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Abstract 

In the present work, the influence of hydraulic retention time (HRT) on dark fermentation 

metabolism was evaluated through the operation and analysis of a series of four continuous 

stirred tank reactors (CSTR) at four HRT ranging from 6 h to 24 h. A maximum volumetric 

hydrogen production rate (VHPR) of 2000 ± 149 mL/L-d
 
corresponding to an H2 yield of 

0.86 molH2/mollactose was observed at 6 h HRT. In depth analysis of metabolite profiles and 

microbial communities showed that low values of HRT favored the emergence of a 

community dominated by Clostridiaceae-Lachnospiraceae-Enterobacteriaceae, which 

performed metabolic pathways co-producing hydrogen. In contrast, long HRT led to the 

establishment of Sporolactobacillaceae-Streptococcaceae microbial community that 

outcompeted H2 producing bacteria (HPB) and was responsible of lactate production. 

Results suggested that these two communities mutually excluded themselves and HRT can 

act as a operational parameter to control the microbial communities and consequently the 

related metabolic pathways.  

Keywords: Biohydrogen; Dark fermentation; Hydrogen-Producing Bacteria; Metabolic 

network; Lactic Acid Bacteria. 
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1. Introduction 

Biohydrogen is worldwide considered as one of the most promising alternatives to 

substitute fossil fuels in a near future. Indeed, hydrogen is not only characterized by its high 

density of energy (123 kJ/g ~ 2.75), but also the efficiency of its conversion to electric 

energy is relatively high, and its utilization does not generate any greenhouse gases. 

Amongst the technologies available to produce hydrogen, biological processes are 

environment friendly and can convert a wide variety of abundant organic biomass at low 

cost. In particular, biological production of hydrogen by dark fermentation (DF), so called 

biohydrogen, can be emphasized for its large use of sustainable substrates, the high 

hydrogen production rates, and its simplicity of operation [1]. In contrast with the photo-

fermentation processes, DF does not require light to occur, thus reactor design is simpler 

and its operation is not limited by light-darkness natural cycles.  

In brief, a fermentation process is the biological oxidation of organic compounds where the 

same substrate molecule plays a role as a carbon source, an electron donor- and an electron-

acceptor, i.e. a part of the molecule is oxidized while another part is reduced [2]. In 

particular, the DF process can be defined as the partial oxidation of organic substrates 

(mainly carbohydrates) without external electron acceptor. DF leads to the production of 

low weight organic molecules (volatile fatty acids -VFA- and alcohols) altogether with 

hydrogen generation. Such metabolic process can be carried out by mixed cultures of 

bacteria, the most representative members being related to Prevotella, Lactobacillus, 

Clostridium, Selenomonas, Megasphaera and Enterobacter genera  [3].  

Metabolically, the maximum theoretical hydrogen yield of DF is 4 moles of hydrogen per 
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mol of glucose consumed through the acetate pathway [4]. In practice, H2 yields reported 

for mesophilic cultures [5–8] are about 1.3 molH2/molglucose
 
in average, while only few 

studies have reported hydrogen yields beyond 3 molH2/molhexose [6] .  Low hydrogen yields 

are probably linked to the complexity of microbial communities and metabolic pathways 

presented in the DF.  

In a dark fermentative community some members such as Clostridium and Enterobacter 

genera are efficient hydrogen producers while others play different roles not necessarily 

linked to hydrogen production, for instance, homoacetogens and lactic acid bacteria (LAB). 

On one hand, homoacetogens can use carbon dioxide or carbon monoxide and hydrogen as 

sole carbon and energy sources under anaerobic conditions, along with the synthesis of 

acetate [9–12]. Previous studies showed homoacetogenesis as the cause of 36-56% of the 

total acetate observed in the fermentation media, resulting in hydrogen productivities 45-

90% lower than expected [10]. Other authors reported that hydrogen consumption by 

homoacetogens was equivalent to 250 mmol/d at 8 h of HRT in UASB reactors [13]. To 

avoid this type of metabolism, several strategies consisting in the reduction of hydrogen 

accumulation have been suggested (e.g. gas sparkling [14]).  

On the other hand, LAB constitutes a microbial group commonly found in DF systems (e.g. 

