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Abstract  22 

The aim of this work was to study the biological catalysts and possible substrate 23 

conversion routes in mesophilic dark fermentation reactors aimed at producing H2 from 24 

olive mill wastewater. Bacillus and Clostridium were the most abundant phylotypes 25 

during the rapid stage of H2 production. Chemical analyses combined with predictive 26 
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functional profiling of the bacterial communities indicated that the lactate fermentation 27 

was the main H2-producing route. In fact, during the fermentation process, lactate and 28 

acetate were consumed, while H2 and butyrate were being produced. The fermentation 29 

process was rich in genes that encode enzymes for lactate generation from pyruvate. 30 

Lactate conversion to butyrate through the generation of pyruvate produced H2 through 31 

the recycling of electron carriers via the pyruvate ferredoxin oxydoreductase pathway.  32 

Overall, these findings showed the synergy among lactate-, acetate- and H2-producing 33 

bacteria, which complex interactions determine the H2 production routes in the 34 

bioreactors. 35 
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1. Introduction 40 

The cultivation of olive plants and the production of olive oil have deep roots in the 41 

history of the Mediterranean basin. Olive oil production represents a very important 42 

agro-industrial activity for many countries, primarily Spain, Italy, Greece and Portugal, 43 

followed by Turkey, Morocco, Algeria and Tunisia. The production from these 44 

countries reaches more than 3.14 billion tons in 2019/2020 45 

(http://www.internationaloliveoil.org). Countries outside the Mediterranean region, such 46 

as Argentina, Australia, the US, South Africa and countries in the Middle East are the 47 

emerging olive oil producers. Over the last decade, olive oil has become an increasingly 48 

valuable source of antioxidant, anti-inflammatory, anti-proliferative, anti-atherogenic 49 

and essential fatty acid for the human diet, representing one of the most important 50 

dietary trends worldwide (Dermeche et al., 2013). Thus, the market for olive oil is 51 
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growing at a rapid race owing to the surging demand from consumers for the nutritional 52 

values of olive oil.  53 

However, the continuous expansion of the olive oil production is accompanied by the 54 

generation of huge amount of wastes, which include 30 million m3 per year of olive mill 55 

wastewater (OMW) with a high pollutant load (Meftah et al., 2019). OMW is a 56 

challenging waste to treat because of its own characteristics, such as high salt 57 

concentration (EC 5-10 mS cm-1), high acidity (pH 4-5), high biological and chemical 58 

oxygen demand (BOD and COD of 100,000 and 220,000 mg L-1, respectively), and 59 

high content of polyphenols (Aharonov-Nadborny et al., 2018). The disposal of 60 

untreated OMW is a major environmental issue in the Mediterranean countries, where 61 

olive oil production is large and concentrated in a relatively short period. The 62 

uncontrolled OMW disposal is phytotoxic and it affects microbial activity, 63 

biogeochemical cycles of nutrients, pH and the salinity of both soil and water (Doula et 64 

al., 2017). Therefore, new treatments for the management and disposal of this waste are 65 

urgently needed. Nowadays, the valorization of OMW, while simultaneously degrading 66 

pollutants and producing green energy, is receiving a great attention. Indeed, the current 67 

trend is to obtain the energy directly from OMW in the form of hydrogen (H2), rather 68 

than to spend the extra energy to treat the waste. There are several routes for H2 69 

production from OMW, such as photobiological processes (Pintucci et al., 2015), dark 70 

fermentation processes (Scoma et al., 2013; Ghimire et al., 2015 and 2016), 71 

bioelectrochemical systems (Lin et al., 2014) and a steam reforming reaction (Rocha et 72 

al., 2017). Among the aforementioned routes, dark fermentation process is attractive 73 

because of the wide-range operational temperatures and pressures, the possible usage of 74 

various organic wastes, and the recovery of both the energy and the fermentation by-75 

products (Ghimire et al., 2015). However, the literature data on OMW dark 76 

fermentation are scarce. Scoma et al. (2013) demonstrated that the production of biofuel 77 
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and bio-based chemicals from de-phenolized OMW under dark fermentative conditions 78 

in packed bed biofilm reactors depends on the applied hydraulic retention time. Ghimire 79 

and colleagues (2015) reported that the H2 potential of OMW was 46 mL H2 per gram 80 

of VS, and that the H2 yield doubled when the activated sludge that had been pre-treated 81 

with heat shock was used as inoculum (Ghimire et al., 2016). 82 

Hydrogenases are the main enzyme that regulates the H2 metabolism and they are 83 

classified into three groups based on the number and identity of the metal in their active 84 

sites, such as nickel-iron [NiFe], iron-irons [FeFe] and iron [Fe] hydrogenases (Łukajtis 85 

et al., 2018). H2-producing proteins are linked to the efficiency of dark fermentative H2 86 

production and also to the bacteria involved in the process (Kothari et al., 2017). 87 

Hydrogen is produced by a wide variety of obligate anaerobic and facultative anaerobic 88 

microorganisms that plays an essential role in the dark fermentation process. Among the 89 

microorganisms that strictly require anaerobic conditions, Clostridium species are key 90 

players in H2 production due to their ability to utilize a wide range of substrates (Cabrol 91 

et al., 2017). Clostridium are able to harvest the electrons from pyruvate oxidation and 92 

to use these electrons for the oxidation of reduced ferredoxin by an [FeFe] hydrogenase, 93 

generating H2 through the pyruvate ferredoxin oxydoreductase (PFOR) pathway (Cabrol 94 

et al., 2017). Facultative anaerobes such as Enterobacter species produce biogas 95 

through pyruvate-formate-lyase (PFL) pathway, in which formate is split into H2 and 96 

