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Climate change and pollution drive the need for fossil fuel alternatives. Dark fermentation offers promise through the use of microbial consortia to convert organic matter into hydrogen gas. Persisting challenges like instability and low yields may stem from reduced diversity of the anaerobic digestion communities that serve as inoculum and undergo aggressive pretreatments and culturing conditions. This study explores the impact of diversity loss on function, focusing on biogas production and stability. Two treatments, with and without aggressive pretreatment, were tested on 12 replicate bioreactors each, resulting in differing microbial diversity levels. Microbial communities were assessed via 16S amplicon sequencing, monitoring biogas production, volatile fatty acids, and testing invasion susceptibility. The two treatments exhibited divergent assembly and functional trajectories, although replicates within each treatment ultimately converged into similar compositions and stable levels of biogas production. Heat-treated bioreactors showed a 91.5% biogas increase but exhibited higher invasion susceptibility compared to non-treated. Non-treated bioreactors showed unique species associations with biogas production (e.g. Ethanoligenens harbinense and Enterococcus olivae), distinct from the commonly studied Clostridium group. These findings provide insights into the effects of diversity loss on stability, elucidating differences across taxonomic and functional stability as well as invasion susceptibility. Moreover, the identification of novel bacterial groups associated with hydrogen production suggests promising directions for future research to enhance microbial consortia control and design in dark fermentation.
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1 Introduction

The phylogenetic and metabolic diversity of microbes has been the source of major biotechnological advances, from harnessing or engineering the metabolic capabilities of single strains (e.g. yeast fermentation) to complex communities (e.g. methane production) (Escalante et al., 2015; Giri et al., 2020; Ergal et al., 2022). Nonetheless, in the pursuit of maximizing yields and operational control, a strong emphasis has been put on single strain cultures or engineered consortia, leading to great success in medical and food industries (i.e. insulin production, alcohol, and bread production) but hindering progress in others that are dependent on more complex biochemical transformations that require the coexistence of multiple microbial groups, in other words, microbial functional diversity (Escalas et al., 2019). It has been long recognized that microbial communities have varying degrees of compositional responses in response to environmental perturbations (Shade et al., 2012). Yet, the impact on function and robustness of, both, compositional changes and the decrease in the different components of diversity (e.g. species richness) has been a matter of debate for a long time (Nemergut et al., 2014; Bier et al., 2015; Lee et al., 2023), specially, given the well-known functional redundancy in microbes (Louca et al., 2018). Function can be understood and measured from different angles. In several systems (either environmental or biotechnological) function is often evaluated, albeit reductively, as specific productivity measures in terms of growth rates or biomass and metabolite yields (Lipson, 2015; Li et al., 2019b; Sarangi and Nanda, 2020). Here, we propose that other aspects of function may also be considered when evaluating the consequences of diversity perturbations, such as stability and resilience. In this sense, it has been suggested that the increase in diversity components (i.e. richness and evenness) leads to higher stability and functional resilience due to functional redundancy, niche complementation and differential response traits against perturbations (Shade et al., 2012). Although almost no consensus has been reached in this sense, microbial interactions are generally regarded as fundamental ecological processes determining microbial community assembly and function (Li and Müller, 2023). Since microbial communities carry out important processes like nutrient cycling, substrate degradation and metabolite production, understanding the mechanisms that drive the diversity-function relationship can help in the management of microbial communities, for example, in therapeutic, biotechnological or bioremediation settings (Shade, 2023; van Leeuwen et al., 2023; Villanueva-Galindo et al., 2023).

Using simplified microbial consortia which show reduced complexity (e.g. in terms of species diversity and interactions) can help understand the mechanisms that link diversity and function (Sun and Sanchez, 2023). For instance, low-diversity microbial consortia (like those used for biofuels and food production or microbiome-based synthetic communities) have been used to test ecological hypotheses and propose generalizable ecological theories since they offer controlled environments and easily measurable functions (Stenuit and Agathos, 2015; Cairns et al., 2018; Michielsen et al., 2024). Ecological mechanisms that have been shown to be important to the assembly of microbial communities can be deterministic (like species interactions and niche differentiation) or stochastic (such as birth-rate drift) (Yuan et al., 2019; Wang et al., 2023). Due to the intrinsic characteristics of microbial organisms (i.e. their small size and chemically-mediated interactions; Schmidt et al., 2015), the exploration of ecological mechanisms (e.g. biotic interactions or the species richness-community function relationship) in microbial communities is frequently investigated via statistical inference. In this regard, to advance the knowledge of the ecological dynamics of microbial consortia, experiments can be specifically designed to this end (Navarro-Díaz et al., 2020). Dark fermentation consortia, a type of hydrogen-producing microbial communities, represent a good system to study ecological hypotheses since they are low-diversity systems with well-studied measurable functions (Wang et al., 2020). Dark fermentation consortia are derived from anaerobic digestion communities in which hydrogen-producing bacteria are selected by using aggressive pretreatments and strictly controlling culture conditions (Wang and Yin, 2017). In hydrogen-producing reactors, instability, invasion by lactic acid bacteria (LAB) and low yield are still unresolved issues and proposed causes might involve biodiversity loss and competitive interactions (Castelló et al., 2020; Thulasisingh et al., 2023). Thus, understanding the ecological mechanisms that underlie population dynamics in hydrogen-producing consortia can provide insights into predicting and controlling community-level properties.

