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INTRODUCTION

Environmental pollution and diminishing energy
resources are among the most important issues. Global
warming and climate change have led to increased research
into renewable energy technologies [1]. The development
of these technologies is particularly important for the pro-
duction of hydrogen with zero emissions and high energy
efficiency [2,3]. Efficient biohydrogen production requires
a better understanding of microbial processes. Advances
in microbial ecology can contribute to the development
of biotechnological approaches to clean and sustainable
energy solutions in this field [4,5].

Biohydrogen is produced as a metabolic by-product by
microorganisms under both phototrophic and dark fer-
mentation conditions [6]. Biological methods such as direct
and indirect biophotolysis, photofermentation, dark fer-
mentation, hybrid systems and microbial fuel cells are used
for its production [5]. Studies in the literature focus mainly
on dark fermentation processes, in which microorganisms
ferment organic matter to produce hydrogen gas [4]. This
process is usually carried out using facultative (Enterobacter
cloacae, Enterobacter aerogenes, Citrobacter freundii, etc.)
and obligate anaerobic bacteria (C. butyricum, C. tyrobu-
tyricum, C. pasteurianum, Ethanoligenens harbinense, etc.)
[7]. Specifically, Clostridium species are widely preferred in
hydrogen production studies due to their high production
yields and environmental stability[8].

One of the major challenges in H, production by dark
fermentation is the presence of hydrogen-consuming
microorganisms, such as methanogens, in the medium.
To overcome this problem, most studies have applied heat
pretreatment to inhibit non-spore-forming and hydro-
gen-consuming microorganisms. In the literature, heat
pretreatment is usually performed by applying tempera-
tures between 90°C and 100°C for periods ranging from
15 to 60 minutes. As a result of heat pretreatment, hydro-
gen-producing spore-forming species such as Clostridium
are selected. However, it can be difficult to maintain the
stability of microbial communities under operating condi-
tions due to variables such as pH, substrate structure and
temperature. For all these reasons, continuous monitoring
of microbial changes is recommended to ensure sustainable
hydrogen production and yield [9].

Both culture-dependent and culture-independent
methods are used to characterize microbial communities.
Culture-independent methods target the DNA and RNA of
microorganisms, enabling the detection of a wide microbial
spectrum and non-culturable species [10]. Recent studies
have shown that Next Generation Sequencing (NGS) tech-
niques enable the rapid and cost-effective identification
of microbial communities in environmental samples [11].
These methods target the 16S rRNA gene region, which is
found in most bacteria, allowing for the phylogenetic classi-
fication of bacterial species [12,13]. Arisht et al. [14] identi-
tied Thermoanaerobacterium thermosaccharolyticum as the

dominant species producing biohydrogen in bacterial com-
munity study by NGS analysis and also identified bacteria
belonging to the classes Clostridia, Bacilli, Bacteroidia,
Thermoanaerobacteria, and Gammaproteobacteria.

In hydrogen production through dark fermenta-
tion, hydrogenase enzymes play a crucial metabolic role.
[FeFe]-hydrogenases are found in anaerobic bacteria
(e.g. Clostridium, Thermotoga) and some green algae and
show 10 to 100 times higher activity compared to [NiFe]-
hydrogenases [15-19]. The hydA gene encodes the cata-
Iytic site of the [FeFe]-hydrogenase enzyme and therefore
the presence and distribution of the hydA gene can be used
as a functional biomarker within microbial communities.
However, detection of the hydA gene in mixed culture is
often difficult and false results can be obtained due to alter-
native binding [16,20]. This calls for more extensive charac-
terization of [FeFe]-hydrogenase in mixed culture.

In this study, the similarities and differences between
microbial populations under different operating parameters
in reactors producing hydrogen by dark-dry fermentation
were investigated. The hydrogen-producing dark-dry fer-
mentation reactor system, in which microbial changes were
evaluated, stands out as an alternative dark fermentation
method that has high solids loading capacity, can operate in
smaller reactor volumes, and operates with minimal water
requirements. This study has two main objectives. First, the
effect of the particle size of the fermented substrate on the
hydrogen yield was investigated. For this purpose, fermen-
ters with substrates of different particle sizes were operated.
Second, the effect of the removal of hydrogen-consuming
microorganisms on hydrogen production was investigated
[21]. Accordingly, the effect of heat pretreatment of fruit
and vegetable wastes (FVWs) and particle size on microbial
dynamics in three bioreactors operating under mesophilic
conditions was evaluated. In addition, the presence and
characterization of the hydA gene was analyzed in detail.
The identification of the [FeFe]-hydrogenase enzyme with
species-specific primers could provide a new contribution
to the literature to understand its distribution in mixed
cultures.

