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ABSTRACT 

To date, high hydrogen yields by dark fermentation has been challenging because tight control of methanogenic microbial 

assemblies used as inocula, is needed and rarely achieved. This control is commonly seek through aggressive pretreatment of such 

inocula (e.g. activated sludge, agricultural disposal) which has been somewhat successful despite little knowledge on the effects 

on the microbial composition and dynamics that we believe is key to overcome challenges like long-term stability and up-scaling 

of production.  Specifically, we propose that ecological analyses with a systemic view of microbial communities composition 

coupled with modeling of their dynamics and interactions among members is a key step towards a sustainable biohydrogen 

production. In this work, we reviewed scientific publications corresponding to 104 hydrogen producing (dark fermentation) and 

99 methanogenic (anaerobic digestion) experimental settings and constructed databases including microbial composition and 

environmental conditions for each experiment (e.g. maximum H2 yield, temperature, pH). With the hydrogen-producing database 

we performed multivariate (PCA and CCA) and indicator species analyses to investigate correlation of performance (hydrogen 

production) and culture conditions with key species in these communities. Comparison between hydrogen producing and 

methanogenic consortia was based on the inferred ecological (co-occurrence) networks derived from the databases. Networks 

were compared in terms of their robustness, modularity and other topological aspects in order to unravel important interactions 

between populations of these communities and unknown roles of some groups. From the multivariate analyses we found that 

richness of the microbial consortia can explain 20% of the variance among experiments, and that richer consortia present higher 

H2 yields. We also found that Ruminococcaceae and Oxalobacteraceae families were associated to high hydrogen yields and 

represent important nodes in the reconstructed networks. In addition, topological features of the anaerobic digestion network 

suggest that these communities are more robust (i.e. less centrality, higher diameter, density and connectance) than hydrogen 

producing networks. Overall, multivariate and network analyses showed that more diverse communities (number of different 

microbial groups) have systemic properties that make them more robust in terms of long term stability.  

 

Keywords: dark fermentation; ecological networks; biohydrogen production. 

 

1. Introduction 

The urgent necessity of finding alternatives to fossil fuels has driven the development of sustainable forms of producing less 

polluting forms of energy. Hydrogen is a high-energy fuel that can be used for generating electricity, in transport vehicles and as a 

domestic or industrial fuel while its combustion results mainly in water and NOx traces[1]. Nowadays, hydrogen is mainly 

produced by high-energy demand processes like water electrolysis and methane reforming [2] so recent research has focused on 

less costly and more sustainable hydrogen production. 

Dark fermentation is a very promising process to produce hydrogen at large scale. It involves the heterofermentation of 

carbohydrate-rich substrates by prokaryotic consortia and is derived from a more general process of anaerobic digestion that 

consists of four phases (hydrolysis, acidogenesis, acetogenesis and methanogenesis). In dark fermentation, inocula are pretreated 

in order to eliminate methanogenic populations and, as a consequence, the process stops at the acidogenesis phase where, along 
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with volatile fatty acids (VFA’s) and alcohols, hydrogen is produced. Following the pretreatment, overall diversity is reduced 

mainly to Firmicutes species (specially Clostridium and Bacillus species due to their ability to form spores and resist pretreatment 

conditions [3]). Yet, pretreatment of inocula has little understood ecological consequences to the process stability (i.e. process 

collapsing or metabolic changes) and performance. 

Dark fermentation allows the coupling of fuel production with sustainable waste management. In addition to hydrogen, VFA´s 

can be used in hydrogen production by photo-fermentation or for producing biopolymers [4] and the solid residues can be used as 

compost for agricultural fields. However, dark fermentation faces important obstacles that preclude large-scale implementation, 

namely, stability issues and low yields that make the process unprofitable. 

To overcome many of the obstacles in biohydrogen production it is important to investigate the microbial component of 

bioreactors from an ecological and systemic perspective. Ecological interactions are important in the sense that they drive 

communities dynamics and impact organisms evolution [5], potentially leading to variations in reactors performance.  

Current knowledge about microbial interactions in hydrogen-producing reactors is mainly focused in granules formation (e.g. 

Streptococcus species[6]), anoxic conditions maintenance (e.g. Klebsiella species[6]) and substrate hydrolysis (e.g. Pseudomonas 

and Bifidobacterium species[7]). Beyond this processes very little is known or has been investigated. For example, there is very 

little information on other types of interactions among microbial consortia of the hydrogen-producing bioreactors and we neither 

know which members or interactions are lost with pretreatments of anaerobic digestion consortia, nor how this impacts ecological 

processes. Moreover, there are not reviews that explore microbial composition beyond lists of members to evaluate potential 

interactions or correlations among bioreactor performance, microbial composition and culture conditions to better understand 

community dynamics.  