In this work, we studied the effect that changes in microbial diversity (species richness) have on the function and stability of microbial consortia, using hydrogen-producing consortia as a model system. Since species richness is an important component of diversity, we will use both terms interchangeably. We adopted two commonly used strategies for achieving hydrogen production and established two sets of microbial consortia with two levels of species richness from the same inoculum. The first strategy consisted of applying an aggressive heat-shock pretreatment to the inoculum while the second consisted of maintaining specific culture conditions previously reported for hydrogen production. We followed biogas production until stabilization and characterized microbial composition and volatile fatty acids during this time. Then, we performed an invasion experiment to test the invasion susceptibility of each treatment. We hypothesize that since diversity determines the function and stability of microbial consortia, each of the two sets of hydrogen-producing bioreactors will differ not only in their levels of diversity but also in their long-term behavior and resistance to perturbations (like invasion).




2 Materials and methods



2.1 Experimental design

To investigate if microbial diversity affects the ecological robustness of dark fermentation microbial consortia, we used lab-scale bioreactors inoculated with anaerobic digestion granules and treated them to generate contrasting diversity, which permitted to evaluate the functional outcomes of changes in diversity levels. The experiment was conducted in two sequential stages, in the first stage we intended to specifically evaluate the effect of diversity on the functional stability of the bioreactors; in the second stage, we challenged the bioreactors with a controlled invasion of Lactobacillus plantarum culture. For the first stage, we artificially reduced the diversity of the original inoculum with a heat-shock treatment (Valdez-Vazquez and Poggi-Varaldo, 2009) to further compare the microbial community dynamics and performance of the heat-shock-treated microbial communities against the non-treated communities. Twelve replicates per treatment (heat-shock-treated and non-treated) were maintained with daily transfers into fresh medium until biogas production stability was reached. After biogas production stabilized, for each of the two “diversity treatments” we chose six random replicates to start the second stage of the experiment. The six chosen replicates per diversity treatment were divided into two new sets of bioreactors. One set was inoculated with a strain of L. plantarum that was isolated from a hydrogen-producing bioreactor anaerobic bioreactor (Perez-Rangel et al., 2021), the other six were used as non-invasion controls (Figure 1). The function or performance of the bioreactors throughout the experiments was determined based on two parameters: daily biogas production and volatile fatty acids (VFAs) concentration. Microbial diversity and composition were determined by culture-independent 16S rDNA amplicon high throughput sequencing.




Figure 1 | Experimental design. Starting from a single inoculum, we followed two experimental treatments to artificially modify microbial diversity. Each treatment consisted of 12 replicates derived from a single inoculum. To test the stability of reactors in each treatment, we periodically measured the performance of bioreactors until biogas production stabilized. After biogas production stabilization, we challenged the reactors with a controlled invasion and determined the success of the invasive bacteria based on their abundance in the reactors. In the invasion experiment, 6 bioreactors per treatment were selected and divided into two sets of bioreactors. One set was inoculated with Lactobacillus plantarum simulating a biological invasion, while the remaining 6 bioreactors per treatment were used as controls. L. plantarum was used as an invader since Lactobacillus species are well known for causing the collapse of hydrogen-producing bioreactors (Sikora et al., 2013). After biogas production in invaded bioreactors stabilized, the experiment was terminated. All the data on the diversity and performance of the bioreactors were subject to statistical analyses for formal comparisons of the experimental treatments.