MATERIALS AND METHODS

Supply of Biomass Responsible for Hydrogen Production

Biomasses were obtained from a variety of H,-producing
reactors that were utilized in a previous study [21]. The reac-
tor system and experimental setups employed in the previ-
ous study are outlined below. The reactor system comprised
a 15 L percolation tank (PT) and a 55 L dry fermenter (DF).
Experiments were conducted under mesophilic conditions
at 37+2°C, with an inoculum/substrate ratio maintained at
1:1. A mini pump system was employed to regulate the pH,
which was kept at approximately 8.45. FVWs were collected
from the main hall of Izmir Municipality (Turkey) and uti-
lized as the primary substrate for hydrogen production.
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Figure 1. Sources of biomass and a brief summary of the study. A) Our previous work [21] in shows reactors, hydrogen
yields, and days when the headspace gas percentage is maximum. B) Summary of the analyses performed in this study.

The inoculum was obtained from a biogas digester at a
dairy plant and thermally pretreated at 105°C for 10 min-
utes prior to use [21].

Three distinct dry fermentation experiments were con-
ducted to investigate the effects of particle size, autoclaving,
and substrate conditions on hydrogen production:

1. Autoclaved Small Particles (ASP): The FVWs were
chopped into particles smaller than 5 cm and then auto-
claved at 121 °C and 15 psi (100 kPa) for 20 minutes. H,
yield: 16.36 NmL H,/g VS, the maximum percentage of
hydrogen in the headspace was 44% in the DF.

2. Non-Autoclaved Small Particles (NASP): The FVWs were
chopped into particles smaller than 5 cm but not auto-
claved. H, yield: 10.77 NmL H,/g VS, the maximum
percentage of hydrogen in the headspace was 24.59% in
the DE.

3. Autoclaved-Large Particles (ALP): The FVWs were
chopped into particles measuring more than 5 cm and
autoclaved under the same conditions as ASP (121°C,
15 psi, 20 min). H, yield: 23.53 NmL H,/g VS, the max-
imum percentage of hydrogen in the headspace was
36.35% in the DE.

All the FVWs were pre-chopped and ground to achieve
target particle sizes before autoclaving. During fermenta-
tion, temperature, pH, and biogas production were moni-
tored regularly to assess the effect of substrate conditions

on hydrogen yield. A schematic representation of the
experimental setup is depicted in Figure 1. Further details
concerning the configuration of the reactor and the opera-
tional conditions can be found in [21].

During the operation of the dry fermentation system,
50 mL samples were collected in sterile falcon tubes from
the reactors on the first day, the day of maximum H, pro-
duction, and the day of the end of H, production for each
new parameter experiment. They were stored at -20°C for
molecular analysis.

Total Genomic DNA Extraction

Total genomic DNA extraction samples were taken
from the DF when the maximum percentage of H, was in
the headspace (ASP — Day 2, NASP - Day 3, and ALP — Day
2). Prior to genomic DNA extraction, samples were allowed
to lyse in a sterile environment at room temperature.
They were then sonicated to ensure a homogeneous mix-
ture. Homogenization was performed using an ultrasonic
homogenizer (Bandelin SONOPULS™ GM 2070, Germany).
The process was applied to each sample at 90% power for
10 seconds with 3 cycles in cooling ice. Homogenized
samples were then subjected to DNA extraction using the
ZR Fungal/Bacterial Miniprep Kit (Zymo Research, USA)
according to the manufacturer’s instructions. Extracted
DNA samples were then stored at -20°C until use.
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Library Preparation

For 16S rRNA gene sequencing, the V3-V4 regions
were determined using universal primer sets (Table 1).
Two-step PCR was performed using KAPA HiFi HotStart
ReadyMix from Roche GmBH. The first PCR step con-
sisted of 25 cycles with initial denaturation at 95°C for
3 min, amplification step at 95°C for 30 s, 55°C for 30 s,
72°C for 30 s, and cooling step at 72°C for 5 min for one
cycle. In the second PCR step, 8 cycles were performed
using the Illumina Nextera XT Index Primer 1 and
Nextera XT Index Primer 2 sets; initial denaturation was
3 minutes at 95°C, amplification step was 30 seconds at
95°C, 30 seconds at 55°C, 30 seconds at 72°C, 30 seconds
at 72°C, and cooling step for one cycle was 5 minutes at
72°C. Purification was performed using the Beckman
Coulter™ Agencourt AMPure XP kit. The Illumina 16S
Metagenomic Sequencing Library was then used for
sequencing library preparation.

