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Abstract: The effectiveness of biohydrogen conversion from biomass sources is governed by the
selection of ideal biohydrogen-producing bacteria to achieve high and consistent production per-
formance. The aim of this research was to isolate and identify a biohydrogen producer in local soil
samples, as well as to evaluate its fermentability in biohydrogen production from oil palm empty
fruit bunches (OPEFB). To this end, preliminary identification was performed using morphological,
phenotype, biological, and 16s rRNA analyses. The fermentability of the isolate was further evaluated
in a serum bottle and then in a 1.5 L anaerobic column bioreactor (ACBR) to investigate the potential
for biohydrogen production using two OPEFB-based carbon sources: hydrolysate of ammonia fiber
expansion (AFEX)-pretreated OPEFB and molasses from dilute acetic acid (DAA)-pretreated OPEFB.
The isolated strain, Enterobacter sp. KBH 6958, was found to be capable of producing biohydrogen
from various carbon sources via the pyruvate:ferredoxin oxidoreductase (PFOR) pathway. The
cumulative conversion of AFEX OPEFB hydrolysate was 45% higher than that observed in DAA
OPEFB molasses fermentation in the production of biohydrogen. The biohydrogen yield after fer-
menting AFEX OPEFB hydrolysate with Enterobacter sp. KBH 6958 was 1.55 mol H2/mol sugar,
with a maximum productivity of 98.1 mL H2/h (4.01 mmol H2/L/h), whereas butyrate (10.6 mM),
acetate (11.8 mM), and ethanol (4.56 mM) were found to be the major soluble metabolites. This
study successfully demonstrated the biotechnological conversion of OPEFB into biohydrogen using a
locally isolated strain, which not only solves environmental issues associated with the industry but
may also offer a solution to the world’s energy insecurity.

Keywords: anaerobic column bioreactor; biohydrogen; characterization; Enterobacter KBH 6958;
isolation; OPEFB

1. Introduction

The role of biohydrogen-producing bacteria in the selection of fermentation feedstock,
bioprocess design, and final biohydrogen production yield is critical from the biotechnolog-
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ical processing perspective. There are numerous reports in the literature on biohydrogen
fermentation using both mixed and pure cultures of wild-type strains [1,2]. Accordingly,
sludge, soil, wastewater, and compost have all been identified as natural habitats for such
bacteria and have the potential to be excellent biocatalysts for biohydrogen fermentation [3].
Mixed cultures are generally preferred due to their ease of handling and the capability
of utilizing a wider range of fermentation feedstocks. However, maintaining a stable
biohydrogen-producing microbial community within mixed cultures remains a challeng-
ing task because of its dynamicity in evolving as fermentation operational parameters
change [4]. Moreover, the threat of predominating non-hydrogen-producing bacteria such
as methanogens, homoacetogens, and lactic acid bacteria must be taken into consideration
when dealing with mixed cultures. A single culture of biohydrogen-producing bacterium,
on the other hand, provides much-needed consistency in inoculum preparation, with
higher, and consistent product yields. In order to minimize operational costs, the biohydro-
gen fermentation of a single culture inoculum must be performed without any medium
sterilization [5,6].

Several anaerobic organisms have been identified as biohydrogen producers. In
general, biohydrogen-producing bacteria are classified as either obligate anaerobes (such
as Clostridia) or facultative anaerobes (e.g., Enteric bacteria) [7]. Obligate anaerobes are
excellent biohydrogen producers, whereas facultative anaerobes have greater tolerance and
durability when exposed to oxygen [8,9]. Clostridia sp. produces spores, so the first step in
isolating bacterium from this genus is usually a pretreatment of inoculum. Pretreatment of
inoculum, either chemically or thermally, results in an enrichment of spore-forming bacteria
by removing potentially non-spore-forming biohydrogen producers [5,6,10]. Bacteria
isolation procedures without seed inoculum pretreatment may result in a broader selection
of biohydrogen producers. The ability to tolerate oxygen, on the other hand, is a major
advantage of facultative anaerobes, such as Enterobactericeae, over obligate anaerobes, which
simplifies process handling. Once oxygen is depleted in the fermentation medium, the
enzyme activity involved in biohydrogen production can be rapidly restored. The genus
can produce biohydrogen by metabolizing glucose via a mixed acid (primarily formic acid)
or 2,3-butanediol fermentation pathway. Nevertheless, both types of bacterial genera have
been shown to be capable of growing, consuming, and producing biohydrogen from a
variety of waste and lignocellulosic materials, including oil palm biomass [11–13].

At the moment, Malaysia’s palm oil mills generate ca. 95 million tons of oil palm
fresh fruit bunches. Fresh fruit bunches are steam-sterilized after collection to inhibit lipid
degrading enzymes and microbial action. The bunch’s fruitlets are stripped, crushed, and
digested for their oil content, leaving oil palm empty fruit bunches (OPEFB) as a major
byproduct. Approximately 22–23% of the total mass of fresh fruit bunches, or nearly
20 million tons of solid biomass, is discharged as OPEFB. The OEPFB is composed of a
main stalk (about 20–25% of total weight) and numerous spikelets with sharp spines at the
tips. It is therefore critical to utilize OPEFB for purposes other than conventional mulching,
soil conditioning, or pelletization for use as a fuel for boilers. These traditional methods
are not sustainable because they either necessitate a large processing area or are harmful to
the environment by emitting greenhouse gases into the atmosphere [14–16]. In this regard,
creating value-added products from OPEFB generates additional profit, while at the same
time addressing environmental issues.

Against this background, the primary aim of this research was to isolate and identify
biohydrogen-producing bacterium from local soil samples. The goal of the isolation was to
obtain a single colony of cells with the highest biohydrogen production using OPEFB-based
carbon sources as the main fermentation feedstock. This bacterium was studied both
morphologically and molecularly.
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2. Materials and Methods
2.1. Soil Sample Collection and Raw Material Preparation
2.1.1. Soil Sample

Soil samples were collected around the lake near Fakulti Kejuruteraan dan Alam
Bina, Universiti Kebangsaan Malaysia (UKM), and transported to the laboratory in a sealed
plastic bag. The soil sample was then suspended in a sterile isotonic solution (0.85% sodium
chloride). In order to ensure even mixing, the solution was vortexed thoroughly. After
sedimentation and serial dilutions of up to 10−5, the supernatant was used as an inoculum
for the subsequent isolation procedure.