CO2 by a [NiFe] hydrogenase complex (Cabrol et al., 2017). 97 

Despite few papers have dealt with H2 production through dark fermentation of OMW, 98 

none of them identified the bacteria responsible for H2 production and their partnerships 99 

with other anaerobic microorganisms. Furthermore, the main pathways for H2 100 

production in the olive-mill waste dark fermentation processes is still unknown.  101 

The objective of this work was to uncover the biological catalysts (the key players of 102 

the bacterial community) and possible substrate conversion routes in mesophilic dark 103 
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fermentation reactors aimed at producing H2 from OMW. The approach adopted was 104 

twofold: i) to investigate the temporal dynamics of both bacterial communities and 105 

metabolic profiles during the batch fermentation of OMW ii) to investigate the main 106 

bacterial partnerships for H2 production via metagenome functional prediction. 107 

To this end, high-throughput 16S rRNA gene sequencing was used to unveil the key 108 

bacteria involved in the fermentation process. The taxonomic composition of the 109 

microbial assembly, the alpha- diversity of the microflora, and the fermentation 110 

products were analyzed. Finally, fermentation products analyses and predictive 111 

functional profiling were performed to study the relationships between process 112 

performance indicators and the bacterial community activity. This is the first study 113 

reporting the possible metabolic routes responsible for H2 production in an OMW 114 

fermentation system from a microbiological perspective. 115 

 116 

2. Materials and methods 117 

2.1. Olive mill waste and inoculum characterization 118 

Olive mill waste (OMW) samples were obtained from the “Fasano oil mill” located in 119 

Salerno, Italy. The chemical oxygen demand (COD) method was used to determine the 120 

OMW carbon content. The value of 138.75 gO2 L-1 was obtained and used for set-up 121 

purposes. Total solids (TS), volatile solids (VS), and total kjeldahl nitrogen (TKN) of 122 

the OMW were 8.1 gTS L-1, 4.9 gVS L-1, and 0.45 g L-1, respectively. COD, TS, VS 123 

and TKN were measured as described in the Standard Methods (APHA, 2005). A more 124 

complete characterization of the OMW can be found in Ghimire et al. (2016), where a 125 

similar wastewater from the same oil mill was used. The substrate was stored at -20°C 126 

in lab refrigerators. The initial pH of 5.3 was measured for all OMW samples. The pH 127 

value was checked prior to each experiment and a constant trend was monitored over 128 

time. 129 
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The anaerobic digestate used as inoculum for dark fermentation tests was obtained from 130 

a local full-scale anaerobic reactor treating cow sewage (Salerno, Italy). The inoculum 131 

characterization highlighted the VS content of 47.76 gVS L-1. This value was converted 132 

in soluble COD by using the empirical conversion rate of 1.48 gO2 gVS-1 usually 133 

adopted in wastewater treatment for activated sludge. The pH of the inoculum was 7.8.  134 

The substrate to inoculum ratio (food to microorganisms, F/M) was fixed at 2 gCOD 135 

gVS-1 as operational condition to produce a significant amount of H2 under uncontrolled 136 

pH regimen (Spasiano et al., 2019). 137 

 138 

2.2. Dark fermentation experiments 139 

Batch experiments of dark fermentation were carried out using airtight 500-mL 140 

transparent borosilicate glass bottles (Schott Duran, Germany), placed in a thermostat-141 

controlled water bath at 37°C (mesophilic conditions). To limit the activity of H2-142 

consuming microorganisms, the inoculum was pre-treated at 105°C for 2h (Maharaj et 143 

al., 2019). The batch reactors were equipped with airtight caps fitted with sampling 144 

pipes for biogas, liquid mixtures, and organic acid. All the experiments were conducted 145 

in duplicate. Each experiment was stopped when H2 production was no longer observed. 146 

 147 

2.3. Analytical methods 148 

The total volume of biogas (including H2, CO2, O2 and N2), was measured using a gas 149 

chromatograph (GC) with argon as the gas carrier (Varian Star 3400, Varian Australia 150 

Pty Ltd., Victoria, Australia) equipped with a thermal conductivity detector. The GC 151 

was also equipped with a ShinCarbon ST 80/100 column (Restek Corporation, 152 

Bellafonte, PA, USA). 153 

The organic acids (citrate, lactate, acetate, formate, butyrate, valerate and caproate) 154 

were analyzed by High Performance Liquid Chromatography (HPLC) using a Dionex 155 
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chromatograph (Dionex Corporation, Sunnyvale, CA, USA). The system consisted of a 156 

chromatography oven (Dionex LC 25) equipped with a Metrosep Organic Acids – 157 

250/7.8 column (Metrohm, Herisau, Switzerland) and an absorbance detector (Dionex 158 

AD25) connected to a gradient pump (Dionex GP 50). All samples were eluted with 0.5 159 

mmol L-1 sulfuric acid pumped at 0.7 mL min-1. The pH was measured with a lab pH-160 

meter (HI 98190 pH/ORP, Hanna Instruments, Woonsocket, RI, USA). 161 

 162 

2.4. Bacterial community analyses 163 

Samples for bacterial community analyses were collected at: i) day 0 (T0), 164 

corresponding to the inoculum, ii) day 3 (T3), corresponding to the initial stage of 165 

hydrogen production, iii) day 5 (T5), corresponding to the rapid stage of hydrogen 166 

production, and iv) day 8 (T8), corresponding to the end of the dark fermentation. At 167 

least three biological replicates for each time points were taken and analyzed. Total 168 

genomic DNA was extracted according to the manufacturer's instructions from 169 

PowerBiofilm DNA Isolation Kit (MoBio Laboratories Inc., Carlsbad, CA). High-170 

throughput sequencing analysis of the V3–V4 region of the bacterial 16S rRNA gene 171 