16S rRNA Gene Sequencing

Sequencing analysis was performed on Illuminas
iSeq 100 next-generation sequencing system. This system
includes the iSeq 100 il reagent kit and 2x150 base pair
paired-end reads and was processed according to the man-
ufacturer’s protocols. After sequencing, bioinformatic anal-
ysis and quality control steps were performed.

As part of the sequencing protocol, FastQC version
0.11.9 software was used to ensure data quality. In the
quality assessment process, low-quality reads in the data
set (a Phred score below Q20 within 30 base pairs) were
eliminated. In addition, low quality base calls, potential
adapter contamination and chimeric sequences at the ends
of reads were cleaned using Trimmomatic according to the
Genomes OnLine Database (GOLD) guidelines.

For taxonomic profiling, reads were aligned to target
organisms using the Ribosomal Database Project (RDP)
Classifier based on data in the Greengenes database [23].
Operational Taxonomic Unit (OTU) groups were then
defined for each sample after alignment.

Table 1. The universal primer set

Characterization of the hydA

The hydA gene (hydA ,yricum) Was characterized due
to the dominance of C. butyricum species in the ASP -
Day 2, NASP - Day 3, and ALP - Day 2 samples. The full
genome of the hydA ;,,ic,m was searched in the National
Center for Biotechnology Information (NCBI) and
the Universal Protein Resource (UniProt) databases and
the nucleotide and amino acid sequences were obtained.
As a result of multiple alignment of nucleic acid sequences
using the MEGA-X database, species-specific primers
were designed using the Primer3 database (Table 2). These
designed primers are 1648 bp lenght. The hydA primers
verified using DNA from pure C. butyricum culture. For
this purpose, the C. butyricum strain (DSM-10702) was
purchased from the Leibniz Institute DSMZ - German
Collection of Microorganisms and Cell Cultures GmbH
(Germany). It was incubated in Differential Reinforced
Clostridial Medium (DRCM) at 37°C.

The reaction mixture was prepared using Xpert Fast
Hotstart Mastermix (2x) with Dye (Grisp, Portugal)
according to the manufacturer’s instructions. PCR condi-
tions were set up for 40 cycles; the initial denaturation at
95°C for 3 min, the amplification stage was at 95°C for 30
sec, at 54°C for 15 sec, and at 72°C for 25 sec, cooling stage
for one cycle at 72°C for 3 min, respectively.

Bioinformatic Analysis of the hydA

After amplification, the nucleic acids were sequenced
in both directions. Sequences were cleaned using DNA
Dragon and BioEdit. The NCBI Blastx database was then
searched to transform amino acid sequences and determine
similarities. Sequences between 70% and 100% similarity
were selected and obtained in FASTA formats and multiple
alignments were performed using the MEGA-X program.
Phylogenetic trees were then constructed using the maxi-
mum likelihood method with the DNAMAN 6.0 program.
The maximum likelihood statistical method and the boot-
strap phylogeny test method with 1000 replicates were used
to construct the phylogenetic tree.

Primers Sequence (5’ - 3’) Reference
16S-F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG [22]
16S-R GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC

Table 2. Primer set used for characterization of the hydA

cbutyricum

Primers Sequence

B-HYDAF
B-HYDAR

5 - GGTACATCTATCATTCTAGCTGCA- 3
5 - GGGCTTTATGTTGTCCTGGCAT- 3’
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Multiple alignments of the amino acid sequences of hydA
with the phylogenetically most closely related Clostridium
species for hydA ;¢ and the Clostridium species found
in the reactors according to the NGS analysis results were
performed using the BioEdit database. In addition, peptide
similarities were searched using the UniProt database to
identify conserved regions in amino acid sequences and
closely related species. This search using the UniProt data-
base (https://www.uniprot.org/peptidesearch/) provided
detailed information on peptide similarities and conserved
regions.

RESULTS AND DISCUSSION

Changes in Microbial Structure in Bioreactors

NGS analyses were performed to determine changes in
microbial profiles in reactor samples operating at different
operational parameters (Fig. 2). As a result, a total of 50
phyla and 1350 genera were identified in all samples. The
graph in Figure 2 shows the phylum distribution accord-
ing to their relative densities, with the top 30 phyla hav-
ing the highest proportion. The phylum Firmicutes was
found to be dominant in all samples. While the propor-
tion of Firmicutes phylum was 54.15% in the inoculum, it
increased to 81.44% in the NASP - Day 3 sample, 90.91%
in the ASP - Day 2 sample, and 97.44% in the ALP - Day
2 sample. Firmicutes phylum was dominant in the inocu-
lum followed by Bacteroidetes (15.41%) and Proteobacteria
(11.14%). However, these phyla were detected at low abun-
dance in H,-producing reactors.