2.1.2. Oil Palm Empty Fruit Bunches Preconditioning

The oil palm empty fruit bunches (OPEFB) used in this work was provided by Sime
Darby East Oil Mills, Carey Island, Selangor, Malaysia. The fresh OPEFB sample was
collected immediately after it was discarded from Sime Darby East Oil Mill’s shredding
units. At the laboratory, OPEFB was washed with distilled water to eliminate the unwanted
elements, and thereafter dried under the sun for a day, and then in a convection oven
(Protech AB, Sweden) at 60 ◦C for 12 h to remove excess moisture. The moisture content of
the samples was kept constant at 12–13%. The sample was further pulverized through a
cutting mill (FRITSCH GmbH, Germany) with a 10 mm screen mesh.

Dilute acetic acid (DAA) pretreatment on the pulverized OPEFB was performed at
Sime Darby Plantation Sdn. Bhd. pretreatment facility. This pretreatment process was
carried out by Sime Darby in collaboration with Mitsui Engineering and Shipbuilding
Co. Ltd. (Japan). In this study, the DAA pretreatment was chosen for treating OPEFB
since the molasses generated from the facility was rich in dissolved sugars. This facilitates
acid catalysed hydrolysis, hence leading to greater hemicellulose removal with low sugar
decomposition products (furfurals and 5-hydroxylmethylfurfural). Moreover, the presence
of acetic acid in the fermentation media is also theoretically favorable as this leads to
higher biohydrogen evolution based on the metabolic pathway of biohydrogen-producing
bacteria. Accordingly, raw OPEFB was soaked in 0.3% (w/v) acetic acid and loaded into
the pretreatment vessel. The vessel was heated until 250 ◦C and maintained for 60 min.
After the pretreatment, the slurry was pressed to separate the liquid molasses (labelled as
DAA molasses). The pretreated DAA OPEFB was rinsed with distilled water and stored at
−20 ◦C until further use.

Ammonia fiber expansion (AFEX) pretreatment of the pulverized OPEFB was con-
ducted at the Biomass Conversion Research Laboratory of Michigan State University, USA
using a method previously described elsewhere [17]. Samples containing 50% moisture
(g moisture/g biomass) were charged into a 2 L bench-top high pressure Parr reactor
(PARR Instrument, USA). The reactor was gradually loaded with liquid ammonia in a 1:1
(g ammonia: g biomass) ratio, and the reactor temperature was raised to 135 ◦C (~40 bar)
for 45 min. The ammonia was allowed to evaporate after the pressure was released.

Enzymatic hydrolysis of the AFEX-pretreated OPEFB was performed at 50 ◦C, and
pH 4.8, and shaken at 150 rpm. The glucan loading was set at 1% (w/v) in 30 mL tubular
scintillation vials (Wheaton, IL, USA) with a working volume of 15 mL containing citrate
buffer (0.05 M). Then, 17.7 µL of enzymes Cellic CTec2® (activity = 85.4 g protein/L) and
15.4 µL of Cellic HTec2® (activity = 65.2 g protein/L) (Novozymes, Denmark) were loaded
to achieve 16.7 mg protein/g glucan. At the end of 48 h of enzymatic hydrolysis, the
enzymatic reactions were halted by boiling denaturation within 10 min. The sugars thus
produced were measured using high-performance liquid chromatography (HPLC) using
established conditions, as described by Luthfi et al. [18]. While DAA OPEFB molasses is
rich in soluble sugars, most of the sugars are made of pentose (xylose). By contrast, AFEX
OPEFB’s enzymatic hydrolysate is relatively inhibitor-free and rich in hexose (glucose). The
utilization of pentose-rich DAA OPEFB molasses and hexose-rich AFEX OPEFB hydrolysate
as the fermentation substrate would create an attractive option for the development of
biohydrogen commercialization.
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2.2. Biohydrogen-Producing Bacterium Isolation
2.2.1. Isolation Medium

All isolation procedures were undertaken in a reinforced clostridial medium (RCM)
broth and agar. The premixed RCM purchased from BD (USA) contains meat extract
(10 g/L), peptone (5 g/L), yeast extract (3 g/L), glucose (5 g/L), starch (1 g/L), sodium
chloride (5 g/L), sodium acetate (3 g/L), L-cysteine-chloride (0.5 g/L) and agar (0.5 g/L).
The RCM broth was prepared by dissolving 38 g of RCM powder in 1 L of distilled water.
The pH of the medium was set at 6.5. After autoclaving, the solution was dispensed into
sterile 30-mL serum bottles. Each serum bottle was aseptically filled with 20 mL of RCM
broth, capped with a butyl rubber stopper, and clamped with an aluminum cap. Nitrogen
gas was sparged through the media for 5 min to achieve anaerobic conditions for the culture.
The RCM serum bottles were then stored at 4 ◦C until further use.

The RCM agar was prepared by dissolving 38 g of RCM powder and 15 g of bacterio-
logical agar (Oxfoid, UK) in 1 L of distilled water. The medium was poured on disposable
petri dishes evenly and allowed to solidify at room temperature. The petri dishes were
wrapped with parafilm and kept at 4 ◦C until needed.

2.2.2. Isolation and Purification

The isolation procedure was carried out at a mesophilic temperature (37 ◦C) by re-
peated cycles of picking a single bacterial colony and streaking it on the agar plate. At the
end of each bacteria streaking cycle, the biohydrogen production ability was monitored in
a serum bottle broth. Only the highest biohydrogen-producing serum bottle was chosen
for the next cycle of streaking. The cycle was repeated until one single pure culture was
isolated. The detailed isolation and purification procedures were elaborated as follows.

The primary inoculum source was supernatant (bacterial cells) containing 0.85%
sodium chloride solution. Initially, 2 mL of inoculum were transferred to five 20 mL of
sterile RCM broth (in serum bottles). The inoculated serum bottles were incubated at 37 ◦C
and 150 rpm for 72 h. Every 24 h, the biogas was collected with a disposable gas syringe
and the biohydrogen composition was determined using gas chromatography (GC). After
72 h, only the serum bottle with the highest biohydrogen gas volume was kept, while
the other serum bottles were discarded. Using the spread plate technique, 100 µL broth
from the highest biohydrogen-producing serum bottle was transferred to the RCM agar
plate and evenly spread on the agar with a sterile glass hockey stick. The agar plate was
incubated at 37 ◦C for 24 h.