(primers CS1_341F/CS2_806R) was performed by using a MiSeq platform (Illumina) 172 

with v3 chemistry providing 2 × 300 paired-end read (Rapin et al., 2017). 173 

Raw data were preprocessed, quality filtered, trimmed, denoised , paired, and modeled 174 

via QIIME2 (Bolyen et al., 2019) and DADA2. Chimeras were detected using DADA2 175 

according to the “consensus” method. Sequences were clustered into Sequences 176 

Variants (SV). SVs were assigned using a Naïve-Bayes classifier trained on the SILVA 177 

database. Samples were rarefied at the minimum library size of 4464. 178 

All sequences were submitted to the European Nucleotide Archive (EMBL-EBI) under 179 

the accession numbers ERS4861634 - ERS4861650. 180 

 181 
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2.5. Data analyses  182 

Multi packages of R software were used to perform the statistical analyses (R Core 183 

Team, 2017). Rarefaction curves were done using no-normalized SVs table. Alpha-184 

diversity was calculated with Richness, Shannon index and Evenness using multi 185 

package of R software. The differences among samples were evaluated using ANOVA 186 

followed by the Turkey (HSD) test. In case of data not normally distributed, the 187 

Kruskal-Wallis test was applied and followed by the Dunn test. Co-occurrences among 188 

the most abundant bacterial genera (relative abundance >1%) was assessed by the 189 

Pearson correlation coefficient. 190 

The modified Gompertz equation (1) was used to model biogas production during the 191 

fermentation process (Ghimire et al., 2015). 192 

(1) H(t) = Ho exp !−𝑒𝑥𝑝 &!	#
$!
(λ − 𝑡) + 1-. 193 

In equation 1, H(t) is the cumulative gas production (mL), 𝜆 is the lag-phase time (h), 194 

Ho is the gas production potential (mL), R is the maximum gas production rate (mL day-195 

1), t is the incubation time (day), and e is the exp (1)=2.718. Parameters were estimated 196 

using the curve fit function in XLSTAT (Addinsoft, version 21.4.1).  197 

H2 yields were calculated by dividing the final cumulative H2 produced by the amount 198 

of the VS added at the start of the experiment.  199 

The maximum concentration of each metabolite was converted into COD (g O2 L-1) by 200 

using the COD equivalent factors reported in Moscoviz et al. (2018). The OMW 201 

conversion efficiency was then calculated as a percentage by dividing this maximum 202 

concentration by the initial COD in the bioreactor. 203 

The principal component analysis (PCA) on the correlation matrix was performed using 204 

the XLSTAT software to visualize the relationship between the dominant bacterial 205 

groups and the main metabolites over time. The first two PCs were subsequently plotted 206 

to visualize the results. 207 
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 208 

2.6. Functional prediction analysis 209 

PICRUSt2 (Phylogenetic Investigation of Communities by Reconstruction of 210 

Unobserved States) that infer microbial gene content from 16S rRNA data was used to 211 

explore the potential functionality of the bacterial community (Langille et al., 2013). 212 

Functional gene prediction was obtained from KEGG-Orthology (KO). Besides, 213 

information on metabolic pathways and EC numbers involved in the dark fermentation 214 

were manually categorized based on the KEGG and BRENDA databases. Bacterial 215 

genera contributing to the genes involved in the main metabolic routes were further 216 

investigated by hidden state prediction. 217 

 218 

3. Results and Discussion 219 

3.1. Dynamics of the bacterial community structure and diversity 220 

To gain insight into the dark fermentation process of OMW, the dynamics of the 221 

bacterial community structure was deeply investigated by 16S rRNA gene high-222 

throughput sequencing.  223 

After bioinformatic analysis, a total of 1,355,103 reads assigned as Bacteria clustered in 224 

2,679 SVs with 99% similarity were found. Rarefaction curves showed that all the 225 

samples reached the plateau, indicating that the depth of the sampling and sequencing 226 

was sufficiently to detect a nearly maximum number of SVs. 227 

Diversity indices for the samples at different fermentation stages are shown in Figure 228 

1A. Richness, Shannon indices and Evenness showed stable trends over time. Since 229 

these indices are based on the DNA-sequencing results, it is reasonable to expect that 230 

any variation in the fermentation performance may result primarily from the changes in 231 

the functional activities of the established bacterial community (metabolically active 232 
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community), rather than the changes in alpha diversity of the total community (Klein et 233 

al., 2016). 234 

As shown in Figure 1B, there were sixteen genera with a relative abundance higher than 235 

1% in the samples over time. The predominant phyla of the whole fermentation process 236 

were Firmicutes (78.58%), Cloacimonetes (4.70%), Actinobacteria (4.27%), 237 

Proteobacteria (4.11%) and Bacteroidetes (3.73%). The microbial community structure 238 

changed during the hydrogen fermentation process. At the inoculation stage T0, the 239 

most representative taxon was Clostridium (38.23%), followed by Cloacimonadaceae 240 

W5 (12.10%), Corynebacterium (9.64%), Paenibacillus (8.03%) and Acinetobacter 241 