Figure 3 shows the heat map showing the distribution
of the 30 genera with the highest density. Hydrogenispora

Cyanobacterin/Chloroplast ——
Cloacimonete:
Cholorofledd
Chlamyvdine
Candidato: Sacchanpacens —

Candidate division IB3 ——
BRC1

Bacternide:
Atribacteria

ASP-Day2

.
NASP-Davy3

(14.17%) was the most abundant genus in the inocu-
lum. In the ASP - Day 2 sample, the dominant genus was
Lactobacillus, in the NASP - Day 3 sample Anaerostipes was
the dominant genus, and in the ALP - Day 2 sample, the
dominant genus was Clostridium sensu stricto (Fig. 3).

The differences and similarities in the microbial pro-
files of the three DFs in which the effect of particle size
and heat pre-treatment under mesophilic conditions were
investigated are discussed in the graph in Figure 4 together
with the H, production amounts. Hydrogenispora was the
most abundant genus with 14.17% in the inoculum, but
decreased below detection limits with increasing H, pro-
duction in the reactors. In the reactor samples with high H,
production (ASP - Day 2 and ALP - Day 2), the predomi-
nant genera are Clostridium and Lactobacillus. In the ASP
- Day 2 sample, the dominant genera were Lactobacillus
(29.75%), Clostridium IV (18.2%), and Clostridium sensu
stricto (17.59%). In the NASP - Day 3 sample, Anaerostipes
(11.97%) was the dominant genus. Finally, in the ALP
- Day 2 sample, the dominant genera were Clostridium
sensu stricto (30.2%), Lactobacillus (23.2%), Lysinibacillus
(16.8%), and Solibacillus (15.11%) (Fig. 4). In contrast to
the ASP - Day 2 reactor sample, Bacillus-like genera are
more prevalent in the microbial profile of the ALP - Day
2 sample. The only difference between these two reactors
is the size of the substrates. FVWs sizes were obtained by
passing through a shredder to be <5 cm in ASP, and it was
cut with a knife to be >5 cm in ALP and loaded into a DFs.
Regarding the effect of particle size, it is seen that higher
H, yields are obtained with particles larger than 5 cm. A
yield of 16.36 NmL H,/g VS was obtained from the ASP
with particles smaller than 5 cm, while a yield of 23.53 NmL
H,/g VS was observed in the ALP with larger particles. This

Relative Abudance

l 0.75
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L L
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Figure 2. Relative abundance of OTUs at the phylum level in the microbiotas from inoculum and reactors operated under

different conditions.
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difference is believed to be due to the excessive amount of
water released from FVWs during their disintegration and
thermal pre-treatment. The FVWs juice released during the
thermal pre-treatment of large particulate waste contains a
high proportion of simple sugars, making it easily degrad-
able and therefore a source of high H, production effi-
ciency. Considering the maximum percentages of H, in the
headspace of the DF, 44% of H, was observed as produced
gas in the ASP - Day 2 while 36.35% of H, was detected in
the ALP - Day 2. Overall, it was observed that the higher
H, yield in the ALP reactor and the use of particles larger
than 5 cm in terms of energy consumed during fraction-
ation resulted in higher production in the dry fermentation
system [21].

The results showed that the inoculum used in the DF reac-
tors exhibited significant microbial diversity. The predomi-
nant genus Hydrogenispora in the inoculum belongs to the
phylum Firmicutes and includes obligate anaerobic, non-mo-
tile, spore-forming bacilli. They can ferment various sugar
molecules but are unable to ferment amino acids or aromatic
compounds. Genera such as Clostridium senso stricto (1.09%),
Bacillus (1%), and Lactobacillus (1.91%), which were found in
relatively low abundance in the inoculum, were detected with
high intensity in the reactor samples by NGS analysis (Fig. 5). It
was observed that the microbial diversity of the inoculum and
the NASP Day 3 sample could be relatively similar. These two
samples were not heat pretreated. In addition, lower H, pro-
duction efficiency was observed in the NASP reactor compared
to the other reactors. It can be assumed that H, consuming
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microorganisms are the biggest problem during H, production.
Therefore, the removal of these groups of microorganisms is
crucial for a high production yield. Successful removal of these
microorganisms has been achieved by heat pre-treatment in H,
production by mixed culture [24]. Some studies have used the
boiling method for this purpose while others have eliminated
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Day 2

Inoculum

Day 2

‘}
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potential H, consuming microorganisms using the drying
technique [25-28]. Within this concept, our heat pre-treatment
applications show similar results to the literature. In this study,
inoculum pre-treated at 105°C for 10 min. and FVWSs were
autoclaved at 120°C and 15 psi (100 kPa) for 20 min. in ASP
and ALP reactors, where H, yields were high.