2.2 Setup of bioreactors

To compare the effect of diversity on the function and stability of bioreactors, we artificially reduced the diversity of the original inoculum with a heat-shock treatment. The original microbial inoculum consisted of anaerobic digestion granules obtained from a brewery wastewater treatment plant. The total solids (TS) and volatile solids (VS) concentration of the inoculum was 212.61 ± 15.08 mg/g and 195.99 ± 15.14 mg/g respectively. Before the experiment, the inoculum for the two initial cultures for each treatment was prepared by homogenizing 15 g of the anaerobic granules in 20 mL of 1:1 PBS/glycerol solution with steel beads in a Vortex Genie 2 for 5 minutes at max speed. After homogenization, inocula samples were frozen at –80°C until use. To establish the initial cultures for each treatment, first, we thawed the homogenized inoculum and added 20 mL of inoculum to 40 mL of culture medium. We grew the culture overnight at 37°C at 100 rpm. In the case of the heat-shock pretreatment, we heated the overnight culture to 90°C for 1h using a laboratory oven. Since, after the heat-shock pretreatment, no growth was achieved under aerobic conditions, strictly anaerobic conditions had to be used in this treatment by adding 0.5 g/L of cysteine to the culture medium. Once initial cultures were established for both treatments (non-treated and heat-shock-treated bioreactors), the initial cultures were subdivided into 12 replicates per treatment. To partition each culture, every 24 hours, two 20 mL samples of the culture were taken, and each was transferred into a new serum bottle with 40 mL of fresh medium. This partitioning step was repeated 4 times (one partition per day for four days) to achieve 16 replicates from which 12 random replicates were used for each treatment. From that point, every 24 hours, 20 mL of the culture of each replicate culture was reinoculated into 40 mL of fresh medium. After each transfer, the pH was adjusted to 6 as it has been found that a slightly acid pH is favorable for hydrogen production and methanogenesis control (Ghimire et al., 2015). The medium had the following composition per liter: glucose (5 g/L), urea (0.65 g/L), K2HPO4 (0.25 g/L), MgCl2·6H2O (0.376 g/L), FeSO4· 7H2O (0.1 g/L), CoCl2·6H2O (0.0025 g/L), MnCl2·4H2O (0.0025 g/L), KI (0.0025 g/L), NiCl2·6H2O (0.0005 g/L), ZnCl2 (0.0005 mg/L) and yeast extract (0.5 g/L); modified from (Mizuno, 2000). For all the cultures we used 100 mL serum bottles as lab-scale semi-continuous bioreactors with a working volume of 60 mL. Bioreactors were incubated at 37°C and shaken at 100 rpm.




2.3 Characterization of biogas production

To characterize the performance of the bioreactors, we measured daily biogas production. Biogas production was measured in an inverted graduated cylinder using the water displacement technique and, to ensure an exact measurement, we prevented CO2 absorption by using a 5 N HCL solution (pH < 2; Boshagh and Rostami, 2020). We maintained the bioreactors for at least 4 weeks or until stability was achieved. We calculated the biogas production stability index for each replicate using the biogas production of the previous 3 days (stability index measures the variance in biogas production during a period; Tenca et al., 2011). When the mean of the biogas stability index of the 12 replicates was above 0.9 for 3 consecutive days, we considered stability was achieved. We also calculated the final biogas stability index for each replicate and the mean of all replicates for each treatment.




2.4 Invasion test

After the initial stabilization period, 6 random replicates for each treatment were divided again (using the partition methodology described in the Setup of Bioreactors section) and one of the derived bioreactors for each replicate was inoculated with a strain of Lactobacillus plantarum. The L. plantarum strain was isolated from a hydrogen-producing bioreactor degrading wheat straw, operating at 37°C and pH 6.5 (Perez-Rangel et al., 2021). The strain of L. plantarum was grown overnight in LB medium (Sigma Aldrich, USA) and then acclimatized for 3 days in the same medium and conditions that were used in our bioreactors. The invasion was performed at a 10% ratio of the L. plantarum culture at an optical density of 1. For this, we followed the same protocol for daily transfers, but instead of just 40 mL of fresh medium, we used 34 mL of fresh medium and 6 mL of the overnight culture of L. plantarum.




2.5 Characterization of complementary functions of bioreactors

In addition to biogas production, we measured volatile fatty acids (VFAs) concentration as proxy measures of the function of bioreactors. Volatile fatty acids (VFAs) concentration was determined using an SRI 8610-00 gas chromatograph equipped with a Porapak Q column and using Helium at a 30 mL/min flow rate as carrying gas. Temperatures for the injector, column and oven were 150°C, 50°C and 50°C respectively.




2.6 Characterization of microbial diversity

At the same time points in which chemical analyses were performed, we obtained culture samples for microbial composition analyses. Samples were stored at −80°C until processing. DNA was extracted using the Quick-DNA Fungal/Bacterial DNA Microprep Kit (Zymo Research, USA) following the manufacturer’s instructions. Sequencing library preparation was performed targeting the V4 region of the 16S SSU rRNA gene using primers 515F: GTGYCAGCMGCCGCGGTAA (Parada et al., 2016) and 806R: GGACTACNVGGGTWTCTAAT (Apprill et al., 2015). Amplifications were performed in 25 µL reactions with the Platinum Hot Start PCR Master Mix (Invitrogen, USA), 0.5 µL of 10 mM primers, and 1 µL of DNA template at a concentration of 20 ng/µL. Negative controls were included for each PCR reaction to ensure that no contamination occurred. Later, amplification products were visualized using electrophoresis gels. Finally, the sequencing reaction was performed using the Miseq 300PE platform at the Macrogen facilities (Korea) using Reagent V3 and Phix at 30% and with a red length of 250PE.