Multivariate and networks analyses can be the first step into modelling and understanding complex biological systems like 

microbial communities. On the one hand, multivariate analysis are a classic approach to relate culture conditions and species 

composition that is underused in microbial ecology [8]. On the other hand, topological network analyses can help to understand 

the systems functioning [9] and graphically they help to make inferences about important relations between biological entities. A 

step further can be taken and mathematical models (i.e. Boolean or differential equations) can be designed to study the dynamic 

properties of such systems [10]. 

In this work we reviewed scientific publications corresponding to 104 hydrogen producing (dark fermentation) and 99 

methanogenic (anaerobic digestion) experimental settings, with which information we constructed databases with composition 

and environmental conditions, and analyzed it quantitatively. The goals of this review were: (i) to investigate the statistical 

relationship between microbial compositions in hydrogen producing experiments and culture conditions; (ii) to reconstruct the co-

occurrence networks of hydrogen and anaerobic digestion consortia and (iii) to compare both networks in order to find significant 

changes in their structure. 

2. Materials and methods 

2.1 Literature search  

We conducted a key word search in SCOPUS using “dark fermentation” and “microbial” for hydrogen producing experiments 

and “anaerobic digestion” and “microbial” for methane producing experiments. We did not restrict the search in terms of 

publication dates but experiments consisting of two or more digestion phases were excluded from the analyses.  

 

2.2 Data extracted from the literature 

Attributes registered for the experiments of hydrogen producing reactors were: hydrogen yield, temperature, pH and microbial 

composition. For the experiments of anaerobic digestion reactors we only recorded microbial composition. For all cases, we only 

registered information at the time of maximum production (either hydrogen or methane) based on the assumption of equivalent 
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ecological status thus potential coexistence of the recorded members of the communities. When possible (43 out of 104 hydrogen 

producing experiments), the hydrogen yield data was transformed to mol H2/mol hexose consumed. 

 

2.3 Microbial composition data 

Microbial composition was analyzed in terms of presence/absence data based on 16S rDNA gene sequence differences as the 

standard for species identity in prokaryotes [11]. For experiments where no 16S rDNA gene sequences were available, we 

recorded the reported species identities without any further analysis. For these cases, we assigned a Genbank’s accession number 

only if the closest relative (at least 97% 16S rDNA sequence identity) was also reported. If the similarity between the sequences 

was between 95 and 97% we recorded the genera identity and if it was between 90 and 95% we recorded the family identity. 

Then, we downloaded the sequences using the accession numbers and grouped them according to species identities using 

UCLUST[12] and QIIME[13] (95% similarity cut). The multivariate analyses and network inferences were performed at the 

species, genera, family and phyla levels, although we only could find and report ecological patterns at the family level. 

 

2.4 Multivariate and statistical analyses 

To visualize and identify patterns of environmental variables (ecological parameters of the reactors) and evaluate their 

correspondence with microbial composition, we followed multivariate and ordination approaches [8].We first standardized 

parameters of culture conditions and hydrogen yield via z-score transformations [8]. We then performed Principal Component 

Analysis (PCA) to visualize environmental variance of the different experiments, and Canonical Correspondence Analysis (CCA) 

was performed to model OTU (family level) response to selected environmental parameters. All these analyses were performed 

using vegan package[14] implemented in R software [15]. 

An indicator species analysis was carried out using community composition and hydrogen yield. In order to classify each 

experiment we categorized the hydrogen yield information using 3 quantiles: low, medium and high yield. We used R[15] and 

indicspecies package [16]for this analysis. 

 

2.5 Network analysis 

To investigate the network properties of the studied microbial communities we reconstructed co-occurrence networks using the 

complex networks reconstruction algorithm implemented in Sets2Networks [17]. For these analyses we used only experiments 

where two or more families were reported. In addition we considered as statically significant those correlations which probability 

value was 0.70 or higher. The average number of neighbors, clustering coefficient, network density, centralization and diameter 

were measured from the resulting networks using networks analyzer function implemented in Cytoscape software [18]. Other 

topological analyses such as modularity and average path length were measured performed using Gephi software [19]. Finally, we 

measured connectance as an important topological parameter for ecological networks [20] using the following formula: 

 

             
 

  
          (3) 

 

Where L is the number of links and S the number of nodes. 