Genus

Other Alisbpes
Lactobacillus | Propionispira
Clostridium_sensu_stricto Saccharofermentans

| Lysinibaciiius. Weissella
Clostnidium_IV Candidatus_Cloacamonas
Solbacillus Salicola
Hydrogenispora Gallicola
Badillus | Acetoanaerobium
Rummedibaciius Anaerobaculum
Anaerosalibacter Carboxylicivirga

Figure 5. The relative abundance graph of genera. The bar graph presents the top 20 bacterial genera observed in all sam-
ples. Genera detected in less abundance than the top 20 are grouped as “Others”.
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It is thought that the high H, production in the ASP -
Day 2 and ALP - Day 2 reactor samples could be due to
the action of Clostridium IV and Clostridium sensu stricto
genera. In the literature, the Clostridium group, known
for its high efficiency in H, production is referred to as
Clostridium cluster 1. [29]. Zagrodnik et al., [30] reported
the results of H, production from crude cellulose by dark
fermentation. It was found that the dominant species from
Clostridium sensu stricto 1 group in the reactor where 2.14
L H,/L H, production was detected with mixed culture.
Yang and Wang [31] investigated in detail the changes in
the microbial profile during the dark fermentation pro-
cess using high-throughput pyrosequencing. In the study,
the genera Clostridium sensu stricto 1, Paraclostridium,
Romboutsia, and Paeniclostridium, which were almost
absent in the inoculum, became dominant after 6 h of fer-
mentation. They reported that the genus Clostridium sensu
stricto 1 played a key role in H, production.

According to the results of the NGS analysis, high
amounts of Lactobacillus genus was detected in the DFs.
The inoculum used in the DFs was taken from a fermenter
in a milk production plant. Lactobacillus genus is a group
of microorganisms commonly found in dairy products.
Therefore, considering that the inoculum used in the study
was obtained from a dairy fermenter, Lactobacillus genus
is expected to be present at a certain population density.
Higher H, production was observed in heat pre-treated ASP
and ALP despite the presence of the Lactobacillus genus.
The abundance of the Lactobacillus genus increased from
1.91% in the inoculum to 29.75% in ASP - Day 2, 3.68% in
NASP - Day 3 and 23.20% in ALP - Day 2. On ASP - Day 2
and ALP - Day 2, the abundance of the genus Lactobacillus
and the genus Clostridium increased as DF increased H,
production. On NASP - Day 3, the abundance of these two
genera increased over time. However, this increase was not
as significant as on other days. One study reported that
thermal pretreatment of the substrate/inoculum between
50°C and 90°C inhibited lactic acid bacteria (LAB) growth
[32]. However, another study showed that inoculum/sub-
strate pretreatment did not always inhibit lactic acid bac-
teria growth. Although sunflower stalk hydrolysate was
pretreated with combined heat and acid prior to H, produc-
tion, this treatment was not effective in suppressing (LAB)
[33].

It is well known that the Clostridium group is the best H,
producer in dark fermentation. But for the Lactobacillus/
LAB group, the situation is a bit more complicated. It is also
known that the LAB generally consists of nonsporulating
aerotolerant anaerobic bacteria. How LAB could survive in
the heat pre-treated environment and how LAB influences
H, production in an environment dominated by Clostridial
cells can be considered issues that need to be elucidated. In
the literature, two opposing views regarding LAB have been
presented in studies or reviews where H, production is per-
formed by mixed culture in dark fermentation. The first
view is that the presence of LAB inhibits H, production by