2.7 16S rRNA sequence data processing



2.7.1 De-multiplexing, filtering, and chimera check

Raw sequences (10,540,264) were demultiplexed using the demuxbyname script from the BBTools suite (Bushnell B., sourceforge.net/projects/bbmap/). Demultiplexed sequences were next processed using QIIME 2 v2021.2 (Bolyen et al., 2019). Sequence quality control (denoising and chimera check) and inference of amplicon sequence variants (ASVs) were performed using the dada2 denoise-paired command. We modified the trim left f, trun len f, trim left r, and trun len r parameters to remove 30 bp from both extremes of the reverse and forward sequences. After quality control, 7,893,591 (74.89%) sequences were retained.




2.7.2 ASV assignment

After quality filtering, samples were rarefied to the average of reads per sample (27,082 reads) using the qiime feature-table rarefy command with the –p-with-replacement argument in QIIME 2 v 2021.2. Taxonomy was assigned to 115 ASVs using BLAST (Altschu et al., 1990) against the NCBI’s 16S ribosomal RNA refseq database (O’Leary et al., 2016). Finally, to improve pattern recognition and reduce technical variability, ASVs with less than 20 reads in 20% of the samples were filtered out (retaining 24 ASVs) of the following analyses based on the filtering criteria published previously (filtering ASVs with less than m = 20 counts in at least k = 20 samples, where m and k were selected as 0.1% of the minimum sample library size which was ~20,000; Cao et al., 2020).





2.8 Statistical analyses

To assess the variability of microbial function over time, for each treatment, we plotted the 12 bioreactors function data (biogas production and VFAs). Similarly, to assess the variation of the average microbial abundance over time we used stacked bar plots of the average abundance of each ASV for the 12 replicates. To investigate how low-abundance ASVs behaved over time the average abundance was plotted in a heatmap, normalizing ASVs abundance across samples. To analyze the relationship between microbial composition and bioreactors we followed two approaches. First, we performed Spearman correlations between ASVs abundance counts and metabolites concentrations and biogas production obtained using the cor function in the stats R package v4.0.5. We represented the correlations as heatmaps for visual interpretation. Then, we used the cca function in the vegan R package v.2.5-7 (Oksanen et al., 2013) to perform a canonical correspondence analysis (CCA) using the abundance counts of ASVs and normalized metabolite concentrations and biogas production. All analyses were performed using R v.4.0.5 (R Core Team, 2013). Finally, to infer the potential interactions occurring between the members of the hydrogen-producing consortia, we used the Lotka-Volterra-based network inference approach implemented in MetaMIS v1.02 (Shaw et al., 2016). For each sampling time point, the average of the microbial abundance of the 12 replicates was computed and used to infer ecological networks. The networks were visualized using Cytoscape 3.0 (Shannon et al., 2003).





3 Results



3.1 Bioreactor’s function

All replicates of both treatments showed increased and stabilized biogas production over time but peaked at different times depending on the treatment. The heat-shock-treated bioreactors showed higher production and stable production was achieved in comparison with the non-treated reactors (916.2 ± 29.9 mL/L vs. 1754.6 ± 2.89 mL/L, a 91.5% increase; Figure 2), biogas stability index was higher in heat-treated bioreactors (0.904 vs. 0.614) than in non-treated reactors. Regarding VFAs, acetic and butyric acids were the most abundant in both treatments indicating hydrogen production (Figure 3), although gas composition wasn’t measured. Both treatments showed high acetic and butyric acid production but the trend in concentration change was different for both treatments. In non-treated bioreactors, acetic and butyric acid concentrations initially increased and then stabilized, while in treated bioreactors, VFAs and biogas showed a consistently stable production pattern. Furthermore, in the non-treated bioreactors, propionic acid was also constantly produced.




Figure 2 | Biogas production over time in the non-treated (A) and heat-shock-treated (B) bioreactors. For each box, red dots represent outliers (1.5 interquartile ranges above or below the first quartile). Dotted vertical lines represent the sampling days for microbial and VFAs characterization. The red vertical line represents the day when the invasion of L. plantarum was performed. 12 replicates were measured per day until the invasion day where only the 6 invaded samples are shown.






Figure 3 | Volatile fatty acids production over time in the non-treated (A) and heat-shock-treated (B) bioreactors. The red vertical line represents the day when the invasion of L. plantarum was performed. 12replicates were measured per day until the invasion day where only the 6 invaded samples are shown.



The effect of the invasion by L. plantarum on the function of the bioreactors was different in each of the treatments. In both experiments, invasion induced a reduction in biogas production observed 24 hours after the inoculation. The reduction was steeper in the heat-shock-treated bioreactors than in the non-treated bioreactors (72.15% vs. 85.03% of the original biogas production respectively). After the initial reduction, biogas production increased again to levels observed before the invasion (93.54% and 92.87% of the original biogas production in the non-treated vs. the heat-shock-treated bioreactors respectively). However, in the non-treated bioreactors, one replicate did not recover from invasion and stopped producing biogas. In Figure 2 the biogas production is shown without the collapsed bioreactor after the invasion. In this figure, it can be observed that, only in the non-treated bioreactors, the biogas recovery even surpassed biogas production before the invasion (reaching 111.49%). In Supplementary Figure 1, the biogas production in the non-treated bioreactors including the non-recovered replicate is also shown. The concentration of the analyzed VFAs was not seemingly affected by the invasion in either treatment (Figure 3).