[15–19]) which includes microorganisms of the families Lactobacillaceae, 

Enterococcaceae, Streptococcaceae, Sporolactobacillus, etc. Despite of their ubiquity, the 

role of LAB in DF has been scarcely studied [20]. Some authors argued that LAB compete 

with  hydrogen producers for carbon sources [21], while others have widely discussed that 

the excretion of bacteriocins could be the main cause of DF failure [18,19].  
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Up to date, most of the reports in literature about LAB and other important microbial 

groups have been studied circumstantially. Their effects on fermentation performances, 

metabolic pathways and their roles in the microbial community of DF. A full understanding 

of these issues is fundamental to conduct better control and advance towards the 

implementation of the biohydrogen production technology at the industrial scale. In this 

direction, the study of the factors that determine the occurrence of these groups in dark 

fermentative systems is a pending task. 

Therefore, throughout the experiments carried out in this work, hydraulic retention time 

(HRT) was evaluated as a potential factor to shape the metabolic pathways and microbial 

communities in continuous dark fermentative systems. Due to its simplicity and practicality 

in real life operation in comparison with other strategies, HRT could be of high importance 

for metabolic and microbial community control. Moreover, a microbial network analysis 

was used to reveal the interactions among the involved species. This methodology provides 

highly important information for the engineering and/or design of microbial communities, 

which is an alternative to enhance hydrogen production. 

2. Materials and methods 

2.1. Inoculum source and substrate 

Disaggregated anaerobic sludge from a full-scale municipal wastewater treatment plant 

(Marseille, FR) was used as initial source of microorganisms. Before inoculation, the 

sludge was thermally treated by boiling during 2 hours. Seed sludge was added into a 

continuous stirred tank reactor (CSTR1) of 3.1 L total volume and 2L working volume, 
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(APPLIKON Biotechnologies, USA) at a final concentration of 4.5 g/L of volatile 

suspended solids (VSS). The reactor was started in batch mode for 24 h, whereupon the 

bioreactor was operated in continuous mode for 25 d with a HRT of 6 h. When CSTR1 

reached a stable state (lactose degradation efficiency, 46 ± 2%; VHPR, 2448 ± 461 LH2/L-

d; H2 yield, 0.89 molH2/mollactose) 10 L of effluent were recovered and stored in 4 containers 

(2.5 L each) at -20 °C until their re-use as microbial inoculum for the subsequent 

experiments in reactors CSTR2, CSTR3, CSTR4 and CSTR5. A schematic representation 

of the utilized system is shown in Figure 1. 

For all reactors, lactose was used as substrate at a concentration of 20 g/L. The fermentative 

medium was supplemented with the following components (mg/L): MgCl2·6H2O, 100; 

CuCl2·H2O, 1.25; MnCl2 4H2O, 7; FeCl2 4H2O, 19.1; NiCl2 6H2O, 102.5; yeast extract, 

500. Additionally, a phosphate buffer (KH2PO4-Na2HPO4, pH=5.9) was added at a final 

concentration of 50 mM. 

 

Figure 1. Schematic representation of the experimental set-up used in this work. 
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2.2. Experimental conditions 

A series of 4 continuous stirred tank reactors (CSTR2 to CSTR5), 2 L working volume and 

1.1 L of head space, were inoculated (same volume of 1L each, initial VSS 0.5 g/L for all 

cases) with frozen effluents from CSTR1. Reactors were first operated in batch mode for 24 

h using lactose at a fixed concentration of 20 glactose/L. Thereafter, the reactors were 

operated at the following HRT: CSTR2, 6 h; CSTR3, 12 h; CSTR4, 18 h and CSTR5, 24 h 

for an equivalent time of 20 HRT, i.e. 120 h, 240h, 360h and 480h of operation, 

respectively. Stirring and temperature were set and regulated at 200 rpm and 37 °C, 

respectively, while the pH was continuously adjusted to 5.9 by proper addition of 4M 

NaOH.  

2.3. Analytical methods 

Gas production was monitored with a pressure control system that was configured to 

release the gas produced when pressure was above 1.1 bars. Gas composition (H2 and CO2) 

was determined through a gas chromatograph GC-8A equipped with a thermal conductivity 

detector (Shimadzu). Calibration was performed using three external gas standards: 5% 

CO2 and 5% N2 in methane, 20% CO2 and 20% N2 in methane, and 100% H2, injected as 

0.5 mL at 1 atm. 