suppressing H,-producing microorganisms through sub-
strate competition or the release of competing molecules
such as bacteriocin. Secondly, the presence of LAB has been
shown to stabilize the pH and provide anaerobic conditions
by consuming oxygen in the environment. Furthermore,
some Clostridium species can consume lactate, the main
metabolic product of LAB, and promote H, production
in butyrate conversion [4]. Specifically, C. butyricum, C.
beijerinckii, C. felsineum, and C. pasteurianum yielded the
highest H, production in pure cultures or co-cultures when
lactate was the dominant metabolite in starch fermentation.
Conversely, one of the significant disadvantages in H, pro-
duction is the decrease in pH in the medium due to the
synthesis of organic molecules such as lactic, acetic and
propionic acids by LAB [34]. Gomes et al. [35] used heat-
treated cassava meal wastewater as a substrate and noted
that the initial pH of 6.50 dropped to a final value between
3.17 and 4.27, which may have been due to inhibition of
hydrogen production by LABs due to lactic acid and bac-
teriocin production. Conversely, Perez-Rangel et al. [36]
observed the positive outcome of a synergistic interaction
involving cross-feeding of lactate and acetate in a system
composed of Clostridium and LABs. In this study, based on
findings in the literature, the pH was maintained at 5.5 to
reduce acidification triggered by LAB activity. This regula-
tory approach likely averted the accumulation of excessive
lactic acid, thereby enabling Clostridium species to utilize
lactate without the presence of inhibitory conditions.

LAB are reported to contribute to global H, produc-
tion through different mechanisms [37]. Ziara et al. [38]
obtained the highest hydrogen yield of 0.85 mol H,/mol
lactate from lactate wastewater at 45°C and initial pH of
8.5, with the genera Clostridium, Sporanaerobacter and
Pseudomonas dominating in the reactor. Ordonez-Frias et
al. [39] emphasized that there was a positive relationship
between Lactobacillus and Clostridium genera in the study
in which they realized hydrogen production with a yield of
3.2 L Hy/L-day by lactate fermentation. In this study, it was
observed that the presence of LAB in ASP-Day 2 and ALP-
Day 2 coincided with the increased H, production. This
suggests a possible syntrophic interaction where lactate
produced by LAB acts as an electron donor for Clostridium
species, facilitating H, production.

In another study, it was determined that the Clostridia
and LAB ratios were approximately 2:1 and 1:2, respectively,
in the medium that yielded maximum H, from a mixed cul-
ture with sugar beet molasses. However, the dominance of
either species led to a decrease in H, production [40]. In
this study, the ratios of Clostridia and Lactobacillus were
determined as follows: ASP - day 2:1:1 (equal ratio, high H,
production), NASP - day 3:7:1 (Clostridia dominant, low
H, production) and ALP - day 2:1:2 (Lactobacillus domi-
nant, low H; production). The result shows that the balance
between Lactobacillus and Clostridium is critical for H, pro-
duction. The 1:1 ratio suggests that lactate produced by LAB
is efficiently utilized by Clostridium species, preventing pH
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Figure 6. Species relative abundance graph. A bar graph presenting the top 30 bacterial species observed in all samples.

drop by promoting electron transfer and ensuring optimal
metabolic interactions. In contrast, in cases where LAB are
over-dominated (e.g. ALP - 1:2 ratio on day 2), excess lac-
tate accumulation may inhibit H, production.

NGS analysis identified a total of 2475 species across all
samples. The top 30 species with the highest abundance are
shown in Figure 6. In the inoculum sample, Hydrogenispora
ethanolica (AB669474) from the genus Hydrogenispora
was the most abundant species at 20%. In the ASP - Day
2 reactor sample, L. acidipiscis (NR 112693.1) represented
23.96%, C. butyricum (AJ458420) 15.72%, and C. leptum
(AJ305238) 11.29% of the microbial profile. In the NASP
- Day 3 reactor sample, Anaerostipes caccae (AJ270487)
from the genus Anaerostipes was the most abundant species
with 19.19%. Finally, in the ALP - Day 2 reactor sample, C.
butyricum (AJ458420) accounted for 46.93% and L. fermen-
tum (JN175331) for 28.28% of the microbial profile.

It was observed that C. butyricum was generally respon-
sible for H, production in ASP and ALP reactors and
coexisted with Lactobacillus. LAB can produce lactic acid
during homo- or heterofermentative metabolism [41].
While homofermentative bacteria produce only lactic acid
as the primary by-product of glucose fermentation, heter-
ofermentative bacteria can produce other compounds such
as ethanol, propionic acid, acetic acid, and CO, in addition
to lactic acid [42]. Park et al. [43] reported an increase in
H, production efficiency from 1.57 mol H,/mol glucose to
1.84 mol H,/mol glucose by co-culturing Sporolactobacillus
vineae and C. butyricum, contributing to the understand-
ing of the synergistic mechanisms of both strains, and
found that C. butyricum constituted 90% of the microbial
composition. They could not explain the difference in H,
production with S. vineae alone. However, they reported
that although S. vineae alone did not produce butyrate, it
increased the expression of genes related to lactate, butyrate,
and H, pathways when cultured together with C. butyricum

[43]. In another study examining the effects of 249 selected
LAB strains on the growth of C. butyricum, it was reported
that of these 24 strains did not inhibit growth [44]. In this
study, the authors observed that among these 24 strains, 4,
specifically L. brevis JL16 and L. parabucheri MH44, dou-
bled the growth of C. butyricum.

