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Abstract

Lignocellulosic wine grape waste (WGW) is a cheap medium for Escherichia coli growth and H, production. The current
study investigated the effect of initial redox potential (oxidation—reduction potential (ORP)) on the growth, H, production,
ORP kinetics, and current generation of the E. coli BW25113 parental and a mutant strain optimized for hydrogen evolution
when fermenting WGW (40 g L™!) hydrolysate. Bacteria were cultivated anaerobically on pre-treated WGW hydrolysate
with dilutions ranging from undiluted to fourfold dilution, at pH 7.5. Notably, a twofold diluted medium, with pH adjust-
ment using K,HPO,, exhibited reduced acidification, prolonged H, production, and enhanced biomass formation (OD,
1.5). The addition of the redox reagent DL-dithiothreitol (DTT) was found to positively influence the H, production of both
the E. coli BW25113 parental and mutant strains. H, production started after 24 h of growth, reaching a maximum yield
of 5.10+0.02 mmol/L in the wild type and 5.3 +0.02 mmol/L in the septuple mutant strain, persisting until the end of the
stationary growth phase. The introduction of 3 mM DTT induced H, production from the early-exponential phase, indicating
that reducing conditions enhanced H, production. Furthermore, we assessed the efficacy of using intact E. coli cells (1.5 mg
cell dry weight) as anode catalyst in a bio-electrochemical fuel-cell system. Whole cells of the septuple mutant grown under
reduced ORP conditions yielded the highest electrical potential, reaching up to 0.7 V. The results highlight the potential
of modifying medium buffering capacity and ORP as a tool to improve biomass yield and H, production during growth on
WGW for biotechnological biocatalyst applications.

Key points

e Grape pomace hydrolysate (GPH)’s pH positively impacts on biomass and H, yield
o GPH with reduced ORP enhanced H, yield in bacterial early-exponential growth

o GPH with reduced ORP facilitates microbial current generation in the system

Keywords Wine waste pre-treatment - Redox regulation - Bacterial biomass - Hydrogenase enzymes - H, production -
Escherichia coli

Introduction

Molecular hydrogen (H,) is considered an environmentally

clean, efficient, and renewable source of alternative energy

50 Anna Poladyan for the future. Obtaining and producing H, are of great
apoladyan@ysu.am importance, especially in the transport industry, because
only water vapor is released as a result of hydrogen com-
bustion. Considerable research is now being done to obtain
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(Ferrari et al. 2022). Various types of biomass can serve as
growth substrates for bacterial H, production, with lignocel-
lulosic biomass being the most common. Its global annual
production is estimated to be approximately 200 Bt (Ferrari
et al. 2022). One such source of lignocellulose is the residue
formed during wine production, which in 2020 ranged glob-
ally between 250 and 260 million hL (Frangois et al. 2021).
Currently, one of the primary challenges facing viniculture
is the efficient management of the substantial volume of by-
products, particularly grape pomace, generated during wine
production within a limited timeframe. Traditionally, grape
pomace has been recycled back to vineyards or orchards for
utilization as fertilizer, a practice adopted in many countries
today. However, due to environmental concerns, European
Union regulations now mandate major wine producers to
transport all winery by-products to designated distillation
sites for alcohol, spirits, and piquette production (Commis-
sion Delegated Regulation (EU) 2018/273 of December 11,
2017, Article 14, Products). Failure to treat these by-prod-
ucts promptly can result in various environmental hazards,
including soil and water pollution and the potential spread
of diseases (Dahiya et al. 2021).

Winemaking by-products include grape pomace (com-
monly referred to as marc), lees (composed of dead yeast),
and tartrate sediments. Grape pomace is primarily composed
of grape skins, pulp, and seeds and serves as the predomi-
nant winery by-product. Approximately 80% of the waste
is grape skin, 19% grape seeds, and 1% stalks. Grape stalks
are lignocellulosic, and their composition includes mainly
lignin (23-47%), cellulose (25-38%), and hemicelluloses
(14-35%). Wine grape waste (WGW) also contains proteins,
oils, polysaccharides, and phenolic compounds (12%) (Spi-
nei and Oroian 2021). Aside from its use as a fertilizer and
for animal feed, it is frequently simply dumped in landfills
as natural waste. Phenolic compounds from WGW are of
great interest as antioxidants, antimicrobials, and enzyme
catalysts and can be effectively extracted, which contributes
to the development of the viticulture ecological (eco-)econ-
omy (Natolino and Da Porto 2020). Nevertheless, in many
developing countries, most major and minor wine produc-
ers simply dump grape pomace or deposit it in ponds: this
leads to a significant environmental problem due to its high
organic carbon content (31-54%) (Ferjani et al. 2020). The
high carbohydrate content (33 g L™!) in wine waste makes it
a valuable substrate for biohydrogen production by microbial
dark fermentation processes. Circular economy is developed
on the principle that “everything is input to something else”
(Longo et al. 2023). Thus, WGW can be utilized for micro-
bial cultivation and the production of valuable products.