VFA and alcohols were quantified using high performance liquid chromatography (HPLC) 

coupled to a refractometer (Waters R410). Liquid samples were centrifuged at 13000 rpm 

for 15 min and filtered with 0.2 µm nylon filters. HPLC analysis was performed at a flow 

rate of 0.8 mL min
-1

 using an Aminex HPX-87H, 300 x 7.8 mm (Bio-Rad) column at a 
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temperature of 35 °C. H2SO4, 4 mM was used as mobile phase. COD and VSS were 

analyzed according to the standard methods [22]. 

2.4. Microbial community analysis 

DNA extraction was performed with the Fast DNA SPIN Kit for soil in accordance with the 

manufacturer’s instructions (MP Biomedicals). PCR amplification of the bacterial 16S 

rRNA was conducted with Pfu Turbo DNA polymerase (Stratagene) and universal primers 

(5'- ACGGTCCAGACTCCTACGGG -3', Escherichia coli position F331; and 5’- 

TTACCGCGGCTGCTGGCAC -3', E. coli position R500) targeting the V3 region. The 

PCR conditions were as follows [23]: initial denaturation for 2 min at 94°C; 25 cycles of 

melting (1 min at 94°C), annealing (1 min at 61°C) and extension (1 min at 72°C); and a 

final extension step of 10 min at 72°C. 

PCR products were analyzed by Capillary Electrophoresis Single Strand Conformation 

Polymorphism (CE-SSCP) in an ABI 3130 genetic analyzer (Applied Biosystems) 

according with a previous report [24]. The CE-SSCP profiles were aligned based on the 

ROX internal standard to take into account inter-sample electrophoretic variability and 

were normalized with the package Statfingerprints in R platform [25]. From CE-SSCP 

fingerprints, Shannon's diversity index and Gini's coefficient were calculated as described 

previously [26].  

In order to elucidate the identity of the microorganisms, a PCR-based 454-pyrosequencing 

was carried out. The PCR for 454 pyrosequencing was targeting the V4-V5 regions, using 

the universal primers 515-532F and 909-928R. The sequencing work was developed by the 
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GeT PlaGe sequencing center of the genotoul life science network in Toulouse, France 

(get.genotoul.fr). The downstream sequences processing involved a chimeric analysis to 

validate the quality of the recovered sequences using an slightly modified version of the 

Standard Operation Procedure reported elsewhere [27]. The SILVA ribosomal RNA 

database (https://www.arb-silva.de/) was used for alignment and as taxonomic outline 

search of their taxonomic affiliation comparing to data bases. 

2.5 Multivariate analysis and Pearson’s correlations 

Principal Components Analysis (PCA) was performed to determine possible relationships 

between microbial community, fermentation performance and operational parameters. The 

PCA was carried out using R software and factoextra package. As discussed elsewhere 

[28,29], PCA is a multivariate procedure which basically calculates new synthetic variables 

(principal components), which are mutually independent, uncorrelated, mathematically 

represented as a linear combinations of the original variables, and that account for as much 

of the variance of the original data as possible. To avoid overfitting, a second PCA was 

conducted considering a reduced number of factors selected on the basis of their weight. 

Besides the multivariate analysis, a Pearson’s correlation analysis was carried out with the 

information of microbial community, fermentation performances and operational 

parameters to give better insight on the different relationships occurring within the system. 

This analysis was performed in R software [25], using the corrplot package. 

2.6 Microbial community networks 

The network inference was performed following the protocol proposed by Faust et al. [30]. 
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In brief, four similarity measurements (Bray–Curtis and Kullback– Leibler dissimilarity, 

Pearson and Spearman correlation) were computed for a dataset composed by families with 

abundances >1% and observed in at least three samples.  The p-value of each measurement 

was performed according with the permutation-renormalization and bootstrap (ReBoot) 

method [31].  Measure-specific p-values were merged following the Brown’s method. 

Finally, edges with merged p-values<0.05 were kept. The whole network construction was 

performed within Cytoscape environment, using the CoNet application [32]. 

3. Results and discussion 

3.1. HRT determines dark fermentation performances and metabolites distribution 

A series of four CSTR fermentation reactors was operated for an equivalent time of 20 

HRT each, using lactose at 20 g/L
 
as substrate. Each CSTR was operated under an unique 

HRT value ranging from 6 to 24h (CSTR2, 6 h; CSTR3, 12h; CSTR4, 18h; CSTR5, 24h), 

at pH 5.9 and 37°C. 

Results showed that HRT had an important impact on DF performances in terms of lactose 

consumption, H2 yield, and volumetric hydrogen production rate (VHPR) (Figure 2). 