(7.01%).  242 

From T3, Bacillus became the most dominant genus with percentage values ranging 243 

from 30.61% to 23.07% of the total taxa, followed by Clostridium genus.  244 

At T5, besides Bacillus and Clostridium, two other taxa belonging to the Cloacimonetes 245 

and Actinobacteria phyla were also dominant, namely Cloacimonadaceae W5 and 246 

Corynebacterium, respectively. At the end of the dark fermentation (T8), there was an 247 

enrichment of other genera, such as Lysinibacillus (6.51%), Ruminiclostridium (6.29%), 248 

Corynebacterium (6.16%) and Caproiciproducens (5.26%), as well as Bacillus 249 

(23.07%), Clostridium (17.19%) and Cloacimonadaceae W5 (14.65%). In this study, 250 

the Clostridium genus is referred to Clostridium sensu stricto, composed by 8 clusters: 251 

Clostridium sensu stricto 1, 3, 6, 7, 10, 12 (identified as Clostridium butyrium) and 13. 252 

Lactic acid bacteria (LAB) such as Turicibacter (Ikeda-Ohtsubo et al., 2018) and some 253 

species of Ruminococcaceae (Boonsaen et al., 2017) remained constant over time.  254 

Overall, the findings showed the enrichment of potential HPB over time. Among HPB, 255 

Clostridium spp. are considered the most abundant and most efficient hydrogen 256 

producers in mesophilic fermentation processes. These bacteria are able to generate H2 257 

from different substrates, providing H2 yields from 0.5 to 3 mol-H2/mol-hexose (Yang 258 
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and Wang, 2019; Yin and Wang, 2016). In batch experiments treating palm oil mill 259 

effluent inoculated with heat-shocked sludge pit, the increase of the H2-producing 260 

potential was strongly correlated to the microbial shift toward a Clostridium spp.-261 

dominated community (Maaroff et al., 2019).  262 

The most abundant cluster of Clostrium sensu stricto genus was Clostridium sensu 263 

stricto 1. The dominance of this genus was demonstrated also in other research of H2 264 

production via the dark fermentation (Yang et al., 2019; Yang and Wang, 2019). In 265 

addition, Clostridium sensu stricto 7, the second most-common cluster, was also found 266 

in batch experiments of sludge and flower waste co-fermentation aimed at producing H2 267 

(Yang and Wang, 2018).  268 

Some spore-forming facultative anaerobic Bacillales have been reported to produce H2 269 

through the formate hydrogen lyase pathway, providing high yields around 2 mol-270 

H2/mol-hexose (Cabrol et al., 2017). Compared to Clostridium, Bacillus spp. are less 271 

sensitive to oxygen and they contribute in creating the anaerobic conditions suitable for 272 

the growth of strict anaerobic HPB. In fact, at the beginning of the batch fermentation 273 

process, the oxygen in the reactor headspace can solubilize in the bulk liquid, favoring 274 

the activities of Bacillus spp. 275 

Romboutsia and Sedimentibacter were common taxa found in H2 production studies 276 

using heat shock pre-treated inoculum (Yang et al., 2019; Yang and Wang, 2019). 277 

Although Proteobacteria represent a small proportion of the whole phyla, the presence 278 

of Acinetobacter increase during the dark fermentation process. Yang and Wang (2018) 279 

reported that this taxon has an important role in H2 production and consumption during 280 

the dark fermentation process.  281 

Caproiciproducens increased significantly during the dark fermentation process. 282 

According to Feng et al. (2018), the presence of Caproiciproducens was related to the 283 

production of acetate, butyrate and H2. Ruminofilibacter (Bacteroidetes phylum) is a 284 
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rumen bacterium that has been detected earlier in a mesophilic anaerobic reactor. This 285 

genus is considered as a degrader of lignocellulosic materials. 286 

Beside the presence of well-known HPB in the mesophilic fermentative microbiota, it is 287 

important to note the crucial role of auxiliary bacteria that are not necessarily involved 288 

in primary H2 production, but rather tightly interacting (either positively or negatively) 289 

with HPB, resulting in variable functional outcomes. In fact, the presence of these 290 

microorganisms can enhance or discourage H2 production through different 291 

mechanisms, such as cometabolism, oxygen consumption, pH regulation, substrate 292 

hydrolysis and cell aggregation (Cabrol et al., 2017). 293 

In order to investigate the interactive structure of the fermentative community, Pearson 294 

correlations between microbial abundances was performed as shown in Figure 2. 295 

The Pearson’s correlation analysis between the dominant bacterial groups during the 296 

dark fermentation process revealed that both Bacillus and Clostridium were positively 297 

correlated to Lachnoclostridium (rBacillus = 0.78, pBacillus: < 0.001; rClostridium = 0.63, 298 

pClostridium: 0.006), Acinetobacter (rBacillus = 0.76, pBacillus: < 0.001; rClostridium = 0.51, 299 

pClostridium: 0.036) and Caproiciproducens (rBacillus = 0.65, pBacillus: 0.005; rClostridium = 300 

0.52, pClostridium: 0.030). Lachnoclostridium and Caproiciproducens are two well-301 

characterized carbohydrate fermenters that used [FeFe]-hydrogenase for H2 production 302 

(Greening et al., 2018). They are also major butyrate-producing bacteria (Gutiérrez and 303 