An individual bacterial colony with a different morphology was picked from the RCM
agar plate using a sterile wire loop and used to inoculate fresh RCM broth until the cell
turbidity (OD600) reached 1.0 ± 0.1 before being observed under a light microscope (Nikon
Instruments, Japan). The inoculum was then incubated at 37 ◦C for 72 h. The cycles of RCM
broth inoculation and RCM agar spreading were repeated until only one biohydrogen-
producing colony was isolated. Only the RCM broth with the highest biohydrogen volume
(~40–50 mL with 30% purity) was kept in each cycle.

2.3. Bacterial Characterization
2.3.1. Gram Staining

A pure culture of biohydrogen-producing bacterial colony on RCM agar was picked up
with a sterile inoculation wire loop and smeared on a clean glass slide. Distilled water was
dropped on top and the bacteria were fixed on the glass slide by passing it at an angle over
a Bunsen burner flame until the water dried out. A few drops of crystal violet were used as
a primary stain over the bacterial smear on the glass slide. After 1 min, the glass slide was
rinsed with sterile distilled water. The glass slide was then treated with iodine solution,
which acts as a mordant. After one minute, the iodine solution was rinsed with sterile
distilled water. The slide was then rinsed briefly with 95% alcohol before being immediately
rinsed with sterile distilled water. Finally, the bacteria on the slides were stained with
safranin and incubated for 1 min before being rinsed with distilled water again [19]. The
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slide was dried before viewing it under a light microscope under oil immersion (Nikon
Instruments, Japan).

2.3.2. BIOLOG

Pure cultures of isolated biohydrogen-producing bacterium were grown on RCM agar
before being streaked onto brain heart infusion agar (BHI) (BD, USA) and incubated at 35 ◦C.
The carbon source utilization pattern was examined using two distinct BIOLOG microplates.
The first microplate (BIOLOG Inc., USA) was specifically designed for anaerobic bacterium
identification, while the second microplate (BIOLOG Inc., USA) was specifically designed
for aerobic bacterium identification. After 18 h, a single colony was picked from BHI
agar with a sterile disposable cotton swap and emulsified in Gen III Inoculating Fluid
A (BIOLOG Inc., USA). Another single bacterial colony was selected and emulsified in
AN Inoculating Fluid. The Inoculating Fluid A was then dispensed into a 96-welled Gen
III microplate, with 100 µL of Inoculating Fluid A in each well. Likewise, 100 µL of AN
Inoculating Fluid was poured into each well of a 96-welled AN microplate. Anaerobic
conditions were used for the AN microplate, while normal atmospheric conditions were
used for the GEN III microplate. Both microplates’ incubation temperatures were kept
constant at 35 ◦C. Both microplates were analysed using a GEN III MicroPlate reader after
24 h of incubation.

2.3.3. 16S rRNA Sequencing

Pure isolated bacterium samples were grown in RCM broth for 18 h at 37 ◦C. The
broth was then centrifuged for 90 s at 15000 g to separate the supernatant from the bacterial
pellets. The pure culture bacterial pellet provided the deoxyribonucleic acid (DNA) for the
polymerase chain reaction (PCR).

(a) Deoxyribonucleic Acid (DNA) Extraction

The DNA from bacterial pellets was extracted using Geneaid™ DNA isolation kit
(Geneaid™, Taiwan) following the manufacturer’s recommended procedure. Firstly, 300 µL
cell lysis buffer was added to the bacterial pellet in a 1.5 mL microcentrifuge tube. The
mixture was vortexed homogenously and incubated at 60 ◦C for 15 min. Following that,
100 µL protein removal buffer was added to lysate and vortexed immediately for 15 s before
centrifuging it at 15,000× g for 8 min. The supernatant was transferred to a fresh 1.5 mL
microcentrifuge tube while the pellet was discarded. The extracted DNA was precipitated
by adding 300 µL of isopropanol and thereafter gently mixed. The mixture was centrifuged
at 15,000× g for 5 min and the supernatant was discarded. The pellets were washed with
70% (w/w) ethanol and centrifuged it at 15,000× g for another 5 min. Finally, the DNA was
rehydrated by adding 100 µL of DNA hydration buffer and incubated it at 60 ◦C for 45 min.

(b) Polymerase Chain Reaction (PCR)

The extracted DNA was used as a template for DNA amplification by polymerase
chain reaction (PCR) using PCR Master Mix (1st BASE, Singapore). This PCR Master
Mix is a premixed PCR cocktail that contains Taq DNA polymerase (0.06 U/µL), 400µM
of each dNTPs, and 3mM MgCl2 in reaction buffer. Additionally, 10 µM of forward
primer 8F (5′-AGAGTTTGATCCTGGCTCAG-3′), and 10 µM of reverse primer 1492R (5′-
GGTTACCTTGTTACGACTT-3′) were purchased from 1st Base Sdn. Bhd. The PCR was
started by adding 25 µL of PCR Master Mix, 2.5 µL of each primer, 5 µL of DNA template,
and 15 µL of nuclease-free water in a PCR tube. PCR cycle was performed with an initial
denaturation at 95 ◦C for 2 min, followed by 30 cycles of 95 ◦C for 30 s, annealing gradient
from 55 to 72 ◦C for 1 min, extension of 72 ◦C for 1 min and a final extension of 72 ◦C for
10 min [8]. The PCR product was kept at 4 ◦C until further use.

(c) PCR Product Purification

The PCR product was then purified using Gel/PCR DNA Fragments Extraction Kit
(Geneaid™, Taiwan). Accordingly, 50 µL of PCR product was transferred into fresh 1.5 mL
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microcentrifuge tube. Then, 250 µL DF buffer was added to the tube and homogenously
mixed. The mixture was then pipetted into DF column and centrifuged at 15,000× g for
4 min. The filtrate was discarded and 600 µL of wash buffer was added to the DF column
and centrifuged again at 15,000× g for 2 min. After discarding the filtrate, DF column was
placed in fresh 1.5 mL microcentrifuge tube and 25 µL elution buffers was added to it. The
DF column was allowed to stand for 5 min before being centrifuged at 15,000× g for 4 min,
and thereafter the purified PCR product was collected.