Overall, lactose degradation efficiency was enhanced by increasing the HRT, from 35% in 

CSTR2 (HRT = 6h) up to 82% in CSTR5 (HRT = 24h). In contrast, VHPR showed a 

gradual decrease from 2000 ± 149 mLH2/L-d in CSTR2 to 604 ± 143 mLH2/L-d in CSTR5. 

A maximum H2 yield of 0.86 molH2/mollactose was found in the CSTR2 at 6h HRT.  The 

relationships observed between HRT and both VHPR and H2 yields were consistent with 

previous studies where comparable trends were also reported, for instance, by employing 
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halophilic bacteria [33], using peach nectar and pulp as substrates [34], or when operated 

under reduced pressure [35]. For the specific case of lactose, the results presented in this 

work were below the range of previous studies [5,36,37]. Factor such as the composition of 

growth media or the source of inoculum could be among the possible causes of the 

relatively low VHPR. As discussed previously [38], it is widely accepted that short HRT 

improves the hydrogen-producing process by suppressing the growth of undesirable 

microorganisms unable to growth at long dilution rates. At the same time, short HRT is an 

effective strategy for the establishment of stable hydrogen-producing microbial 

communities. A summary of literature studies in regard with HRT and metabolic and 

microbial community changes is shown in Table 1. 

 

 



12  

A 

B 

C 

Figure 2. Summary of the influence of HRT on the 

performance of CSTR during dark fermentation. For 

each case, the three last samples were considered. Bars 

with the same lower case letter were not significantly 

different at a level 0.05 according with Tukey’s tests. 
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Table 1. Selected studies of biohydrogen production in CSTR. 

Ref. Substrate Inoculum HRTa VHPRb HYc 
Changes on the 

metabolic pathways 

Changes on the  

microbial community 
Microbial groups 

[33] Glucose 
Clostridium 

bifermentants 
6-24 3.8-5.5 

0.7-1.1 
molH2/molGlu 

□ Lactate (HRT=18h) 
diminished H2 yield 

- Clostridiaceae 

[5] 
Cheese 

whey 

Anaerobic 

sludge 
4-10 2.7-11.3 

0.5-1.2 

molH2/molHex 
- 

□ Clostridium was 

dominant at HRT 10, 6 
and 4 h 

□ Streptococcus and 

Enterococcus presented at 
low HRT (6 & 4 h) 

Clostridiaceae, 

Enterococcaceae 
Streptococcaceae 

[39] 
Sugarcane 

syrup 
Clostridium 
butyricum 

2-12 1.18-17.5 
0.3-1.32 

molH2/molHex 

□ High concentrations 

of lactate were observed 

at large HRT 

□ LAB (Acatostipes) 
disappeared with the 

decrease in HRT 

□ Relative abundance was 

not assessed. 

Clostridium, 

Tetrasphaera, 
Flammeovirga, 

Tissierella,  
Butyrivibrio, 

Desulfobulbus,  

Olsenella 
Acotostipes 

[40] Glucose 
Anaerobic 

sludge 
4-12 4.56-14.4 

0.75-1.57 

molH2/molHex 

□ Short HRT led to 
reduction of propionate 

production 

□ Shortening the HRT 

reduced the microbial 
diversity of the community 

□ No further correlation 

was performed 

Clostridiaceae 

[41] 
Sugarcane 

juice 

Clostridium 

bytiricum 
4-36 0.13-1.81 

0.05-1 

molH2/molHex 

 

□ Short HRT led to 

reduction of propionate 
production 

□ L. arbinses and C. 
butyricum were dominant 

at all HRT 

Lactobacillus harbinensis,  
Klebsiella pneumoniae,  

Clostridium butyricum 

This 
work 

Lactose 
Anaerobic 

sludge 
6-24 0.6-2 

0.08-0.86 
molH2/molLactose 

 

□ Short HRT (6-12 h) 
were associated with 

H2 producing 

pathways. 
□ Large HRT (18-24h) 

were strongly 

associated with lactate 
in detriment of H2 

production. 

□ The microbial 

community structure and 

interactions were driven 
by HRT. 

□ LAB can be avoided at 

short HRT (6-12 h). 