Garrido 2019), sustaining the activity of other HPB that can use a butyrate-type 304 

fermentation, where only the production of butyrate ensures the pathways to shift 305 

towards the H2 production. Acinetobacter is a genus of Gram-negative bacteria 306 

belonging to the class of Gammaproteobacteria that are involved in multiple processes 307 

during the H2 production. Acinetobacter not only is directly responsible for H2 308 

production (Kanchanasuta et al., 2017), but also for the degradation of hemicellulose 309 

and lignocellulosic materials contained in the OMW. Due to their ability to secrete high 310 
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quantities of hydrolytic enzymes such as xylaneses and cellulases, Acinetobacter is 311 

implicated in the production of xylooligosaccharides (Purohit et al., 2017), providing 312 

substrate hydrolysis for other HPB. The positive correlation between Acinetobacter and 313 

the two main HPB explains the capability of both Clostridium and Bacillus to use the 314 

products of Acinetobacter transformation to produce H2, thus generating a metabolic 315 

synergy between hydrolyzers and HPB (de Sá et al., 2020). 316 

Lachnoclostridium, Acinetobacter and Bacillus showed a positive correlation with 317 

Paenibacillus (rLachnoclostridium = 0.88, pLachnoclostridium: < 0.001; rAcinetobacter = 0.74, 318 

pAcinetobacter: < 0.001; rBacillus = 0.81, pBacillus: < 0.001). Paenibacillus is able to produce 319 

large amount of exopolysaccharides by utilizing OMW as the sole carbon and energy 320 

sources, with a concomitant reduction in the toxicity of the waste (Dermeche et al., 321 

2013). The reduction in OMW toxicity by Paenibacillus was mainly related to the high 322 

phenolic-degrading activity and the production of extracellular polysaccharide-323 

degrading enzymes (Aguilera et al., 2008), which likely supported the growth of other 324 

microorganisms such as Lachnoclostridium, Acinetobacter and Bacillus. In addition, 325 

according to Aguilera et al. (2001), Paenibacillus seems to be involved in the 326 

production of acids rather than biogas from many carbohydrates. This means that 327 

Paenibacillus can contribute positively to hydrogen production in mixed culture 328 

fermentations by slightly acidifying the local environment, supporting the development 329 

and activity of HPB 330 

The main HPBs Clostridium and Bacillus presented a negative correlation with 331 

Ruminofilibacter and Romboutsia (rRuminofilibacter = -0.83, pRuminofilibacter: < 0.001; rRomboutsia 332 

= -0.55, pRomboutsia: 0.026; rRuminofilibacter = -0.58, pRuminofilibacter: 0.015; rRomboutsia = 0.69, ; 333 

pRomboutsia: 0.002). Ruminofilibacter is polysaccharide-degrading genus found in 334 

anaerobic digesters for methane production (Ince et al., 2020), while Romboutsia is a 335 

potential acetogens that grows autotrophically using H2 as an energy source, 336 
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respectively (Gerritsen et al., 2014). The negative correlation with the main HPB 337 

suggested that these bacteria outcompete HPB for their substrates and directly consume 338 

H2. 339 

 340 

3.2. Metabolic dynamics of the bacterial community 341 

The temporal successions of the cumulative biogas and the main metabolic 342 

intermediates from OMW fermentation were investigated (Figure 3). Biogas production 343 

parameters (the gas production potential Ho (mL), the maximum gas production rate R 344 

(mL d-1), the lag-phase time lambda (d) and the determination coefficient R2) measured 345 

by the modified Gompertz model were reported in Figure 3A-D. The yield of H2 346 

increased over time, showing a rapid production from T3 to T8 with a maximum H2 347 

production rate of 15 mL d-1 and a H2 production potential of 60.6 mL (R2= 0.978, 348 

Figure 3A). The researchers claimed that the low H2 yield can be due to the presence of 349 

polyphenols, which might have an inhibitory effect on the reactor’s microflora. The 350 

total biogas trend showed a gradual increase from T1 to T8, without methane generation 351 

(Figure 3B-4D). The maximum biogas production rate was 166.2 mL d-1 with a biogas 352 

production potential of 664.6 mL (R2= 0.992). The maximum H2 yield of 33.8 mL H2 353 

gVS-1 was obtained. This value was similar to the H2 yield of 33.1 mL H2 gVS-1reported 354 

by Ghimire et al. (2016), where a similar OMW was used.  355 

Figure 3E showed the trend of pH during the dark fermentation process. As reported in 356 

the graph, the pH value decreased over time from 7.1 at T0 to 6.5 at T5 with the 357 

formation of acidic metabolites. At the end of the dark fermentation (T8), the pH value 358 

kept stable at 6.1. 359 

The formation of the main soluble metabolites during the dark fermentation process was 360 

also investigated (Figure 3F-I). Propionate, valerate and caproate were not detected in 361 

the mesophilic reactors. The results showed that lactate and acetate were the main 362 
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metabolites generated during the initial stage of H2 production (T3). Among them, 363 

acetate was the dominant ones. The conversions of the initial COD to lactate, acetate 364 

and formate at T3 were 8.9, 16, and 0.15 %, respectively. During the stages T5-T8, the 365 

concentration of formate, butyrate and H2 increased, while the concentration of lactate 366 

and acetate decreased. Once the lactate was depleted, butyrate formation and H2 367 

production also ceased, despite the acetate availability. The conversions of the initial 368 

COD to lactate, acetate, formate and butyrate at T5 were 1.25, 16.6, 0.22 and 7.66%, 369 

respectively. At the end of the dark fermentation (T8), the concentrations of lactate, 370 

acetate, formate and butyrate were 0, 5403, 0 and 1476 mg L-1, which corresponded to 371 