C. butyricum is an anaerobic acidogenic bacterium and
is efficient at producing H, from organic substrates, espe-
cially carbohydrates [45]. It can produce lactate, butyr-
ate, acetate, ethanol and CO, as the main by-products of
glucose utilization. The conversion of pyruvate to lactate,
butyrate, and ethanol involves the oxidation of NADH
[46]. The results of NGS analysis and gene characterization
performed in this study show that H, production of high
amounts of C. butyricum occurs via the butyrate pathway.
The presence of Lactobacillus in reactors with high H, pro-
duction suggests that the presence of Lactobacillus further
promotes H, production by C. butyricum using lactate. This
suggests that synergistic effects play an important role in H,
production.

Characterization and Analysis Results of hydA Gene
Based on the species level percentile results of the NGS
analyses, C. butyricum was highly abundant in the sam-
ples from the ASP - Day 2 and the ALP - Day 2 reactors.
Therefore, the presence of the hydA gene of C. butyricum
was analyzed by conventional PCR in the samples of inocu-
lum, ASP - Day 2, NASP - Day 3, and ALP - Day 2 samples
(Fig. 7). As a result of PCR analysis, inoculum shows that
the hydA ;syyicum 1s absent. A negative result was obtained
in the NASP - Day 3 reactor sample. The hydA i, icum Was
detected in the samples from the ASP - Day 2 and ALP -
Day 2. H, was produced at the highest rates in these two
reactor samples containing the hydA gene of C. butyricum.
The phylogenetic tree of the hydA ;,ic,, detected in
ASP - Day 2 and ALP - Day 2 reactor samples shows their
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Figure 7. The gel electrophoresis image shows the results of
PCR analysis using primers specific for the hydA gene. The
first band C was amplified from a pure C. butyricum culture
as a positive control.

closeness and distance in the 100%-70% similarity range.
is 100% simi-
lar and 96% to the hydrogenase gene of C. butyricum E4
strain BONT E BL5262. Other close similarities include C.

In these reactor samples, the hydA

cbutyricum

100, M4
LBV T

C. taeniosporunn [AOA1ID7TXNGS]

_|—|—

o
D

saccharobutyricum, Clostridium sp., and the hydA gene of C.
chromiireducens. C. baratii strains Sullivan and C. vincentii
are closely related to the hydA gene of the C. paraputrifi-
cum and are located on the same branch. In addition, these
organisms are very similar to the hydA gene of C. butyri-
cum. C. oryzae and C. acidisoli are on the same branch as C.
pasteurianum in the phylogenetic tree (Fig. 8).

Figure 9 shows the similarities and differences between
the hydA gene amino acid sequences of ASP - Day 2 and
ALP - Day 2 reactor samples with other Clostridium spe-
cies. As a result of the alignment of multiple amino acid
sequences, the reactor samples were found to be 100% sim-
ilar to each other and to hydA syricum-

The hydA psyyicum genes of these reactor samples show
81.5%, 79.5%, 78%, and 75.7% similarity to the hydA genes
of C. saccharobutylicum, C. chromiireducens, C. baratii, and
C. paraputrificum, respectively. It is observed that C. butyr-
icum has amino acid sequences almost in common with the
conserved region of the hydA gene and with C. saccharobu-
tylicum and C. paraputrificum species. However, it shows
shifts in the amino acid sequences of C. chromiireducens
and C. baratii.

The hydA gene can have different substitutions at dif-
ferent conserved sites in Clostridium species. Therefore,

95 C. butyricum E4 str. BoNT E BL52622 [C4IMEO]
1 Clostridium sp. Maddingley MBC34-26 6 [K6T0HG]
_| E C. chromiireducenss [AOA1V4ISXS]
C. saccharobutylicum DSM 13864} [USMINU9]
C. bararii str. Sullivam [AOAOATFUX2]
C. vincentiii [AOA2T0BCG3]
Clostridium sp. DSM 84311 [AOA1I7TFRK2]