HPB consortium 
Clostridiaceae 
Enterobacteriaceae 

Lachnospiraceae 

LAB consortium 

Sporolactobacillaceae 

Streptococcaceae 

a
 HRT: Hydraulic retention time, h 

b
VHPR: Volumetric hydrogen production rate, L/L-d

 

c
HY: hydrogen yield 

 

Another important parameter worth to mention is the organic loading rate, which refers to 

the mass of substrate fed in a volume of reactor within a unit of time. OLR is function of 

both HRT and substrate concentration, thus the experiments performed for the present work 

also had different values of OLR; as lactose concentration was kept constant at 20 glactose/L 

OLR ranged from 80 glactose/L-d in CSTR2 to 20 glactose/L-d in CSTR5. It was observed that 

OLR decline was accompanied by the decreases of VHPR and H2 yield (Table 2) 

confirming that these parameters are strongly dependent on HRT and OLR.  
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Table 2. Summary of the performance of four CSTR reactors operated at different values of HRT. 

HRT, h Time (No. of 

HRT) 
VHPR 

mL/L-d 
H

2
 yield, 

mol/mol 
VFA concentrations, mmol/L 

S L F A P E B 
6 2 414.1 0.2 0.33 0 9.21 4 0 6.62 1.41 

6 6 559.9 0.3 0.91 0 23.71 10.94 0 20.26 0.87 

6 12 1035.1 0.3 0.31 0 13.58 7.74 0 11.33 1.59 

6 20 2007.4 0.9 0 0 7.34 7.11 0 3.97 2.87 

12 2 1049 0.3 0 0 18.51 11.21 0 19.69 8.1 

12 6 1352.6 1 0 0 3.89 11.42 0 6.88 11.33 

12 12 2382.3 0.8 0 5.57 2.41 11.92 1.23 2.71 9.49 

12 20 1920.4 0.7 0 10.75 2.65 8.14 2.4 2.26 5.96 

18 2 807.1 0.5 0 5.48 12.49 6.99 0 17.85 14.88 

18 6 907.5 0.3 0 0.5 9.78 3.41 4.66 8.77 3.81 

18 12 771.2 0.2 0 30.91 4.8 11.49 7.18 1.45 12.29 

18 20 1061.6 0.2 0 33.28 1.5 12.47 14.63 0 22.06 

24 2 331.8 0.1 0 113.01 0 9.38 5.67 6.51 32.73 

24 6 532.3 0.1 0 88.1 0 3.78 3.89 7.29 30.27 

24 12 432.3 0.1 0 76.61 0 4.83 3.2 7.69 29.41 

24 20 604.2 0.1 0 160.86 0 0 0 0 18.4 

Volatile Fatty Acids (VFA): S, Succinate; L, Lactate; F, Formate; A, Acetate; P, Propionate; E, Ethanol; B, Butyrate. 

For comparison purposes, the higher values of each column are colored in deep blue (■) while lower values are displayed 

in white (□). 
 

A Pearson’s correlation analysis revealed that, in terms of metabolites productivities (mmol 

per mol of substrate consumed), longer HRT favored the lactate pathway (r = 0.96, p<0.01). 

In contrast, acetate was produced in higher proportion as well as other metabolites such as 

formate and ethanol under short HRT conditions (r ~ - 0.65 for all cases, p<0.1) (Figure 3). 

The analysis also showed that these three metabolites were strongly correlated to each other 

(r > 0.9, p<0.05). An overview of significant Pearson’s correlations is provided in 

supplementary material. In general, the information confirmed that the HRT was an 
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effective factor that can shape DF towards two different stages: lactate type fermentation or 

acetate-formate-ethanol type fermentation. 

 

In addition, the COD-based analysis gives a clear overview of the metabolic shifts as 

consequence of the applied HRT (Figure 4). According to this analysis, a high percentage 

of substrate was directed to the synthesis of biomass and other unknown byproducts when 

HRT of 6, 12, and 18 h, were applied. Also, under such conditions, the percentage of 

substrate COD directed to H2 was higher (8 and 6% COD basis) for HRT of 6 and 12h in 

Figure 3. Matrix of Pearson’s correlations obtained with the corrplot package in R 

environment. Only correlations with p < 0.05 are displayed. HY: H2 yield 

(molH2/molLactose); VHPR: Volumetric hydrogen production rate (LH2/L-d); Formate, 

Acetate, Propionate, Lactate, Butyrate, Ethanol, Succinate and Propionate were considered 

as production yields (mmol/molLactose); HRT: hydraulic retention time (h). Microorganisms 

were analyzed in terms of their relative abundance from pyrosequencing results. 
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comparison with 18 and 24h (1 and 3% COD basis), suggesting that the metabolic network 

resulted in efficient H2 production. This finding is consistent with relatively high yields of 

ethanol, acetate and butyrate, all of them being metabolically linked to H2 production. In 

contrast at the longest HRT, 24h, most of the substrate (72% COD basis) ended as lactate.  

