, volatile fatty
acid concentrations, approximate medium composition, and transcriptomics. Cooperative tradeoff FBA was applied
to estimate microbial growth and metabolic interactions across reactor compartments and time points.

Results and Discussion

Metagenomic analysis yielded 113 medium- to high-quality MAGs, including 12 archaeal and 101 bacterial taxa. Of
these, 20 dominant MAGs (relative abundance >1% in at least one sample) spanning 10 phyla were selected for
detailed analysis. The archaeal community was consistently dominated by Methanothermobacter
thermautotrophicus BIN1, which accounted for 23-31% of the biofilm community and 37-58% of the planktonic
fraction, highlighting its central role in CH, production.

The influence of phages on community dynamics was supported by the recovery of 503 uncultivated viral genomes
(UViGs), clustered at the species level into 38 medium- to high-quality viral operational taxonomic units (vOTUs).
Among these, eight were identified as integrated proviruses, while the remaining were predicted to be either virulent
(57%) or temperate (43%) bacteriophages.

GEMs were reconstructed for 101 MAGs with relative abundance above 0.1%, collectively representing
approximately 98% of the microbial community. Model-based analyses revealed conserved core metabolic functions
across time points and reactor zones. Community-level GEMs constrained by metatranscriptomic data highlighted
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the functional importance of Bacillota and Thermotogales lineages, particularly in the biosynthesis of extracellular
substances contributing to biofilm formation and stability.

M. thermautotrophicus BIN1 emerged as the primary driver of biomethanation, displaying the highest methanogenic
potential per unit biomass in the liquid phase. Differences in predicted activity across compartments suggest that
some community members may allocate metabolic resources to biofilm-related processes rather than direct methane
production.

To explain the pronounced microbial shifts observed during reactor malfunction, microbial growth dynamics was
examined using peak-to-trough ratios as proxies for DNA replication rates. A marked increase in growth rates after
the malfunction, alongside drastic abundance changes, supported the hypothesis of a widespread cell death event
followed by community recovery. Under a phage-induced lysis scenario, susceptible taxa would decline while
releasing intracellular metabolites, temporarily stimulating the growth of the surviving organisms.

To test this hypothesis, GEMs were used to simulate the release of cytosolic metabolites from taxa that declined
after the malfunction (Figure 1). A total of 157 metabolites were introduced into the extracellular environment,
resulting in substantial reorganization of metabolic fluxes compared to simulations without viral lysis. Notably,
compounds such as L-idonate, and D-gluconate became more abundant and were predicted to promote growth and
metabolic reprogramming in surviving taxa. These findings were consistent with observed increases in replication
rates and relative abundances of specific MAGs during the post-malfunction phase.

Overall, the FBA simulations support a model in which a mechanically triggered phage induction event caused
extensive lysis, altering nutrient availability and reshaping microbial interactions. While these conclusions are
supported by in silico analyses, the authors emphasize the need for experimental validation through approaches such
as metatranscriptomics or direct phage detection.

Conclusions

This study reinforces the emerging view of phages as important regulators of microbial dynamics in anaerobic
biotechnological systems. By integrating metagenomics, viromics, and FBA, we obtained mechanistic insights into
how viral infections can drive community restructuring and can influence metabolic fluxes. The identification of
taxa vulnerable or resilient to phage-induced collapse offers valuable perspectives on microbial adaptation and
coevolution. Beyond advancing fundamental understanding, these findings have practical implications for
biomethanation processes and highlight the potential of phage-informed strategies to improve stability and
performance in engineered anaerobic ecosystems.
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Figure 1: Overall community metabolite exchange under non-viral and viral explosion scenarios. Metabolic fluxes
were estimated considering a non-viral condition (blue) and a viral explosion simulation (orange). Exchanged
metabolites were grouped according to flux magnitude into high-abundance (1-60 mmol h™') and
medium-abundance (0.001-1 mmol h™") compounds.
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