3.2 Microbial composition

In non-treated bioreactors, the microbial community was initially dominated by species like Citrobacter amalonaticus, Clostridium butyricum, and Enterococcus xiangfangensis (Figure 4). However, as the experiment progressed, their abundance decreased, and Ethanoligenens harbinense, Enterococcus olivae, E. xiangfangensis, and Clostridium pasteurianum became dominant. Additionally, 15 rare ASVs made up a significant portion of bacterial abundance, showing independent dynamics from the dominant species (Figure 5). These rare ASVs maintained stable levels throughout the 60-day experiment. In the heat-shock treatment bioreactors, only two ASVs (C. guangxiense and C. pasteurianum) were present, with C. guangxiense being the dominant one, and their abundance remained stable throughout the experiment.




Figure 4 | Microbial diversity composition per treatment and over time. Mean relative abundance (N=12) of different amplicon sequence variants (ASVs) in thenon-treated (A) and heat-shock-treated (B) bioreactors.






Figure 5 | Heatmap showing the variability of the relative bacterial abundance over time in the non-treated bioreactors. Abundance is standardized per ASV to reflect variability between times for each ASV. Each day represents the average abundance per ASV (n = 12).






3.3 Relationship between microbial diversity and function of bioreactors

Since only two species survived in the heat-treated bioreactors and little variation was observed in their function, all correlation and multivariate analyses were performed only for the communities of non-treated bioreactors. Biogas production was positively correlated to the abundance of certain ASVs. For instance, E. harbinense (r = 0.52), C. pasterianum (r = 0.22), E. olivae (r = 0.55), Clostridum carboxidorans (r = 0.51) and Peptostreptococcus anaerobius (r = 0.42) are significatively positively correlated with biogas production (all p-values < 0.05). Contrarily, C. amalonaticus (r = −0.58), C. butyricum (r = −0.36), Clostridium swellfunianum (r = −0.39), Clostridium vulturis (r = −0.24), Rummelibacillus pycnus (r = −0.21) and Clostridium nitrophenolicum (r = 0.25) were negatively correlated (all p-values < 0.05; CCA in Figure 6 and Pearson correlations in Figure 7). The bacteria that had negative correlations with biogas production tended to present positive correlations with, either butyric acid and/or propionic acid. For instance, ASVs like R. pycnus were positively related to butyric acid (r = 0.3, p-value < 0.01), while Clostridium luticellarii was positively related to, both, butyric and propionic acids (r = 0.45 and 0.21, p-values < 0.05). The rest of the analyzed volatile acids (isobutyric acid, isovaleric acid and valeric acid) and microbial ASVs show no clear relationship to biogas production. The CCA (Figure 6), also shows that the structure of the microbial composition of samples in all replicates followed a similar composition and function during the experiment. Thus, samples from earlier times in the experiment showed similar microbial structure and functional performance to samples from the end of the experiment.




Figure 6 | Canonical correspondence analysis (CCA) biplot (n = 120,12 per day). CCA representing the relationship between bioreactors function (biogas and volatile fatty acids) and microbial composition in the non-treated bioreactors. Yellow points represent ASVs, vectors represent metabolites and hollow points represent samples colored by the time of the experiment when they were taken. Eigenvalues: axis 1 = 0.324, axis 2 = 0.111. Percentageof variance explained:15.54(axis 1), 5.33(axis2). Cumulative percentage explained: 20.88. Model significance (p-value < 0.001). Significance of constraining variables: Biogas (p-value < 0.001); Butyric acid (p-value < 0.001); Isovaleric (p-value0.118); Acetic acid (p-value 0.007); Isobutyric acid (p-value 0.154); Valeric acid (p-value 0.273); Propionic acid (p-value < 0.005).






Figure 7 | Pearson correlations between microbial abundance, biogas production and volatile fatty acids concentration in the non-treated bioreactors (n=120). Red shades represent negative correlations and blue shades represent positive correlations. Stars inside each cell represent the significance of the correlation (“***” = 0.001; “**” = 0.01; “*” = 0.05).