VSS were experimentally determined, converted to COD using a theoretical equivalence of 

1.42 gCOD/gSSV [2] and compared with COD percentages found for “biomass and 

others”, especially in the first three cases (51, 67 and 63%). Through this procedure, it was 

confirmed that COD directed to biomass were 44, 54.9, 59, and 59%, for HRT of 6, 12, 18 

and 24h, respectively. Dark fermentative systems in CSTR have shown that about 30% of 

substrate is commonly directed to biomass, and in some cases, the percentage can reach 

near 50% of consumed COD. For instance, Jung et al. (2010) observed remarkable high 

biomass yields equivalent to 46% in a CSTR fed with the wastewater of a coffee drink 

manufacturer at a concentration of 20 gCOD/L and 6h of HRT [42]. Lay et al. (2010) also 

showed biomass yields that accounted for 38% in a CSTR fed with 40 gCOD/L molasses at 

an HRT of 24 h [43].  A possible reason of the high biomass yield can be that under short 

HRT (mainly 6 and 12 h), microorganisms directed a major fraction of the consumed 

substrate to maintain themselves in the system. If microorganisms do not direct an 

important fraction of COD to biomass synthesis under such conditions they would be 

washed out. There are other factors that possible influence the percentage of COD directed 

to biomass, for example the specific growth rate of microorganisms which will be discussed 

later in this document.  
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3.2. HRT shapes the microbial community and modifies the metabolic pathways 

 A microbial community analysis through CE-SSCP was performed to characterize whether 

the changes towards high- or low-efficient states (described in previous section) was a 

consequence of metabolic shifts or changes in the microbial community structure. CE-

Figure 4. Summary of the influence of HRT on the metabolic pathways of dark 

fermentation based on COD. The COD balance was performed with the last 3 samples in 

the systems’ operation. 
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SSCP profiles comparison clearly show that HRT had a great impact on the microbial 

community with regards to the relative abundance distribution of species (Figure 5). For 

instance, microorganisms numbered 170 and 390 were dominant at HRT of 6h, while 

microorganisms at 560 and 690 were mainly present at HRT of 18 and 24h. These 

observations were confirmed with a Bray-Curtis dissimilarity analysis and the 

corresponding cluster dendogram (hierarchical clustering using Ward's method) (Figure 5, 

left-side). SSCP profiles were successfully grouped according with the HRT, being samples 

from the CSTR2 mostly at the bottom of the graph while samples taken from CSTR5 were 

placed at the top. Interestingly, samples from CSTR3 and CSTR4 were distributed 

according with the sampling time, being samples taken after 2 and 6 equivalents of HRT 

placed at the bottom, while those taken after 12 and 20 equivalents of HRT were located at 

the top. Such tendency suggests that microbial communities were dynamic and changed as 

function of the time of operation.  
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Figure 5. CE-SSCP fingerprints of samples from 4 CSTR operated under different HRT 

(6h, 12h, 18h and 24h). Note that 4 samples (after 2, 6, 12 and 20 HRT) were analyzed for 

each condition. The CE-SSCP profiles were processed to compute Bray-Curtis 

dissimilarities and hierarchical clustered. Shannon’s diversity index and Gini’s 

coefficients for evenness were computed for each profile as well. 
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Further analysis of the CE-SSCP profiles revealed microbial diversity Shannon’s indexes of 

1.6 ± 0.4 in average, which can be considered low but consistent with literature. For 

example, similar indexes were reported for a CSTR system fed with 15 g/L of galactose at 

an HRT of 12 h [44]. In contrast, values of the present work were lower than in granular 

systems. For instance, Cisneros-Pérez et al. (2015) reported Shannon indexes of 2.55 and 

2.31 in two EGSB reactors operated about 96 days using heat shock and cell wash-out 

inocula, respectively  [45]. These differences are probably related to the strong selection of 

suspended-cell system in comparison with fixed-cell systems, a feature that is widely 

known. Indeed, the high Gini coefficients indicates that the community was dominated by 

only few organisms which confirms the highly selective conditions of the CSTR systems. 