3. Results and Discussion  

3.1 Multivariate and statistical analyses of microbial composition 

Ordination and multivariate analyses showed some important correlations between bioreactor H2 yield, culture conditions and 

microbial composition of biohydrogen reactors. On the other hand, PCA results (Figure 1) showed that although there is not a 

clear clustering of the different sites with respect to culture conditions, features like species richness and H2 yield explained most 

of the variance observed among the bioreactors analysed. We identified three components that accounted for most of the variance 

observed among the analyzed experiment. The first component accounted for 35.08% of the total variation, mainly involving 

temperature and pH; the second component of the PCA accounted for 27.40% of the total variation, mainly involving H2 yield; 
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and the third component accounted for 20.09% of the total variation mainly involving richness. It is worth to mention that reactors 

that were maintained at high temperature (maximum temperature: 70°C) tend to have a medium to high H2 yields (Med: 1.6-2.16 

mol H2/ mol hexoseconsumed; High: 2.16-3.2 mol H2/ mol hexoseconsumed). On the other hand, the CCA (Figure 2) showed that 

families present at high temperatures tend to be associated with some of the highest H2 yields. CCA also showed that some 

families where associated with high hydrogen yields (Ruminococcaceae and Oxalobactereceae). These families were also linked 

to high hydrogen yield sites in the indicator species analysis (although this result was not statistically significant; p value= 0.405 

and 0.31). Streptococcaceae, Bacillaceae and Pseudomonaceae were not associated with the highest yields of hydrogen. This is 

surprising since these families have members associated with granules formation and anoxic conditions maintenance that promote 

Clostridiaceae species growth [3]. It is worth mentioning that Streptococcaceae and Pseudomonadaceae were located at the same 

point on the graph meaning that they tend to co-occur in most experiments with different culture conditions. 

Clostridiaceae family was not associated with any of the two CCA axes implicating first, that Clostridiaceae species can grow 

under a wide variety of environmental conditions, and second, that not all of its members produce hydrogen. These results are in 

accordance with some studies where high hydrogen yield is achieved even without inoculum pretreatment which reduces the 

diversity to mainly Clostridiaceae species[21]. Thermoanaerobacteraceae family correlated with low hydrogen yields, although it 

is known that its presence (in high temperature experiments) is associated with high hydrogen production [6][22]. 

Enterobacterecae family was related to high hydrogen yield which was expected since some species like Klesiella pneumoniae are 

associated with granules formation which may promote hydrogen producers growth [6]. Finally some other families like 

Flavobacteraceae where associated with high H2 yield although little is known about their role in hydrogen production. It has to be 

noted here that the number of studies that were reviewed may not be numerically representative of all the taxonomical groups 

present in hydrogen producing bioreactors, thus caution should be taken regarding major generalizations.  

 

 
Figure 1. Biplot generated from a principal component analysis (PCA) of the standardized environmental variables (pH; 

Temperature, Temp; Maximum hydrogen yield, H2 yield) and species richness (Rich). The different consortia (experiments) are 

shown in the graph as open circles (1-43). Vectors show scaled environmental variables. The first component of the PCA analysis 

accounted for 35.08% of the total variation, mainly involving temperature and pH. The second component of the PCA accounted 

for 27.40% of the total variation, mainly involving H2 yield. The third component accounted for 20.09% of the total variation 

mainly involving richness. 
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Figure 2. Canonical correspondence analysis (CCA) modeling OTUs (family level) response to environmental parameters of 

hydrogen producing bioreactors. Text corresponds to family names for the prokaryotes found in the experiments included in the 

analysis (n=43), and vectors show scaled environmental variables. Two explanatory variables are shown (Temp=temperature, H2 

yield=maximum hydrogen production). The first axis accounted for 4.4% of the total variation, mainly involving temperature. The 

second axis accounted for 7.34% of the total variation, mainly involving H2 yield. 

 

3.2 Network analysis 

At the family level, the hydrogen producing consortia network (Figure 3) showed great centrality (centrality ranges from 0 to 

1) being the Clostridiaceae node the most important of the network (given by its betweenness centrality values).  Other important 

nodes in the network are Bacillacaeae and Thermonaerobacteraceae, the latter being especially important at high temperature 

cultures. The anaerobic digestion network (Figure 4) showed a very central node (Clostridiaceae) but in addition, other nodes are 

also significantly central (Methanosarcinaceae, Methanomicrobiaceae and Methanosaetaceae).  