3.4 Potential ecological interactions

The inferred interactions show potential benefits for certain bacteria positively correlated with biogas production (e.g. E. harbinense and E. olivae) and potential harm for those negatively linked to biogas production (like C. amanoliticus and C. butyricum; Figure 8). For instance, it was inferred that E. harbinense and E. olivae might have benefited from the presence of C. pasteurianum. Conversely, C. amanoliticus showed a potentially negative relationship with C. pasteurianum and R. pycnus, while C. butyricum was affected by E. xiangfangensis. Meanwhile, C. nitrophenolicum, though low in abundance, had several interactions potentially impacting the consortia composition. For example, it might have benefited E. harbinense but was negatively affected by C. amanoliticus and C. butyricum. In turn, C. nitrophenolicum could have benefitted from the presence of E. xiangfangensis and Clostridium tyrobutyricum.




Figure 8 | Interactions inferred in the non-treated bioreactors. Nodes denote bacterial species, blue edges denote positive significant interactions, red edges denote negative significant interactions, the direction of the arrows represents the direction of the interaction, and the intensity of the color of the edges represents the strength of the interaction.






3.5 Robustness to invasion

Both treatments resisted the invasion of L. plantarum, but they exhibited distinct responses (Figure 9). In non-treated bioreactors, L. plantarum was initially found in all inoculated bioreactors after 24 hours. However, after a week, it was only detectable in one bioreactor, where it became dominant, leading to a collapse in biogas production. In contrast, in heat-shock-treated bioreactors, L. plantarum was initially present 24 hours after inoculation but never became dominant. Instead, it persisted in small quantities after a week. Ultimately, bioreactors without established L. plantarum maintained a microbial composition similar to pre-inoculation levels.




Figure 9 | Microbial composition after 6 replicates were divided and inoculated with L. plantarum. Non-treated bioreactors 1 day (A) and 7 days (B) after the inoculation. Heat-shock-treated diversity bioreactors 1 day (C) and 7 days (D) after the inoculation.







4 Discussion

Although microbial composition and function are dependent, not only on the culture conditions but also on the biological characteristics of the microorganisms involved, the mechanisms behind the diversity-function relationship are a matter of investigation (Louca et al., 2018; Escalas et al., 2019; Sanchez et al., 2023). In hydrogen-producing bioreactors, harnessing microbial diversity has been a challenging endeavor, as culture conditions to achieve hydrogen production have proven to have distinctive impacts on microbial diversity (from mild to drastic pretreatments that reduce microbial diversity), altering the structure, function and stability of the microbial communities with unknown ecological consequences (Philippot et al., 2013; Wagg et al., 2014; Hernandez-Teran et al., 2020). In this work, we aimed to analyze the effect of reducing the diversity of microbial consortia on biotic interactions and system-level properties, such as stability and resilience.



4.1 Treatments on inoculum predictably affected the diversity, structure and function

To determine how variation in microbial diversity (i.e. richness) affected function, we periodically tracked the biogas and volatile fatty acid production in both, the non-treated and heat-shock-treated bioreactors. Additionally, we conducted culture-independent molecular analysis on microbial diversity across 10 timepoints in the 12 replicates for each treatment to understand the microbial composition driving biogas production and the differences between the two treatments. In this sense, the two treatments in our work show very contrasting patterns of assembly and functional stabilization (Figures 2, 3), which might have been the result of different mechanisms.

In the heat-treated bioreactors, microbial richness was severely reduced consisting only of C. guangxiense (which dominated the bioreactors) and C. pasteurianum. Although our case is an extreme example of reduced microbial diversity, other experiments also show very few ASVs (e.g. Muñoz-Páez et al., 2019). In terms of biogas production, a quick stability was reached. This function and compositional patterns are in accordance with the previous observations that pretreated communities show long-term biogas production stability under certain conditions (selective enrichment of Clostridum species, and sterile temperature- and pH-controlled conditions) as those used in this work for the heat-treated bioreactors (Singh and Wahid, 2015; Cabrol et al., 2017). It is worth noticing that the stability observed in the heat-shock-treated bioreactors of our experiment might be deceiving. When scaling the process to industrial settings, anaerobic and further controlled conditions and sterility, often needed as a result of selective pretreatments (Hawkes et al., 2002), are difficult to maintain and not cost-effective (Cabrol et al., 2017). High abundance of Clostridum species was long considered as the optimal composition to obtain high hydrogen production in dark fermentation bioreactors (Valdez-Vazquez and Poggi-Varaldo, 2009) until most recent works drove attention to other diversity and abundance patterns in community structure that comprise, not only of hydrogen-producers, but also of other bacterial groups (e.g. Bacillus, lactic acid bacteria or enterobacteria) performing complementary functions like aggregation or detoxification (Cabrol et al., 2017; Lopez-Hidalgo et al., 2022). Other advantages in terms of mixed consortia in hydrogen production include easiness in bioreactor management and substrate utilization but the fact that ecological interactions are not understood makes it difficult to predict an improve their performance (Mohanakrishna and Pengadeth, 2024).