(d) Agarose Gel Electrophoresis

Agarose gel was prepared by heating 1.2 g agarose powder (1st Base, Singapore) in
80 mL Tris Borate EDTA buffer (TBE) (1st Base, Singapore). The agarose solution was
then cooled down at room temperature, and 5 µL of ethidium bromide was added to the
solution. The mixture was then poured onto a gel plate with suitable gel comb. After the
gel hardened, the comb was removed, leaving a row of wells. The gel was immersed in
TBE buffer in the electrophoresis chamber (Bio-Rad, USA). The DNA sample (3 µL) was
mixed with loading dye (1 µL) and pipetted into the agarose gel wells. One of the wells
was loaded with DNA ladder. The chamber was then closed, and the gel electrophoresis
was carried out at 100 V for 1 h. Finally, the gel was visualized under UV light using a UV
transilluminator (Major Science, USA).

(e) 16S rRNA Nucleotide Analysis

The complete sequencing result was obtained from 1st Base Sdn. Bhd. The se-
quence was then analyzed by using the Basic Local Alignment Search Tool (BLAST) pro-
vided by the National Centre for Biotechnology Information (NCBI) through its website
(http://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 16 March 2022). The information
obtained through BLAST was then used to construct phylogenetic tree using the neighbor-
joining method with MEGA version 6.0.6 software (Molecular Evolutionary Genetics
Analysis. Version 6.0.6. Pennsylvania State University PA, USA) [20].

2.3.4. Field Emission Scanning Electron Microscopy (FESEM)

A single colony of bacterium on the RCM agar was cut out using a sterile scalpel, and
thereafter was dehydrated using a critical point dryer (Leica EM CPD 300, Leica Microsys-
tems, Germany). Initially, the bacterial sample was pretreated with a series of increasing
concentrations of ethanol i.e., 30%, 50%, 70%, 80%, 90%, and finally 100% (w/w) ethanol
before being dehydrated for 90 min using a critical point dryer. Dehydrated bacterial sam-
ples were gold sputter-coated using an automatic RS sputter coater (Model Q150, Quorum
Technologies, UK). Finally, using field emission scanning electron microscopy (FESEM), the
bacterial sample was visualized (Supra 55 VP, Carl Zeiss, Germany).

2.4. Biohydrogen Fermentability Test in Serum Bottles

The isolated biohydrogen-producing bacterium was then used to test its fermentability
in four different fermentation media with varying carbon sources. The four fermentation
substrates were AFEX-pretreated OPEFB enzymatic hydrolysate, DAA-pretreated OPEFB
molasses, synthetic defined media with glucose and xylose with 2:1 ratio and RCM without
any modification. Accordingly, DAA OPEFB molasses is valuable to emulate the possible
worst-case scenario for any OPEFB-pretreated samples due to a significant amount of
dissolved furfural and serves as an opportunity to observe the abilities of locally isolated
Enterobacter sp. KBH 6958 to grow in slightly unfavorable conditions. On the other hand,
the initial total carbohydrate (TC) for other media was adjusted to 7 g/L and supplemented
with 50 mM phosphate buffer, 3 g/L yeast extract, 3 g/L NaHCO3 and 0.5 g/L L-cysteine-
HCl. Fermentability test was carried out in 50 mL serum bottles with 25 mL of working
volume. The initial pH for both AFEX-pretreated hydrolysate and synthetic media was
adjusted to 7.0 while the initial pH of DAA-pretreated OPEFB molasses was 9.0. The
difference in initial pH is due to the furfural content in OPEFB molasses, which must be
minimized to reduce the inhibition effect and a detailed explanation was described in
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previous work [13]. Next, nitrogen gas was sparged through the media for 5 min to create
anaerobiosis for the fermentation. The isolated biohydrogen-producing bacterium was
initially grown in RCM broth until the OD reached 1.0 ± 0.1 before inoculation. Each
bottle containing medium was inoculated with 10% (v/v) inoculum. Bottles were capped,
clamped, and incubated for 72 h at 37 ◦C and 150 rpm. The biogas produced was sampled
using disposable syringes and its composition was analyzed using GC.

The metabolites in fermented broths from fermentability test were then analyzed
using gas chromatography mass spectrophotometry (GCMS). The GCMS system (Bruker
Scion SQ, USA) was equipped with 30 m Stabilwax® column (Restek®, USA) (0.25 mm ID,
0.25 µm df). The injection port temperature of GCMS was fixed at 200 ◦C and the initial
oven temperature was maintained at 70 ◦C for 5 min, then raised to 180 ◦C at 6 ◦C/min
and held for 5 min before ramped (10 ◦C/min) again to 195 ◦C and maintained for another
5 min. About 1 µL of filtered fermentation broth was used in each analysis.

2.5. Biohydrogen Fermentation in 1.5 L Anaerobic Column Bioreactor (ACBR)

Two separate biohydrogen fermentation tests were carried out in a 1.5 L anaerobic
column bioreactor (ACBR) as shown in Figure 1. A main bioreactor column was connected
to a smaller circulation vessel equipped with magnetic stirrer. The main bioreactor column
was double jacketed and the temperature was maintained at 37 ◦C. The medium spilled over
from the main vessel into the circulation vessel. Using a peristaltic pump (Longer Pump,
China), the medium was continuously circulated back to the main column at 10 mL/min.
Milligascounter™ was used to quantify the biogas collected from both the main bioreactor
column and the circulation vessel (Ritter, Germany).
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The first batch biohydrogen fermentation test was carried out using AFEX OPEFB
hydrolysate, while the second batch was conducted with DAA molasses as the carbon
source. The initial total carbohydrates (TC) in both fermentations were fixed at 7.0 g/L
using distilled water. Additional nutrients for bacterial growth consisting of K2HPO4.3H2O
(1.5 g/L), KH2PO4 (0.75 g/L), NaHCO3 (3 g/L), L-cysteine-HCl (0.5 g/L), and yeast extract
(3 g/L) were added in both tested carbon sources. The final pH of the fermentation
media was adjusted to 7.0 for AFEX OPEFB hydrolysate, and initial pH of 9.0 was used
in DAA molasses. Locally isolated bacterium, Enterobacter sp. KBH 6958, was cultivated
in RCM until the OD reached 1.0 ± 0.1 before inoculation. About 150 mL of inoculum
(Enterobacter sp. KBH 6958) was added into 1.35 L substrate (10% v/v inoculation), bringing
the total fermentation volume to 1.5 L. For 10 min, nitrogen gas was sparged through the
media to induce anaerobiosis in the culture. The biogas volume produced was measured
using MilligascounterTM (Ritter, Germany), and the biogas composition was analyzed
using GC. The metabolites were quantified using HPLC, and the total carbohydrate was
colorimetrically determined using the phenol-sulphuric method [21].