0%, 78%, 0% and 22% of the total detected soluble metabolites, respectively.  372 

The dynamics of metabolites presented herein seems to indicate a fermentative H2 373 

production from lactate and acetate. The generation of H2, CO2 accompanied with 374 

production of butyrate from lactate/acetate fermentation has been previously reported in 375 

several studies (inter alia Matsumoto and Nishimura 2007; Fuess et al., 2018). Acetate 376 

is not only a source of carbon and energy for many metabolic reactions, but it is also 377 

required as an electron acceptor in the lactate fermentation (Duncan et al., 2004). The 378 

conversion of lactate and acetate to butyrate and H2 is an energetically favorable process 379 

(Duncan et al., 2004). 380 

To provide reliable data to clarify the main conversion routes established in the 381 

fermentation system, the bacterial community structure was correlated with the major 382 

metabolic by-products through principal component analysis (PCA) (Figure 4). 383 

According to the PCA, which explained 89% of the total variability, it was possible to 384 

clearly discern the four phases that characterized the fermentation process of OMW, 385 

from the inoculum (T0) to the H2 production (T8). Thus, major changes in both 386 

metabolites and bacterial profiles were observed as a function of the incubation time. 387 
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At T0, a positive correlation with pH was exhibited by Sedimentibacter, 388 

Corynebacterium and Ruminofilbacter. The last two genera are involved in the 389 

conversion of carbohydrates and complex molecules into small organic acids that 390 

lowered the pH (Jin et al., 2019).  391 

The T3 phase was mainly characterized by the production of lactate, which was closely 392 

matched by the presence of the LAB Turicibacter in the bacterial community.  393 

The final stage T8 encompassed the production of H2, where lactate, acetate and 394 

formate were consumed while H2 and butyrate were produced. In fact, lactate was 395 

negatively correlated with the production of H2 and butyrate. The observed trend 396 

indicated a H2 production through a lactate fermentation (equation 2-3). During lactate 397 

fermentation electrons are transferred to either ferredoxin or NAD+, which favor H2 398 

production through proton reduction used to recycle the electron carriers (equation 2). 399 

Excess NADH generated by the system is used to produce other reduced fermentation 400 

products, such as butyrate (Cabrol et al., 2017). The PCA biplot showed a positive 401 

correlation between butyrate and Clostridium genus. The ability to produce H2 from 402 

lactate and acetate seems to be widely conserved in the genus Clostridium and other 403 

HPB capable of butyrate fermentation of carbohydrates (Matsumoto and Nishimura 404 

2007; Juang et al. 2011; Tao et al., 2016).  405 

It is worth noting that the presence of formate was inversely correlated to lactate. The 406 

detection of formate at T5 (Figure 3H) suggested that, in the bioreactor, formate was 407 

produced by more than one group of bacteria via interconversion reactions, in addition 408 

to its direct conversion from glucose. This result supported the fact that lactate-based 409 

metabolic pathway might indirectly produce formate, which can split into H2 and CO2 410 

through the PFL pathways (Cabrol et al., 2017). Indeed, formate positively correlated 411 

with the biogas production. Interestingly, acetate was inversely correlated with H2 and 412 

butyrate production along the F2 axes. It should be noted that acetate is a substrate and 413 
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an intermediate of the lactate pathway in the butyrate transformation (equation 1) 414 

(Duncan et al., 2004). Several studies reported the stimulation of H2 production by 415 

lactate and acetate mixed with the substrate. Baghchehsaraee et al. (2009) showed that 416 

the addition of lactate to a mixed culture grown on starch-containing medium increased 417 

both the H2 production and the butyric acid formation. By contrast, when lactate was the 418 

only carbon source, the level of H2 production was very low. Juang et al. (2011) 419 

observed the use of lactate and acetate for H2 and butyrate production by mixed-bacteria 420 

culture from tapioca starch. Tao et al. (2016) claimed that exogenous acetate enhanced 421 

lactate conversion to butyrate at pH 6.0, whereas when fermentable lactate was omitted 422 

from the medium and acetate was used as a sole energy source, acetate was not 423 

consumed and butyrate was not produced. These findings suggest that the conversion of 424 

lactate and acetate into H2 and butyrate is due to the cooperative interactions between 425 

lactate- and H2-producing bacteria. 426 

 427 

(2) lactate + acetate ⇋ butyrate + H2 + CO2 + H2O  428 

(3) H+ ⇋ H2  429 

 430 

3.3. Predictive functional analysis of bacterial communities 431 

To deepen the understanding of the OMW fermentative ecosystems, it is crucial to 432 

know which substrate conversion pathways are operated by the bacterial community 433 

over time. In this study, the potential substrate conversion routes that might occur in the 434 

system and the contribution of the phylotypes to the main metabolic pathways were 435 

identified based on the functional genes predicted using the PICRUSt software. 436 

PICRUSt compares the identified 16S rRNA gene sequences to those of known species, 437 

thereby inferring the possible gene contents of the bacterial communities. Although 438 

PICRUSt results offer only a prediction, their combination with the temporal dynamic 439 
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of biogas production and metabolic intermediates can provide a clear idea of the 440 

possible metabolic activities in OMW dark fermentation. 441 

Since H2 can be produced by several different pathways, the presence and relative 442 

abundance of genes that code for the enzymes involved in the H2 production from 443 

butyrate, acetate, formate and lactate were investigated. The predicted relative 444 

abundances of these genes, the main metabolic routes for H2 production and their 445 

predicted metagenome contributions are summarized in Figure 5 and 6, respectively. 446 