C. paraputrificum [QOF4C7]
C. thermobutyricum [N9WBT9]

C. oryzae [ADA1V4INR7]
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Figure 8. Phylogenetic tree constructed from amino acid sequences showing similarities and relationships of the

hydA,

cbutyricum

in the reactors samples of ASP - Day 2 and ALP — Day 2.
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a separate primer set was designed for the species-specific
hydA gene region. However, it has been reported in the liter-
ature that a single universal primer pair targeting conserved
regions is usually used to study hydA diversity in environ-
mental samples. In this case, differential binding may occur
in mixed cultures [20]. For example, Boyd et al. [47] reported
using a universal primer set of approximately 500 bp to iden-
tify hydrogenase diversity in the microbial community. As a
result, they found that hydrogenase sequences were generally
similar to Firmicutes, but not closely similar to Clostridium
sp. Using a similar approach, Schmidt et al. reported that
they designed a universal hydA primer pair targeting highly
conserved regions to detect all hydrogenase diversity in envi-
ronmental samples. However, it was emphasized that differ-
ent hydA genes were amplified in the study, confirming the

presence of novel hydrogenases. Based on studies in the liter-
ature, a large diversity of hydA can be found within conserved
regions. However, it is unclear whether this diversity has
been fully explored. Some studies have examined this gene
only in pure cultures and assessed phylogenetic relationships
using partial sequences. For example, Zhao et al. [19] eval-
uated the phylogenetic relationships of the hydA gene from
C. guangxiense ZGM211T and C. neuense G1T strains with
the partial sequences of this gene. They concluded that these
strains were highly related to each other and represented new
Clostridium species. In another study, ten pairs of different
hydA cluster-specific degenerate primers were designed and
used to detect the diversity of hydA. Thus, various hydroge-
nase genes were discovered in H,-producing species C. sart-
agoforme, C. felsineum, C. roseum, and C. pasteurianum [20].
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The efficient functioning of the C. butyricum hydro-
genase contributed to the high H, yields in the ASP and
ALP reactors. Identifying the similarities between the
hydA gene of C. butyricum and hydAs of other Clostridium
species will provide an important basis for future studies
aimed at increasing H, yields. Understanding these sim-
ilarities may help to better understand the genetic and
biochemical mechanisms involved in H, production and
to develop strategies to improve the efficiency of H, pro-
duction. Therefore, an in-depth study of the structural and
functional characteristics of the hydrogenase genes of C.
butyricum and other H,-producing organisms could be
an important step towards the sustainable production of
biofuels.

CONCLUSION

Hydrogen is a by-product of the metabolic pathways
of many microorganisms with a wide taxonomic distribu-
tion. In the rapidly advancing field of microbial biotech-
nology, the identification and quantification of potential
hydrogen-producing microorganisms is crucial for opti-
mizing hydrogen yield. This study presents a comprehen-
sive microbial profile analysis of biohydrogen production
from FVWs under mesophilic conditions via dark fermen-
tation in three different reactor trials. In reactor samples
where maximum H, production occurred, Clostridium and
Lactobacillus genera were observed to be dominant, and C.
butyricum was identified as a significant hydrogen-produc-
ing Clostridium species.

The study also revealed the significant effect of
heat-pretreatment on microbial communities. An increase
in hydrogen-producing bacteria was observed in reactors
inoculated with heat-pretreated FVWs. However, despite
pretreatment, Lactobacillus species remained dominant
in the system. This finding highlights the need for further
research into the role of Lactobacillus in hydrogen fermen-
tation systems.

Characterization of the hydA gene, which plays a crucial
role in biohydrogen production by dark fermentation, has
contributed a novel perspective. Unlike the general primer
sets used in previous studies in the literature, species-spe-
cific primers targeting the hydA gene of C. butyricum were
designed in this study. This will allow for a more precise
analysis of hydrogenase gene distribution in mixed cul-
tures, offering a new and effective perspective for studies
using mixed cultures. The successful amplification of the
hydA gene of [FeFe]-hydrogenase and the evaluation of its
phylogenetic relationships using species-specific primers
demonstrates its potential as a molecular tool for identify-
ing different enzyme forms.

A better understanding of species-specific hydA metab-
olism is crucial for developing efficient hydrogen produc-
tion systems. Furthermore, newly characterized hydA genes
or genetically engineered variants may have potential appli-
cations as electrocatalysts in biofuel cells or as biosensors

for hydrogen detection. Future studies focusing on genetic
modifications and microbial interactions could further
enhance the efficiency of biohydrogen systems and expand
their applicability in sustainable energy technologies.

ABBREVIATIONS

NGS Next Generation Sequencing

OTU Operational Taxonomic Unit
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