3. Results and Discussion
3.1. Bacterial Characterization
3.1.1. Gram Staining

One final colony of biohydrogen-producing bacterium was isolated from UKM’s lake
soil sample after several batches of repeated sub-culturing and isolation. The bacterium
was first identified as KBH 6958. The isolate was facultatively anaerobic, so it could grow
on RCM agar in normal atmospheric conditions [8]. However, biohydrogen production
was only observed in anaerobic conditions, wherein the bacterial colony on RCM agar was
mildly yellow, non-spore-forming, and mucoid after prolonged growth on the agar plate. A
negative Gram-stained isolate KBH 6958 under 10X magnification using light microscope
was observed (Figure S1). The isolate KBH 6958 appeared to be somewhat rod shaped
and pink after Gram staining due to the counter stain safranin, and it was deduced that
the isolate is a Gram-negative bacterium [8,22]. The bacterium did not retain the primary
crystal violet color (purple) after the ethanol washing. Gram-negative bacterium typically
has a thinner peptidoglycan layer on its cell wall [22].

3.1.2. BIOLOG

BIOLOG microplate system can be applied as one of bacteria identification tool, as well
as to screen carbon source utilization pattern. BIOLOG exploits the principle of substrate
utilization by coupling metabolic activity to a simultaneous reduction of a redox dye. The
reduction of redox dye was measured colorimetrically within a 96 welled microplate. The
substrate utilization spectrum was then compared with internal database for possible
identification [23]. In this study, two distinctive BIOLOG microplates were used. Gen III
microplate is designed to identify pure culture of aerobic Gram-negative and Gram-positive
bacteria. Each Gen III microplate contains 23 wells of chemical sensitivity assays, 71 wells
of carbon source utilization assays and 2 wells of control assays. AN microplate is designed
for identification of a very wide range of anaerobic bacteria. Each AN microplate contained
95 discrete carbon source utilization assays and one well with water as negative control. The
isolate reacted with each assay in order to provide metabolic and phenotypic fingerprint
patterns of the microorganism in order to identify it at the species level.

However, due to system database limitations, some of the atypical isolates were not
identified at the species level using this method, i.e., the system will not identify bacterial
species that are not classified in the database. As a result, isolate KBH 6958, a new strain,
was not identified directly from both Gen III and AN microplates. Based on the existing
database, the closest bacterial similarities with KBH 6958 found from Gen III microplate
and the AN microplate patterns were Enterobacter aerogenes and Clostridium aminovalericum,
respectively. Isolate KBH 6958 definitely did not belong to genus Clostridirium, as the
Clostridium was spore-forming, Gram-positive, and strictly anaerobic bacterium [10], whereas
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isolate KBH 6958 did not form spores, is Gram-negative and can grow in aerobic or
facultative anaerobic conditions.

Nonetheless, this method was useful for rapid screening of a large amount of substrate
for bacterial growth. Table 1 outlines the carbon source utilization pattern of isolate
KBH 6958. The information is presented as a positive threshold value (0–100%), with a
higher value indicating a more favorable carbon source for bacterial growth. This result
can also be used to investigate the effects of different substrate structures and functional
groups on its suitability as a carbon source for isolate KBH 6958.

Table 1. Carbon source utilization pattern of isolate KBH 6958 using BIOLOG AN and GEN III plates.

Type Substrate AN Gen III Type Substrate AN Gen III

Amine/Amide Alaninamide 78 N/A Carbohydrate Sucrose 100 87
Glucuronamide N/A 85 D-Trehalose 100 81
Succinamic Acid 0 N/A Turanose 88 87

Amino Acid L-Alanine 100 93

Carboxylic acid

D-Galacturonic acid 100 93
L-Alanyl-L- Glutamine 100 N/A D-Gluconic acid 100 94

L-Alanyl-L-histidine 66 N/A Glucuronic Acid N/A 93
L-Alanyl-L-threonine 100 N/A D-Glucosaminic acid 0 N/A

L-Arginine N/A 78 Acetic acid 38 87
L-Asparagine 78 N/A Formic acid 0 82

D-Aspartic Acid N/A 73 Fumaric acid 78 N/A
L-Histidine N/A 89 Glyoxylic acid 0 N/A

L-Glutamic acid 82 93 α-Hydroxybutyric acid 0 13
L-Glutamine 100 N/A β-Hydroxybutyric acid 24 88

Glycyl-L-aspartic acid 72 N/A Itaconic acid 0 N/A
Glycyl-L-glutamine 100 N/A α-Ketobutyric acid 0 2

Glycyl-L-methionine 0 N/A α-Ketovaleric acid 0 N/A
Glycyl-L-proline 100 94 α-Ketoglutaric acid N/A 60

L-Methionine 0 N/A D,L-Lactic acid 60 N/A
L-Phenylalanine 0 N/A L-Lactic acid 100 94

L-pyroglutamic acid N/A 79 D-Malic acid 0 68
D-Serine N/A 10 L-Malic acid 100 95
L-Serine 100 94 Propionic acid 0 5

L-Threonine 0 N/A Pyruvic acid 100 N/A
L-Valine 0 N/A D-Saccharic acid 100 94

L-Valine + L-aspartic acid 100 N/A Succinic acid 100 N/A

Carbohydrate

N-Acetyl-D-galactosamine 0 44 m-Tartaric acid 100 N/A
N-Acetyl-D-glucosamine 100 94 Mucic Acid N/A 93

N-Acetyl-D-mannosamine 100 94 Quinic Acid N/A 68
Adonitol 0 N/A Citric Acid N/A 94

D-Arabitol 0 67 Acetoacetic Acid N/A 55
Arbutin 82 N/A

Miscellaneous

Amygdalin 0 N/A
D-Cellobiose 100 92 Glycerol 24 87

Dulcitol 16 N/A D,L-α-Glycerol
phosphate 100 N/A

Erythritol 0 N/A Glucose-1-phosphate 100 N/A
D-Fructose 100 85 Glucose-6-phosphate 100 95
D-Fucose N/A 45 Frucose-6-phosphate N/A 93
L-Fucose 0 67 D-Salicin 78 85

D-Galactose 100 84 D,L-Lactic acid
methyl ester 0 78

Gentiobiose 78 88 Pyruvic acid
methyl ester 100 89

α-D-Glucose 100 90 Succinic acid
mono-methyl ester 56 N/A

m-Inositol 60 93 Urocanic acid 100 N/A
α-D-Lactose 100 86 2′-Deoxy adenosine 100 N/A

Lactulose 58 N/A Inosine 80 92
Maltose 100 83 Thymidine 100 N/A

Maltotriose 100 N/A Uridine 100 N/A

D-Mannitol 100 87 Thymidine-
5′-monophosphate 24 N/A

D-Mannose 100 86 Uridine-
5′-monophosphate 78 N/A



Appl. Sci. 2023, 13, 656 10 of 18

Table 1. Cont.