The topological attributes of both networks (Table 2) are similar, but anaerobic digestion network tends to be bigger, more 

connected, less modular and much less central. Both networks are almost of the same size (number of nodes and network 

diameter) which can be due to the lack of statically significant co-occurrence interactions that results from the sample size. Since 

anaerobic digestion consortia are more diverse (in terms of number of different microbial species) than the hydrogen consortia, 

more sets of experiments (samples) may be required to establish significance to certain co-occurrences. Connectance of the 

anaerobic digestion network is greater but both networks have low connectance, even when compared with macroorganisms 

networks [20].  This is not surprising since the data used in this review is not from high-throughput sequencing and the nodes 

where defined at a family level, both conditions greatly reduce the recovered diversity and can prevent the detection of co-

occurrence patterns that might occur at lower taxonomic levels. 

The intersection network (Figure 5) showed the 12 shared nodes and co-ocurrences between both networks. It is worth noting 

that in both networks the co-occurrence between Clostridiaceae, Bacillaceae and Thermoanaerobacteriaceae members was 

significant. This might indicate and important interaction between these three families. The presence of Lactobacillaceae members 

is expected due to the origins of many of the inocula and substrates (i.e. wastewater treatment plants, animal feces and food 
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waste). Also the presence of Ruminococcaceace members (gen: Ruminococcus, Ethanoligenens) in both networks in addition to 

its probable importance in hydrogen producing consortia requires further research. Oxalobacteraceae (gen: Janthinobacterium) 

along with Ruminococcaceae, are somewhat important nodes in the hydrogen network (given their degree=3 for both; the average 

degree for all the nodes in the network is 2.7 excluding Clostridiaceae). Although members of both families are commonly found 

in hydrogen producing experiments little is known about their ecological role in these communities.  

 

 

Table 2. Topological attributes of the resulting networks at a family level. 

 

 

 
 

Figure 3. Co-occurence network of the hydrogen producing consortia at a family level. Color accounts to betweeness 

centrality of the nodes from low (green) to high values (red). 

 

 

 

 

Attribute Hydrogen Network Anaerobic digestion Network 

Avg. number of neighbors 3.548 4.343 

Avg. path length 2.043 2.112 

Clustering coefficient 0.453 0.536 

Connectance 0.057 0.05864 

Modularity 0.312 0.210 

Network density 0.118 0.128 

Network centralization  0.836 0.676 

Network diameter 4 4 

Nodes 31 35 

Unique nodes 19 23 

Shared nodes                                    12 
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Figure 4. Co-occurrence network of the anaerobic digestion consortia at a family level. Color accounts to betweenness 

centrality of the nodes from low (green) to high values (red). 

 

 

 
Figure 5. Intersection network between hydrogen producing and anaerobic digestion consortia. 
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4. Summary and perspectives 

Overall, multivariate and network analyses showed that more diverse communities in hydrogen producing bioreactors have 

systemic properties that make them more robust in terms of long term stability. 

 Multivariate and statistical analyses of hydrogen producing bioreactors showed correspondence of richness with high 

hydrogen yield. Although caution should be taken given relatively small sample size and methodological biases in species 

identification (mainly DGGE profiling), the reason behind this richness-high H2 yield correspondence might be that, as more 

Clostridium species are present more chances that hydrogen is produced from a more wide variety of substrates [23]. 

 Multivariate Canonical Correspondence Analysis (CCA) identified Ruminococcaceae and Oxalobacteraceae families as 

associated to high hydrogen yields, and also conformed important nodes in the reconstructed networks. Further research has to 

be conducted to determine the role these groups have in hydrogen consortia since little is known at this respect. Also, it 

remained unclear the role in hydrogen production of some families that are associated with improving conditions in the 

bioreactors. Apparently, these families have a positive impact not only in hydrogen producing microorganisms but also on 

“cheaters” that take advantage from these conditions. 

 Network analysis did not show major topological differences between hydrogen-producing and methanogenic consortia. 

However, the anaerobic digestion (methanogenic) network had topological features that suggest that these communities are 

more robust (i.e. less centrality, higher diameter, density and connectance) [20]. This is concordant with the hypothesis that 

more rich communities tend to be more robust in terms of resilience and resistance (although in microbial communities the 

evidence for this is mixed) [24]. 

 

Finally, it is important to remark that although big efforts have been made in the research community in order to explore 

hydrogen-producing microbial consortia, it is evident that to gain a deeper understanding a different approach should be followed. 

Specifically, high-throughput sequencing should be considered when investigating these consortia because in that way we can 

capture, with more detail and deeper sampling, information about its composition and the abundance of the members of these 

communities. With this information we can discover patterns at a finer scale and we could be able to model mathematically these 

communities, which is important since we can use models to predict changes in reactors performance given some information 

about culture conditions. Also, we can use this information in the construction of engineered synthetic microbial consortia that 

could significantly improve this process performance and profitableness. 
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