Furthermore, 16S-rRNA gene sequencing resulted in 382 OTUs, identified to the genus 

level against the SILVA database. OTUs unsuccessfully identified with the SILVA 

database were instead compared with NCBI Transcript Reference Sequences through its 

online service (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Overall, only 9 families showed a 

relative abundance higher than 1% and were considered for further analysis (Figure 6). 

These families were identified as Clostridiaceae, Enterobacteriaceae, 

Sporolactobacillaceae, Lachnospiraceae, Ruminococcaceae, Streptococcaceae, 

Pseudomonadaceae and Flavobacteriaceae. In most cases, the sum of 2 and 3 families 

accounted for ≥ 60% and ≥ 80% of relative abundance, respectively. Such uneven 

distribution, foreseen from CE-SSCP profiles, is consistently found in hydrogen-producing 

reactors [46].  
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Altogether, CE-SSCP (Figure 5) and sequencing results (Figure 6) confirmed that HRT was 

a very important factor of microbial community selection. In other words, HRT acted as 

pressure of selection, by eliminating the microorganisms incapable to duplicate at higher 

velocity than HRT. To illustrate this mechanism, at the lowest value of HRT (6h) only 

microorganisms with µmax > 0.115 h
-1

 should remain, while at the highest HRT (24h) the 

minimum µmax would be 0.028 h
-1

.  

Figure 6. Relative abundance of bacteria families found from CSTR operated under 

different conditions of HRT (6h, 12h, 18h and 24h). For each reactor, four samples were 

taken in different moments of the operation (after 2, 6, 12 and 20 HRT). Families with 

relative abundance <1% were grouped as others. 
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The changes observed among the microbial communities were consistent with growth rates 

reported for Clostridiaceae and Enterobacteriaceae bacteria, µmax of 0.5 and 4 h
-1

, 

respectively [47,48]. In comparison, appreciably lower µmax  of 0.1 h
-1

 has been reported for 

a Sporolactobacillaceae members [49]. 

The variability in the relative abundance of microbial families, together with metabolites 

yields, and the reactor performance parameters were analyzed by principal components 

analysis with the aim to identify the relationships between the microbial groups and the 

Figure 7.  Principal Components Analysis for relative abundance of microbial families, 

metabolite yields (mmol/molLactose) and hydrogen production performance (VHPR, 

mLH2/L-d and HY, molH2/molLactose). Samples considered were taken at times equivalent 

to 2, 6, 12 and 20 HRT. 
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metabolic pathways (Figure 7). 

 It was confirmed that short HRT (6 and 12h) favored the dominance of OTUs related to the 

families Clostridiaceae and Enterobacteriaceae. In contrast, samples from CSTR with 

larger HRT (18 and 24h) were dominated by bacteria from the Sporolactobacillaceae and 

Streptococcaceae families.  

The PCA analysis also confirmed that the organisms issued from the family Clostridiaceae 

were closely related to the acetate pathway and system performances in terms of VHPR and 

H2 yield. At the genus level, this family was mainly composed of Clostridium species, 

which is in agreement with higher H2 production as found in the literature [50].  

Pathways leading to ethanol, formate and succinate were related to microorganisms from 

the Lachnospiraceae and Enterobacteriaceae families. In regard with Enterobacteriaceae, 

it is considered a family of hydrogen producers although, metabolically, the maximum 

yield would be 2 mol H2 per mol of hexose consumed. Indeed, Enterobacteriaceae is 

associated with formate and ethanol production [51], which is in consistent with the PCA 

results. On the other hand Lachnospiraceae is a family known to much lesser extend in 

dark fermentative systems which has been associated to acetogenesis [50,52]. In our case 

this family was not significantly associated to acetate but more likely to production of 

succinate. Interestingly, Lachnospiraceae family has been observed in systems treating 

cheese whey as substrate with high percentage of lactose [53,54]. 

Moreover, lactate pathway was linked to the presence of bacteria belonging to 

Sporolactobacillaceae and Streptococcaceae families, confirming that system performance 
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under HRT of 24h was dominated by lactic-acid type fermentation. LAB have been widely 

found in dark fermentative systems but their implication remains controversial. In this 

study, longer HRT selected these organisms though reported µmax is about 0.1 h
-1

 [49]. This 

value of µmax was possible remarkably lower since they were not present until HRT of 18 h 

(equivalent µmax = 0.038 h
-1

). Under such conditions LAB, specifically 

Sporolactobacillaceae, was a co-dominant group associated to the reduction of 

Enterobacteriaceae and Clostridiaceae which could be possible to the presence of 

bacteriocins as suggested in other studies [50].  