H, production or oxidation in bacteria is associated with
hydrogenases (Hyd), which can be either soluble cytoplas-
mic or membrane-bound enzymes. In vitro, Hyd catalyze
the reversible redox reaction, H, <> 2H* + 2e~ (Peters et al.
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2015). Hyd or bacterial whole cells are also recognized as
effective anodic biocatalysts in biological fuel cells (BFCs).
They facilitate the splitting of H, into 2H" +2e~, thereby
contributing to electricity (current) generation in the elec-
trochemical system (Ferrari et al. 2022; Obileke et al. 2021;
Seferyan et al. 2024).

The well-characterized model bacterium Escherichia
coli has numerous biotechnological applications, serving
as an excellent platform for the production of recombinant
proteins utilized in therapeutics and industrial processes
(Castifieiras et al. 2018). E. coli also produces H, during
mixed-acid fermentation of sugars and glycerol by the for-
mate hydrogenlyase (FHL) enzyme complex, synthesiz-
ing a total of four [NiFe]-Hyd enzymes (Trchounian et al.
2012; Pinske and Sawers 2016), which operate under dif-
ferent physiological conditions (Trchounian et al. 2012,
2017). In [NiFe]-Hyds, the enzyme’s structure is charac-
terized by the presence of large and small subunits, each
playing a critical role in the enzyme’s function. The large
subunit includes the active site where the catalytic reaction
takes place and has a cofactor comprising nickel (Ni) and
iron (Fe) ions that are essential for the enzyme’s activity
in hydrogen metabolism. The small subunit, on the other
hand, contains iron-sulfur ([Fe-S]) clusters, which are
essential for electron transfer processes within the enzyme.
These [Fe-S] clusters facilitate the movement of electrons,
which is necessary for the catalytic conversion of H, mol-
ecules. Depending on the characteristics of the external
environment (such as pH, ORP, and carbon source), Hyd
enzymes respond differently, increasing interest in their
functional and regulatory mechanisms.

As is known, bio-H, is produced during dark and pho-
tofermentations, which involve a series of redox reactions.
Redox potential or oxidation—reduction potential (ORP)
is a critical control parameter in fermentation processes,
influencing various biochemical pathways and the overall
efficiency of the process (Vassilian and Trchounian 2009;
Chen-Guang et al. 2017). ORP influences the whole meta-
bolic network, including gene expression, protein synthesis,
enzyme activity, and consequently metabolite generation.
Because maintaining a balance of intracellular redox poten-
tial is essential for cells, controlling redox potential either
within or between cells can be an effective method for redi-
recting metabolic flux toward desired products. This concept
has been used to produce a wide variety of fermentation
products (Chen-Guang et al. 2017).

A decrease in ORP during bacterial growth strongly cor-
relates with an increase in redox processes, which is character-
istic for metabolic activity and underlies cell growth. Intracel-
lular ORP is primarily determined by the ratio of NADH to
NAD™. A high NADH/NAD" ratio can lead to the accumula-
tion of intracellular metabolites and the production of unusable
by-products (Huang et al. 2017). However, the intracellular
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ORP is not only dependent on the NADH/NAD™ ratio but can
also be modulated by changes in extracellular ORP.

Various chemicals with higher or lower standard redox
potentials than typical metabolic components can be added
to the fermentation broth to modify the environmental redox
potential (Xue et al. 2023); examples include hydrogen perox-
ide (H,0,), DL-dithiothreitol (DTT), and potassium ferricya-
nide (K;[Fe(CN)g]). Facultative anaerobes, in contrast to strict
anaerobes, grow in environments with relatively high ORP
values, which depend on the amount of oxygen available. To
establish initial oxidative (~ +250 mV) and reductive (~ —250
mV) ORP values, the membrane-impermeant oxidizer potas-
sium ferricyanide and the membrane-permeant reducer DTT
can be employed, with potassium ferricyanide leading to a
high positive ORP value, which strongly suppresses the growth
of anaerobic bacteria (Poladyan et al. 2019). Usually, potas-
sium ferricyanide at a concentration as low as 1 mM influences
growth. In contrast, DTT reduces the ORP of the medium,
thereby prolonging the lag and log phases of the growth of E.
coli, with 3 mM DTT lowering the ORP from —60 to —220
mV. Higher concentrations inhibit bacterial growth. The effect
of DTT on the growth of E. coli may be mediated by its modu-
lation of thiol groups in membrane proteins, leading to changes
such as the generation of membrane potential (AW), potassium
ion accumulation, and altered activity of membrane-associated
enzymes (Kirakosyan et al. 2004).