Type Substrate AN Gen III Type Substrate AN Gen III

D-Melezitose 0 N/A N-Acetyl
Neuraminic Acid N/A 18

D-Melibiose 100 86 L-Galactonic
Acid Lactone N/A 94

3-Methyl-D-glucose 32 39 p-Hydroxy-
Phenylacetic Acid N/A 92

α-Methyl-D-galactose 44 N/A Bromo-Succinic Acid N/A 92
β-Methyl-D-galactose 24 N/A Tween 40 N/A 51
α-Methyl-D-glucoside 24 N/A γ-Amino-Butryric Acid N/A 10
β-Methyl-D-glucoside 100 85

Polymer

α-Cyclodextrin 0 N/A
Palatinose 100 N/A β-Cyclodextrin 0 N/A

D-Raffinose 100 87 Dextrin 100 84
L-Rhamnose 78 89 Gelatin N/A 69

D-Sorbitol 100 91 Pectin N/A 82
Stachyose 100 88

N/A—Not available.

Carbon sources on both microplates can be classified into six groups based on their
functional group. The six groups were amine/amide, amino acid, carbohydrate, carboxylic
acid, polymers, and other miscellaneous carbon sources. The substrate utilization patterns
appeared random at first glance, with no discernible correlations with the respective
substrate groups. The level of carbon utilization was determined by the individual substrate
rather than the group type.

In general, common monosaccharides such as α-D-glucose, α-D-fructose, α-D-galactose,
and α-D-lactose were very favorable to this isolate in both aerobic and anaerobic conditions
(utilisation level nearly 100%). However, some carbon sources, such as α-ketobutyric acid
and α-hydroxybutyric acid, were unable to sustain KBH 6958 growth because they were
not utilised (the utilisation level was nearly 0%) in both plates.

These results also highlighted the difference of metabolism in aerobic and anaerobic
conditions. In most of the carbon sources found in both Gen III and AN microplates, the
availability of oxygen positively affects the level of substrate utilization. Both glycerol
and formic acid were favourable in aerobic condition but not in anaerobic; hence, high-
lighting the significance of oxygen as an electron acceptor in determining the microbial
metabolic pathway.

The effects of sugar methylation were also found to manipulate the level of carbon
source uptake. Unlike α-D-glucose, 3-methyl-D-glucose was not favoured by isolate
KBH 6958. Similarly, utilization of other methylated sugars such as β-methyl-D-galactose
was significantly lower than its corresponding un-methylated structures.

Moreover, substance chirality plays an important role in determining the substrate
for microbial growth as most of the enzymes in the system are substrate-specific [24]. The
effects of substrate chirality can be observed in utilization of malic acid (AN microplate)
and serine (Gen III microplate). In both cases, the substrate utilizations of L-structures
(L-malic acid and L-serine) were significantly higher than its D-structures (D-malic acid
and D-serine).

Carbon sources which were known to be intermediate during biohydrogen-producing
bacterial metabolic pathway, tend to be utilized completely (almost 100% utilization).
Glucose-6-phosphate and pyruvic acid were two important intermediate metabolites in-
volved in Embden-Meyerhof pathway [25]. While citric, L-malic, succinic, and fumaric
acids were essential intermediate metabolites during Krebs cycle [26]. Accordingly, KBH
6958 used 100% of the carbon sources thymidine and uridine because they were both
standard nucleosides that make up nucleic acids. Acetic acid, formic acid, and propionic
acid were common end metabolites found in anaerobic, dark biohydrogen fermentation,
which explained why these carbon sources had lower carbon utilization levels [27,28].
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3.1.3. 16S rRNA Sequencing

16S rRNA bacterial identification is deemed a superior method for bacterial identifica-
tion at the genus level as compared to other phenotype- and metabolic-based methods [23].
However, there have been reports of misidentification of bacteria at the species level [23].
The BLAST search against the GenBank database demonstrated that KBH 6958 isolate
belongs to the order Enterobacteriales and the genus Enterobacter. Alignment of 16S rRNA
gene sequence (1499 bp) of this isolate with existing reference sequences from GenBank
database, demonstrated maximum homology of 99% with Enterobacter sp. 3117. Based
on the multiple alignment results and phylogenetic tree shown in Figure 2, KBH 6958
isolate was identified as Enterobacter sp. KBH 6958. 16S rRNA gene sequence of Enterobacter
sp. KBH 6958 was submitted in NCBI database under the accession number KM657475
(https://www.ncbi.nlm.nih.gov/nuccore/KM657475.1/, accessed on 23 December 2022).
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3.1.4. Field Emission Scanning Electron Microscopy (FESEM)

Figure 3 shows the micrograph of isolate Enterobacter sp. KBH 6958 under various
magnifications. As with the observation under a light microscope, the cells visualized under
FESEM were short-rod-shaped. The bacterium measured 1–2 µm in length and ~0.5 µm in
width (Figure 3c), which was found to be comparable to other Enteric bacteria [29]. Under
5000×magnification (Figure 3b), the cells were observed to be interconnected through nano-
linkages. Anaerobic biohydrogen fermentation bacteria were known to secrete extracellular
polymeric substances interconnecting bacteria within the colony [1]. These nano-linkages
appeared to be sticky, which could be the possible explanation of mucoid colonies after
prolonged growth on agar plate. The stickiness of these nano-linkages potentially promotes
bacterial aggregation and enhances biofilm formation [1,30].