In the non-treated bioreactors, a diverse community was established in the bioreactors and underwent a complex process of assembly and stabilization. This gradual shift in microbial composition was accompanied by a subsequential increase in biogas production. The pattern of increasing biogas production shown by the non-treated bioreactors has been reported in previous experiments (Kim and Shin, 2008; Kannaiah Goud et al., 2014) being the main cause of the aforementioned shift in microbial composition (Palomo-Briones et al., 2018; Yang and Wang, 2019; Castelló et al., 2020). For instance, E. harbinense and C. pasteurianum, were the two most dominant species toward the end of the experiment when biogas production increased, and are known as hydrogen-rich biogas producers (Wang et al., 2009; Masset et al., 2012; Srivastava et al., 2017). Also, Enterococcus species, commonly found in hydrogen-producing consortia (Lopez-Hidalgo et al., 2022), where identified. Species of these genera are known to be hydrogen producers (Laxman Pachapur et al., 2015; Wang and Yin, 2017; Braga et al., 2018) but are not generally studied in hydrogen-producing consortia and further investigation on their role on hydrogen production is needed. In this sense, E. olivae was the most abundant Enterococcus species in the non-treated bioreactors and although it has been reported to produce biogas on glucose (Lucena-Padros et al., 2014) this gas was not identified so, although possible, it is not clear if and how E. olivae could have contributed to biogas production. On the other hand, C. carboxidivorans is a homoacetogen capable of utilizing H2 and CO2 for growth (Fuentes et al., 2021). The positive relationship between C. carboxidivorans and biogas production might be due to increased growth fueled by the capacity of utilizing hydrogen-rich biogas.

Importantly, the mechanisms giving rise to a change in community composition (and thus function) during the assembly of microbial communities in bioreactors are not widely explored. In other type of communities several mechanisms ranging from stochastic to deterministic (from which one of the most influential are biotic interactions) have been identified (Estrela et al., 2022) and thus are discussed further in the next section.




4.2 Stability in diversity treatments was the result of distinctive ecological interactions

The impact of ecological microbial interactions on composition and function has been studied in several systems. Resolving how these ecological interactions work during the assembly of microbial communities might help to improve our predictive power over them allowing us to harness their capabilities. In our work, we statistically inferred the potential microbial interactions of the non-treated bioreactors to understand the reasons behind the assembly process. Microbial interactions have been found to be important in determining community-level functions such as antibiotic resistance, host-pathogen resistance and the result of biotechnological processes (Marcelino et al., 2023; Melkonian et al., 2023; Mizrahi et al., 2023).

Our results indicate that ecological interactions could have influenced the observed dynamics in contrasting ways. In the non-treated bioreactors, more ASVs meant more chances that interactions with strong effects on composition and function occurred. In particular, we hypothesize that positive interactions toward hydrogen producers from the rest of the community resulted in their gradual abundance increase (e.g. Clostridium tyrobutyricum and Enterococcus xiangfangensis toward directed toward E. harbinense). Moreover, negative interactions such as the one from C. pasteurianum toward C. amanolyticus might have decreased the abundance of the later. These interactions might have resulted in the high abundance of E. harbinense and E. olivae toward the end of the experiment. Importantly. Enterococcus species frequently coexist with Clostridium and Ethanoligenens bacteria (the main three groups at the end of our experiment) in several anaerobic environments such as dark fermentation bioreactors (Gabriel‐Barajas et al., 2022; Yang et al., 2022; Zhang et al., 2022) but their interactions have not been studied. Although statistical inference of microbial interactions has limitations and coexistence (or coexclusion) does not necessarily imply any type of interaction, it has been used successfully in different microbial systems to identify important interactions and community-level properties that result from these interactions (Guo et al., 2022; Lin, 2022). As such, our data and the previously mentioned reports indicate that such potential interactions should be extensively studied, especially, since lactic acid bacteria (like E. olivae) show metabolic capacities such as degradation of complex substrates and oxygen consumption might have a positive effect in hydrogen production (Sikora et al., 2013). Further, these interactions might be species or even strain specific (Goyal et al., 2022) and our experiment exemplifies this since we found that other enterococci (E. xiangfangensis) had a negative relationship with, both, E. harbinense and C. butyricum. Lastly, low-abundant bacteria (like C. nitrophenolicum and Rummeliibacillus pycnus) might have established positive interactions with hydrogen producers (like E. harbinense) that could favor the change in the overall composition. Low-abundance bacteria should not be overlooked since they are able to affect the whole structure of microbial communities either by acting as keystone species, being highly active or by serving as functional reservoirs against environmental perturbations (Pascoal et al., 2020; Jia et al., 2022).