The fermentation process aimed at H2 production was rich in genes that encode 447 

enzymes for lactate generation from pyruvate (L-lactate dehydrogenase (cytochrome), 448 

EC:1.1.1.27, n. 6; D-lactate dehydrogenase (cytochrome), EC:1.1.1.28, n. 3-4). The 449 

predicted main phylotypes that contribute to the presence of these lactate 450 

dehydrogenases were Clostridium, Bacillus, Paenibacillus, Corynebacterium and 451 

Turicibacter. The decreasing concentration of lactate during the fermentation process 452 

suggests its possible consumption through several interconversion reactions. The 453 

transformation of lactate to pyruvate was mainly operated by Bacillus, Lysinibacillus, 454 

Rummeliibacillus and Corynebacterium through the enzymes lactate dehydrogenases 455 

EC:1.1.2.4 (n. 2), and EC:1.1.2.3 (n. 5). The acetyl-CoA formed followed the metabolic 456 

pathways that produced mainly acetate and butyrate. These findings combined with the 457 

metabolite profiles reported in Figures 3 and 4 corroborate the contribution of lactate 458 

fermentation in the H2 production. LAB have been detected in almost all of the 459 

fermentation systems aimed at producing H2. Although many studies have indicated that 460 

LAB inhibit H2 production due to substrate competition and/or excretion of 461 

bacteriocines (Cabrol et al., 2017), positive interactions between LAB and clostridial 462 

species with production of H2 from lactate have also been reported (Fuess et al., 2018; 463 

García-Depraect et al., 2019). Hydrogen production from lactate fermentation represents 464 

an important strategy that enable lactate-consuming HPB to obtain energy under 465 
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unfavorable conditions such as low carbohydrate-availability (García-Depraect et al., 466 

2019). This is not the case of OMW, which are characterized by high chemical (COD) 467 

and biochemical oxygen demand (BOD) values. However, OMW are characterized by 468 

high concentrations of phenolic compounds that can be toxic for the microorganisms, 469 

with negative impacts on the fermentation process (Vavouraki et al., 2019). LAB can 470 

easily metabolize phenolic compound by either detoxifying or utilizing them as an 471 

alternative source of energy (Filannino et al., 2014).  472 

The predicted relative abundance of the genes that encode key enzymes for acetate 473 

production and consumption (e.g. acetate kinase, EC:2.7.2.1, n. 14; phosphate 474 

acetyltransferase, EC:2.3.1.8, n. 15) was high throughout the fermentation process. The 475 

decreasing acetate concentration over time suggests that the consumption of acetate for 476 

several purposes, including the generation of energy and the production of other fatty 477 

acids. The main phylotypes associated to acetate production and/or consumption were 478 

Bacillus, Corynebacterium, Paenibacillus Ruminococcaceae UCG-014 and 479 

Lysinibacillus. These phylotypes may supply extra acetate that acts as an oxidizing 480 

agent for the bioconversions of lactate into H2 (García-Depraect et al., 2019).  481 

Bacillus, Caproiciproducens, Clostridium, Lysinibacillus and Romboutsia, were the 482 

principal phylotypes contributing to the presence of butyrate kinase (EC:2.7.2.7, n. 29) 483 

and acetate CoA-transferase (EC:2.8.3.8, n. 30-31), key enzymes that catalyze the 484 

conversion of butyrate phosphate and butyryl CoA to butyrate. In addition, based on the 485 

high butyrate and the decreasing of lactate and acetate concentrations over time, these 486 

bacteria may have produced butyrate via the lactate and acetate interconversion 487 

reactions.  488 

Formate production and consumption are controlled by the key enzyme formate C-489 

acetyltransferase (EC:2.3.1.54, n. 33), which belonged to the genus Caproiciproducens, 490 

Clostridium, Lachnoclostridium, Romboutsia and Ruminiclostridium.  491 
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An observation that is worth noting is that the H2 production occurred mainly through 492 

the oxidation of reduced ferredoxin with a monomeric ferredoxin-dependent 493 

hydrogenase (hydrogen:ferredoxin oxidoreductase, EC:1.12.7.2, n. 20). Moreover, 494 

NADH was oxidized and the ferredoxin reduced by NADH:ferredoxin oxidoreductase 495 

(NFOR, EC 1.18.1.3, n. 21). The reduced ferredoxin can be used by electron bifurcating 496 

or monomeric ferredoxin-dependent hydrogenase to reduce protons, yielding H2. Both 497 

the above-mentioned enzymes belong to the PFOR pathway that is used by obligate 498 

anaerobic microorganisms to couple H2 production to the recycling of the electron 499 

carriers ferredoxin and NADH that accumulate during the anaerobic metabolisms 500 

(Cabrol et al., 2017). The only two principal phylotypes carrying both the 501 

hydrogen:ferredoxin oxidoreductase and the NADH:ferredoxin oxidoreductase were 502 

Clostridium and Romboutsia. The PCA graph in Figure 4 showed a positive correlation 503 

between H2 and Clostridium, while H2 and Romboutsia are inversely related. This result 504 

suggested that the gut bacterium Romboutsia might act as a H2 -consuming bacterium, 505 

which would contribute in explaining the low H2 production in the bioreactors. 506 