3.2. Metabolite Analysis

Isolated Enterobacter sp. KBH 6958 was then used as inoculum for biohydrogen
production using four different fermentation media. Dark anaerobic biohydrogen fermen-
tation is usually accompanied by the production of organic acids [27,28]. The type of
organic acids accumulated is highly dependent on biohydrogen-producing strains and
their biochemical pathways. Two major biohydrogen-producing biochemical pathways are
pyruvate:ferredoxin oxidoreductase (PFOR) pathway and the pyruvate formate lyase (PFL)

https://www.ncbi.nlm.nih.gov/nuccore/KM657475.1/
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pathway. The major acids accumulated through the PFOR pathway are acetic acid and/or
butyric acid, whereas formic acid is produced through PFL pathway [9].
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Figure 3. FESEM image of isolate KBH 6958 at (a) magnification of 2000×; (b) magnification of
5000× showing nano-interlinkages among the bacteria; and (c) magnification of 10,000× showing
individual bacterium.

While almost all biohydrogen-producing Clostridia accumulate acetic and/or butyric
acid as end products, the literature reports on final organic acids accumulated in Enterobacter
were not unanimous. Researchers has reported that formate-hydrogen lyase enzymes
found in Enteric bacteria catalyzed the biohydrogen evolution through PFL pathway [9].
Irina et al. reported that biohydrogen fermentation using Enterobacter cloacae KBH3 isolated
from termites’ gut accumulated both formic and lactic acid as the final metabolites [8].
There are an equal number of published reports citing Enteric bacteria, such as Enterobacter
cloacae IIT-BT 08 and Enterobacter aerogenes, that produce butyric acid, acetic acid and ethanol
as their main fermentative products, which has similar traits as Clostridia [10,31,32]. In
order to understand the metabolic pathway of this isolate, Enterobacter sp. KBH 6958, the
fermented medium was analyzed qualitatively using GCMS. The final metabolites detected
in all substrate media are summarized in Table 2.

At the end of fermentability test, the highest biohydrogen potential of 50.6 mmol/L
was observed when AFEX-pretreated OPEFB hydrolysate was used, whereas, the lowest
biohydrogen potential of 35.3 mmol/L was observed with DAA molasses. Lower biohydro-
gen potential from DAA OPEFB molasses was expected due to the furfural content, which
was not found in other fermentation media. Furthermore, the sugars in DAA molasses
were mostly xylose-based oligosaccharides, whereas other media were rich in monosaccha-
rides (glucose). Alternatively, AFEX-pretreated hydrolysate contained almost no inhibitors
coupled with other nutrients originating from OPEFB structures.
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Table 2. Qualitative analysis of metabolites after biohydrogen fermentability test using various
fermentation media.

Medium

Metabolites
Biohydrogen

Potential (mmol/L)Butyric Acid Acetic Acid Propionic
Acid Lactic Acid Formic Acid Ethanol 2,3-butandiol Other

RCM + + + − − + + Ethyl isopropyl ether 45.6 ± 4.9
Glucose and xylose + + − − − + − − 46.1 ± 3.5

AFEX
OPEFB hydrolysate + + − − − + − Acetamide

Ethyl isopropyl ether 50.6 ± 5.3

DAA OPEFB molasses + + + − − + + 2-furan methanol,
Ethyl isopropyl ether 35.3 ± 3.7

+ Metabolite detected; −Metabolite not detected.

Through the GCMS results, it was clearly demonstrated that isolate Enterobacter sp.
KBH 6958 produced biohydrogen through PFOR pathway. This conclusion was made
because neither formic acid nor lactic acid was detected in any of the four different fermen-
tation media, which is in agreement with previous studies [33,34]. Acetic acid, butyric acid
and ethanol were detected in all the fermented samples.

Moreover, propionic acid was observed in both RCM and DAA OPEFB molasses
medium indicating higher fermentation stress, possibly due to the higher biohydrogen and
NADH evolution rates [35]. In these two media, isolate Enterobacter sp. KBH 6958 produced
2, 3-butanediol. The production of 2, 3-butanediol resulted in lower biohydrogen potential,
as demonstrated by Ito et al. [31]. Acetamide was discovered in the AFEX-fermented
OPEFB hydrolysate. The residual ammonia in the AFEX-treated OPEFB may react with
acetic acid to form acetamide. Similarly, the presence of furan compounds in DAA molasses
as a result of sugar degradation during the OPEFB pretreatment resulted in the detection
of 2-furan methanol compounds.

3.3. Biohydrogen Fermentation in 1.5 L ACBR

In order to further assess the performance and ability of isolated Enterobacter sp. KBH
6958 as biohydrogen producer, the strain was used to ferment two different OPEFB-based
carbon sources. The first carbon source used was AFEX OPEFB enzymatic hydrolysate and
the second carbon source used was DAA OPEFB molasses. AFEX OPEFB hydrolysate was
the enzymatic hydrolysate resulting from AFEX pretreatment, whereas DAA OPEFB mo-
lasses was the liquid discarded during the pretreatment of OPEFB using dilute acetic acid.
Due to the difference of lignocellulosic pretreatment mechanism, the sugar composition of
AFEX OPEFB hydrolysate greatly differs from DAA OPEFB molasses. The sugar compo-
sition and other soluble compounds found in both media after adjusting initial substrate
concentration and pH prior to the batch fermentations in 1.5 L ACBR are summarized in
Table 3.

Table 3. Summary of major sugar and soluble compounds in AFEX OPEFB hydrolysate and DAA
OPEFB molasses.

Soluble Compounds AFEX OPEFB Hydrolysate DAA OPEFB Molasses

Initial Total Carbohydrates 7.1 ± 0.1 7.1 ± 0.1
Oligosaccharide:

Glucan n.d. 0.6 ± 0.1
Xylan n.d. 2.9 ± 0.1

Monosaccharide:
Glucose 4.5 ± 0.2 0.2 ± 0.1
Xylose 2.3 ± 0.1 3.2 ± 0.1

Furfural n.d. 0.51 ± 0.11
n.d. Not detected.