In contrast, for heat-shock-treated bioreactors the only two ASVs led the consortia to reach stability faster than non-treated bioreactors. We hypothesize that the compositional and functional stability was the result of the two ASVs showing a mostly neutral interaction. We deduce this neutrality since the two ASVs coexisted without many changes in abundance during the whole experiment. Also, based on the interactions inferred for the non-treated bioreactors, no significant interaction was found between C. pasteurianum and C. guangxiense. This observation is consistent with previous studies in other communities, both natural and artificial, where several species of Clostridium can coexist (Graf et al., 2015; Thi Hoang et al., 2018). Since not every Clostridium (or for that matter any bacterial group) contributes equally to community-level function, our results draw attention to fully understanding the reasons behind the presence of certain species in microbial consortia. In the case of the heat-shock-treated bioreactors, the presence of C. pasteurianum and C. guangxiense might be the result of deterministic processes that increased their fitness like different spore germination times and growth rates that have been noted to be important in community assembly (Hawkes et al., 2002; Jaspers and Overmann, 2004; Menéndez-Serra et al., 2023). As mentioned before, the drastic reduction in ASVs in the heat-shock-treated bioreactors might give the impression of increased stability in the bioreactors. However, in addition to the fact that strict anaerobic conditions had to be used, the diminished diversity can lead to less long-term instability, due to, for example, a lack of functional redundancy in case of perturbations (Louca et al., 2018).

Invasion by competitive species in non-sterilized substrates is one of the reasons for the instability of the bioreactors (Castelló et al., 2020). Several factors have been shown to influence the resistance to invasions of microbial communities. For example, an increase in the richness component of diversity has been positively linked with a reduced probability of invasion while stochastic processes have been linked to invasion success (Mallon et al., 2015; Renault et al., 2022). In this sense, the function and structure of the microbial communities of the two treatments showed different responses to invasion (i.e. the effect on biogas production, the ratio or number of bioreactors where the invader established and the abundance of the invader) that could be related to specific community-level properties of each of them. In the non-treated bioreactors, only in one replicate, the invader became dominant while in the rest of the replicates no presence of the invader was observed after one week. In contrast, in the heat-shock-treated bioreactors, L. plantarum established in at least four replicates (although in low abundances) but never dominated. Similarly, biogas production was affected more severely in the heat-treated bioreactors, indicating that the alien species had a competitive effect on the microbial communities of such bioreactors. As such, in the heat-shock-treated bioreactors, given the small number of species, this community was susceptible of L. plantarum which might have managed to exploit an available niche which is an important factor regarding the establishment of invaders in low diversity communities (Kinnunen et al., 2016;Renault et al., 2022). In the non-treated bioreactors, since the establishment of L. plantarum occurred only once, it is possible that random processes like drift, which refers to random changes in microbial composition through cell division and death, contributed to invasion success in the particular bioreactor where it established. Although stochastic processes like drift are often overlooked, it has been noted earlier for influencing the assembly of microbial communities in bioreactors (Liebana et al., 2019) and other systems (Fodelianakis et al., 2021; Rose et al., 2023). Additionally, the strong effect of L. plantarum in the community might be explained by the similarity in fitness with the resident community, which might have increased the invasion effect (Li et al., 2019a). Thus, our results show that the relationship between microbial diversity, community function and invasion success is complex even in simple communities. As future research continues the test of dark fermentation on an industrial scale, the study of the effect of microbial diversity on the stability and function of bioreactors is going to be of extreme importance. Several challenges on scalability have been identified such as inhibitors accumulation, complex substrates pretreatment requirement and oxygen control (Teke et al., 2024) which can be diminished with the use of the correct management of microbial consortia. Also, further studies must be performed using complex substrates (like agro-industrial effluents) and varying conditions like those intended to be used in industrial-scale bioreactors. Strategies like bioaugmentation (e.g. inoculation of hydrogen strains into mixed cultures) or the use of current technologies like CRISPR are promising to improve the performance of the microbial consortia inhabiting bioreactors. Yet, these strategies still will require the use of ecological information to design strains and ensure their success during the transition from lab to industrial settings.

Despite a long line of evidence showing that diversity has a strong influence on the function and stability of bacterial communities, it is not clear how ecological mechanisms (from which function and stability are dependent) are related to diversity and how they are affected when diversity changes. The results in this work show that the establishment and medium-term behavior of bacterial communities are the outcomes of the interplay between the number and identity of ASVs, biotic interactions and culture conditions. In particular, we found that: (1) higher diversity slowed the stabilization of microbial abundance and dynamics but was ultimately predictable as biotic interactions were important for the assembly of microbial consortia, (2) loss of diversity made stabilization faster but less resilient against adverse culture conditions (aerobic conditions) and (3) higher diversity made invasion success less probable. Further studies investigating the molecular basis of interactions and confirmatory experiments on the nature of the interactions and their effect could help identify mechanisms that caused changes in function and invasion behaviors. Finally, due to the importance of microbial diversity for various applications, particularly in biotechnological settings, this study provides a baseline to incorporate ecological theory and experimental designs into the study of biotechnological settings like bioreactors. Further, this type of study might increase the knowledge of the relationship between function and diversity, which in turn will help improve the yield and stability of hydrogen-producing bioreactors.
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