In conclusion it was demonstrated that HRT is a critical factor of selection that determines 

the shape of DF microbial community and subsequently the global metabolism.  

Overall, short HRT selected microbial communities rich in Clostridiaceae-

Lachnospiraceae-Enterobacteriaceae specialized in acetate, ethanol and succinate 

pathways, and strongly linked to better hydrogen performances. On the contrary, long HRT 

selected Sporolactobacillaceae-Streptococcaceae families which are important LAB 

specialists in lactate synthesis. 

3.3 A microbial interaction network displays an ecosystem dominated by mutual exclusive 

interactions 

To identify the possible interactions existing among microorganisms in dark fermentative 

systems, a microbial network of interactions was constructed as described by Faust et al. 

[30]. The importance of this approach in the context of technology applicability relies on its 

possible utilization for the design of synthetic microbial communities [55] or 
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bioaugmentation strategies [56], which have been identified as alternatives to improve 

hydrogen productivities of DF. In both cases, it is necessary to identify the microbial 

groups, understand their capabilities and compatibilities with each other in order to 

successfully ensemble the desired community. 

The resulting network (Figure 8) was composed by seven nodes corresponding to the 

families Clostridiaceae, Enterobacteriaceae, Sporolactobacillaceae, Lachnospiraceae, 

Ruminococcaceae, Streptococcaceae, and Pseudomonadaceae which were interconnected 

either positively or negatively by a total of thirteen edges.  It is worth to note that more than 

80% of the connections were mutual exclusive interactions, indicating that the microbial 

web was most probably dominated by competitive interactions rather than cooperation. 

Interestingly, the two edges that corresponded with positive correlations were the pairs 

Sporolactobacillaceae-Streptococcaceae (both LAB families) and Enterobacteriaceae-

Lachnospiraceae.  

In regard with the positive relationship found between the two LAB families, this 

connection suggests that a sort of cooperation could be taking place. According with 

metabolic information on Sporolactobacillaceae members, most of them are unable to 

process lactose [57]. Therefore, one possibility is that the organic carbon needed by 

Sporolactobacillaceae was provided by Streptococcaceae members or other organisms in 

the fermentation bulk, though the mechanism remains unclear. 

As mentioned previously, the LAB families were predominant at relatively long HRT while 

Enterobacteriacea, Lachnospiraceae and Clostridiaceae were dominant at low values of 

HRT. In this regard, the network analysis revealed that LAB had a strongly negative 
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interaction with Enterobacteriaceae, Lachnospiraceae and Clostridiaceae families. This 

finding supports the possible existence of outcompeting mechanisms of LAB that are 

detrimental to dark-fermentative groups. 

 

Altogether, the microbial network analysis indicates that two microbial community states 

Figure 8. Network of interactions constructed from four different similarity 

measurements within Cytoscape environment, using the CoNet application (Faust and 

Raes, 2016). Only groups presented in at least three samples with > 1% relative 

abundance were considered. Edges represent strong connections (p<0.05) between two 

microbial families (nodes). Yellow edges are positive interactions while purple edges 

represent a strong “exclusion” interaction. The width of the edges is shown proportional 

to the weight of the interaction between the microbial groups, while the size of the nodes 

is proportional to the number of interactions of the microbial group. 
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can be distinguished all along the experiments, resulting from a competition between a 

group composed of Enterobacteriaceae, Lachnospiraceae and Clostridiaceae members and 

LAB. It is worth to mention that the network analysis considers only unique and direct 

interactions and cannot predict any direction of the interaction nor connections of the type 

“when x and y are present, z is also present”. Therefore, other approaches are required to 

fully characterize the possible implications of LAB in dark fermentative systems.   

4. Conclusions 

The effect of HRT on shaping metabolic pathways and microbial communities in DF was 

successfully investigated. A maximum VHPR of 2000 mL/L-d
 
corresponding to an H2 yield 

of 0.86 molH2/mollactose was reached with 6h HRT. It was found that short HRT (6-12 h) 

correlated with hydrogen yield and led to microbial communities rich in Clostridiaceae-

Lachnospiraceae-Enterobacteriaceae specialized in acetate-ethanol-formate pathways. 

Longer values of HRT (18-24 h) enriched the community in Sporolactobacillaceae-

Streptococcaceae that strongly outcompeted HPB. Overall, it was demonstrated that HRT 

is a critical factor of selection that determines the shape of microbial community and global 

metabolism in DF.  
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