Romboutsia is a potential acetogens that grows autotrophically using H2 as an energy 507 

source (Gerritsen et al., 2014).  508 

The PiCRUST analysis also predicted the H2 production through the PFL pathway, 509 

where the formate is split into H2 and CO2 by a formate-hydrogen-lyase complex that 510 

contains a nickel-iron [NiFe] hydrogenase. However, the predicted abundance of the 511 

genes that code for the formate-hydrogen-lyase complex (EC:1.12.1.2, n. 40) was close 512 

to zero throughout the fermentation process and present in few rare bacterial species 513 

with relative abundance < 0.5%. Hence, on the basis of the metabolic predictions, the 514 

H2 production through the PFL pathways was not an important metabolic reaction in the 515 

OMW fermentation reactors. 516 
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Figure 6 summarizes the prediction of the principal phylotypes at genus level that 517 

contribute to the genes that code for the key enzymes involved in the production and 518 

consumption of lactate, acetate, formate, butyrate, and H2. In the bioreactor, a 519 

collaboration between the bacteria that were involved in lactate (e.g. Clostridium, 520 

Corynebacterium and Turicibacter), acetate (e.g. Bacillus, Paenibacillus and 521 

Corynebacterium), formate (e.g. Lachnoclostridium, Romboutsia and 522 

Caproiciproducens), butyrate (Bacillus, Clostridium and Caproiciproducens) and H2 523 

(Clostridium and Romboutsia) metabolisms took place. The figure shows a complex 524 

ecosystem where different key players act sequentially to use the available resources 525 

and maximize their own fitness. In fact, the proliferation of LAB and acetic acid 526 

bacteria (AAB) led to the transformation of complex carbohydrates, while lowering the 527 

pH and assuring an anaerobic condition. The activity of LAB and AAB was jeopardized 528 

by the exhaustion of resources and the accumulation of by-products such as lactate and 529 

acetate, which are used as carbon and energy sources by lactate-consuming HPB, 530 

acetate-consuming HPB and butyrate-producing bacteria. The cooperative interaction 531 

between LAB, AAB and HPB has been previously observed in the gut microbiota, 532 

where the conversion of lactate to butyrate is one of the important factors for 533 

maintaining homeostasis in the gastrointestinal tract (Moens et al., 2016). The pH is a 534 

key factor for H2 production through lactate fermentation in dark fermentation systems 535 

(Juang et al., 2011). Wu and colleagues (2012) reported the range of pH for maximizing 536 

H2 production from lactate and acetate, which was between 5.5 and 6. The measured pH 537 

in our bioreactors was slightly higher than this range. The final pH in the bioreactors 538 

might be one of the reasons for low H2 production in our OMW-fermentation system. 539 

 540 
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4. Conclusion 541 

High-throughput sequencing and metabolic profile analyses revealed the substrate 542 

conversion routes that take place in an OMW-fermentation system that is designed for 543 

H2 production. Lactate fermentation was the main H2-producing route. During the 544 

fermentation process, lactate and acetate were consumed, while H2 and butyrate were 545 

being produced. Lactate conversion to butyrate through the generation of pyruvate 546 

proceeded via either butyrate kinase or butyryl-CoA: acetate-CoA transferase. Overall, 547 

these findings showed the synergy among LAB, AAB and HPB, which complex 548 

interactions produced H2 through the recycling of the electron carriers ferredoxin and 549 

NADH via the PFOR pathway.  550 

 551 
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Figure and table Captions 784 

Figure 1. (A) Alpha diversity indices of the microbial communities during the 785 

fermentation process. (B) Taxonomic classification of the dominant bacterial groups 786 

over time in the OMW fermentation reactors. Only bacteria with relative abundances > 787 

1.0% were represented. Different letters indicate statistically significant differences at p 788 

< 0.05. T0: inoculum; T3: the initial stage of H2 production; T5: the rapid stage of H2 789 

production; T8: the end of the dark fermentation. 790 

 791 

Figure 2. Ecological networks based on Pearson correlation analysis between the 792 

dominant bacterial groups. Shaded boxes show significant correlation at p<0.05. 793 

 794 

Figure 3. Time-course profile of cumulative biogas (A-D), pH (E) and organic acids (F-795 

I) produced during the fermentation of OMW. Biogas production parameters (the gas 796 

production potential Ho (mL), the maximum gas production rate R (mL d-1), the lag-797 

phase time lambda (d) and the determination coefficient R2) measured by the modified 798 

Gompertz model are reported in panels A-D. Different letters indicate statistically 799 

significant differences at p < 0.05. T0: inoculum; T3: the initial stage of H2 production; 800 

T5: the rapid stage of H2 production; T8: the end of the dark fermentation.  801 

 802 

Figure 4. Correlation between bacterial groups, time and process performance 803 

indicators by principal component analyses (PCA). T0: inoculum; T3: the initial stage 804 

of H2 production; T5: the rapid stage of H2 production; T8: the end of the dark 805 

fermentation 806 

 807 

Figure 5. (A) Heat map of the predicted relative abundances of genes that encodes the 808 

key enzymes involved in lactate, acetate, formate and butyrate metabolisms. T0: 809 
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inoculum; T3: the initial stage of H2 production; T5: the rapid stage of H2 production; 810 

T8: the end of the dark fermentation. (B) The main metabolic routes for the H2 811 

production from lactate acetate, formate and butyrate. Thicker lines indicated the 812 

principal metabolic route based on relative gene aboundance. 813 

 814 

Figure 6: The predicted genus-level phylotypes that contribute to genes encoding for 815 

key enzymes involved in the production and consumption of lactate, acetate, formate, 816 

butyrate, and hydrogen. 817 