The final pH recorded after 72 h of fermentation with AFEX OPEFB hydrolysate
was 4.67 ± 0.2. The AFEX OPEFB hydrolysate contained approximately 84.3% sugar,
resulting in a final monosaccharide concentration of 0.55 g/L and 0.39 g/L of glucose
and xylose, respectively. The biogas samples were collected at predetermined times, and
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the biohydrogen content in all samples ranged between 40 and 45%. The biogas and
biohydrogen gas production profiles were fitted in the Gompertz model, which is widely
used to study biogas and biohydrogen production from a variety of substrates due to its
excellent ability to provide a good fit to model biohydrogen production during fermentation
(R2 ≥ 0.96) [36]. The lag phase profile, biohydrogen production potential, and maximum
production rate can be determined empirically to fit well with experimentally measured
biohydrogen evolution data. As illustrated in Figure 4, the biogas production was observed
within the first few hours of fermentation, indicating a very short lag phase in product
formation. The AFEX OPEFB hydrolysate afforded a total of 1866 ± 50 mL (50.9 mmol/L)
biohydrogen gas at the end of fermentation. The maximum biohydrogen productivity
(Rmax) was estimated to be 98.1 mL H2/h (4.01 mmol H2/L/h), with a very short lag
phase time of 32 min. The biohydrogen yield was 1.55 mol of H2/mol sugar, with the
final concentrations of major metabolites amounting to 10.6, 11.8, and 4.56 mmol/L of
butyric acid, acetic acid, and ethanol, respectively, while no propionic acid accumulation
was evident in the current investigation. The butyric-to-acetic acid ratio (B/A) in this study
was 0.89, as is likewise reflected in the form of higher acetic acid compared to butyric
acid formation.
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Figure 4. The cumulative biogas and biohydrogen produced from fermentation of AFEX OPEFB
hydrolysate in 1.5 L ACBR fitted in the Gompertz equation.

After 72 h of biohydrogen fermentation with DAA molasses, a total of 2940 ± 50 mL
biogas was produced, while the total cumulative biohydrogen gas produced was 1275 ± 50 mL.
It was also observed that the pH fell from 9.10 to 5.1 ± 0.2, and approximately 73% of the
total sugar was depleted. While the initial pH was observed to be around 9, biohydrogen
production only began to accelerate when the pH fell to around 6.6 ± 0.3, which coincides
to those reported optimum pH for Enterobacter sp. [8,31,32]. The time-course profile of
biohydrogen production was fitted to the Gompertz model and is depicted in Figure 5.
Based on the Gompertz computation, the maximum biohydrogen production rate, Rmax,
was 81.1 mL H2/h (3.07 mmol H2/L/h), the lag time was 2.14 h, and the biohydrogen yield
was 1.19 mol H2/mol sugar.
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Figure 5. Gompertz curve fitting graph of biogas and biohydrogen evolved at initial pH 9 and
substrate level 7.0 g/L of DAA Molasses in 1.5 L ACBR.

The soluble metabolite products (SMP) found at the end of batch fermentation with
DAA OPEFB molasses were butyric acid, acetic acid, and ethanol with concentrations
of 8.64, 6.01, and 8.04 mmol/L, respectively. The butyric acid-to-acetic acid ratio (B/A)
was 1.44, indicating that butyrate-type acidogenesis is the predominant pathway in this
fermentation. Higher B/A ratio, lower biohydrogen yield, and the presence of ethanol and
propionic acid (2.43 mmol/L) in the fermentation broth suggested that the potential of
hydrogen production from OPEFB molasses has yet to be fully realised.

As can be seen in Table 3, both media represented two extremes of fermentation
medium conditions for biohydrogen production potential. Earlier biohydrogen production
tests in serum bottles clearly demonstrated that AFEX OPEFB hydrolysate had the highest
biohydrogen potential when used as the carbon source, while DAA OPEFB molasses had
the lowest biohydrogen potential. AFEX OPEFB hydrolysate was found to be a more
favorable medium for biohydrogen production because it was rich in glucose (hexose) and
contained no sugar-degraded compounds, such as furfural and HMF. DAA molasses, on the
other hand, represented the other extreme of a less favorable medium for microbial growth
due to the significant amount of furfural. Furthermore, the major soluble sugars found
in DAA molasses were made of pentose and oligosaccharides. The maximum theoretical
biohydrogen yield from pentose with butyric acid as major metabolite was 1.67 mol H2/mol
pentose, which is lower than maximum theoretical biohydrogen yield of 2.0 mol H2/mol
hexose with butyric acid as major metabolite [37,38]. Hence, a pentose enriched media will
theoretically yield lower biohydrogen gas as compared with hexose-enriched media.

As for the performance of both carbon sources’ utilization, the biohydrogen yields in
the current study were lower than that reported by Ito et al. [31], who attained up to 1.8 mol
H2/mol glucose using mutant Enterobacter aerogenes IIU-101. Harun et al. [8] reported
1.8 mol H2/mol glucose yield in batch biohydrogen fermentation using Enterobacter cloacae
KBH3. In both cases, however, the researchers used refined, synthetic glucose-enriched
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medium, as opposed to the complex media, i.e., AFEX OPEFB hydrolysate and DAA
molasses used in this study. Nonetheless, as stated by previous researchers, one possi-
ble strategy for increasing biohydrogen production from biomass is through the genetic
recombination of microbes and decoupling microbial growth from product formation [39].

4. Conclusions

In this work, a novel strain of biohydrogen-producing KBH 6958 was locally isolated
from UKM’s lake soil sample. Based on morphological, phenotype, BIOLOG and 16s
rRNA analyses, isolate KBH 6958 was identified as Enterobacter sp. KBH 6958 (GenBank no.
KM657475), which was capable of producing biohydrogen from a variety of carbon sources.
Locally isolated Enterobacter sp. KBH 6958 was able to consume sugars in both AFEX OPEFB
hydrolysate and DAA OPEFB molasses and convert them to biohydrogen gas through
butyric-acetic acid pathway. As anticipated, the cumulative biohydrogen production from
AFEX OPEFB hydrolysate was nearly 45% higher than that observed in DAA OPEFB
molasses fermentation. After fermenting AFEX OPEFB hydrolysate with Enterobacter sp.
KBH 6958, the biohydrogen yield was found to be 1.55 mol /mol, whereas the biohydrogen
yield from DAA OPEFB molasses was 1.19 mol /mol. Acetic acid was found to be the
dominant metabolite in AFEX OPEFB hydrolysate, whereas butyric acid was found to be
the dominant metabolite in DAA OPEFB molasses. The ability of Enterobacter sp. KBH 6958
to survive and produce biohydrogen from DAA OPEFB molasses was equally important
aspect to be considered, as this is an important indicator of the isolate’s ability to grow in
medium contaminated with sugar-degraded compounds. As a result, a furfural-tolerant
isolate Enterobacter sp. KBH 6958 is highly advantageous in the production of biohydrogen
from OPEFB and other pretreated lignocellulose materials.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/app13010656/s1, Figure S1: Negative gram-stained isolate KBH 6958
under 10×magnification using light microscope.
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