The aim of this study, therefore, was to test the effect
of modulating pH and ORP in order to optimize biomass
and H, production/oxidation using WSW hydrolysate as a
growth substrate. We use the model parental strain of E.
coli, BW25113, and an isogenic variant (BW25113hyaB
hybC hycA fdoG ldhA frdC aceE) as a septuple mutant
strain (Maeda et al. 2007). This latter septuple mutant strain
lacks the capacity for H, oxidation and allows channeling
of carbon almost exclusively to pyruvate for conversion
to acetyl-CoA and formate by the pyruvate formate-lyase
enzyme (Maeda et al. 2007). We make use of redox reagents
to optimize the growth of E. coli on WGW as a carbon sub-
strate to improve H, production. Moreover, we examine the
application of cells grown with WGW as an anodic cata-
lyst in a biofuel cell. These results highlight the potential of
using economically viable lignocellulosic wine grape waste
as a medium for biomass and H, production by E. coli and
demonstrate the significance of ORP in controlling growth
and H, production in this system.

Materials and methods
Bacterial cultivation conditions

E. coli BW25133 strain (parental strain) and the septuple
mutant strain of E. coli (BW25113hyaB hybC hycA fdoG

ldhA frdC aceE) were provided by Prof. T. Wood, Depart-
ment of Chemical Engineering, Penn State University, USA.
E. coli pre-cultures (inoculum) were grown under fermenta-
tive conditions in a peptone medium (PM) with 0.2% (w/v)
glucose, pH 7.5, 37 °C (Trchounian et al. 2012). The bac-
terial inoculum (3% v/v) was then added to the prepared
growth medium. Bacterial growth was determined spec-
trophotometrically (Cary 60 UV-vis spectrophotometer
from Agilent Technologies, USA) at a wavelength of 600
nm. Bacterial specific growth rate (1) was monitored as
described (Poladyan et al. 2019). The pH of the medium
was measured using a HJ1131B pH meter (Hanna Instru-
ments, Portugal), calibrated with 0.1 M NaOH or 0.1 N HCI
solutions.

Waste pretreatment

Pre-treatment of WGW (stalks and pomace) was carried out
by a combination of physical and chemical methods (Taylor
et al. 2019). WGW was obtained from “Wineworks” Win-
ery (CJISC), Yerevan, Armenia. Suspensions containing 4%
(w/v) WGW and 0.4% (v/v) sulphuric acid were autoclaved
at 121 °C for 20 min (Daihan Scientific, South Korea) (Pola-
dyan et al. 2018). To remove sedimented material, the sus-
pension was centrifuged for 15 min at 7500 X g (Thermo
Fisher Sorvall LYNX 6000, Thermo Scientific, Germany).
The solutions were then diluted two- or four-fold, and the
pH was adjusted to 7.5 using 1 M potassium hydrogen phos-
phate (K,HPO,) or potassium hydroxide (KOH). The pH of
the medium was determined with an accuracy of 0.01 units
using HJ1131B or Hi2210 pH meters (Hanna Instruments,
Portugal) and a counter-selective electrode. One millimolar
K;[Fe(CN)gl (potassium ferricyanide) or 3 mM DTT (DL-
dithiothreitol) was added to the growth medium as indicated
(Abrahamyan et al. 2015).

Determination of oxidation-reduction potential
(ORP), H,, and H,-oxidizing Hyd activity

The ORP of the medium was monitored using redox elec-
trodes: platinum (Pt) (EPB-1, Measuring Instruments Enter-
prise, Gomel, Belarus, or PT42BNC, Hanna Instruments,
Portugal) and titanium-silicate (Ti-Si) (EO-02, measur-
ing instruments enterprise, Gomel, Belarus) electrodes
(Poladyan et al. 2019). Before measurements were taken,
the readings of both electrodes were tested using 0.049 M
K;[Fe(CN)¢] and 0.05 M K,[Fe(CN)¢] x 3H,O solutions,
pH 6.86. The Pt electrode is sensitive to O, and H, levels in
the medium, while the Ti-Si electrode remains unaffected
by the presence of O, or H, and provides an accurate ORP
measurement. The combined use of these electrodes enables
the simultaneous detection of H, and measurement of ORP
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in the growth medium. H, yield in the liquid was estimated
as described (Piskarev et al. 2019).

The H, yield in the gas phase was determined using gas
chromatography (7820a GC-system, Agilent Technolo-
gies, USA) equipped with a thermal conductivity detector
(TCD), at a flow rate of 1 mL/min, at a temperature of 50
°C in the oven and 150 °C in the column, over a period of
4 min (Lukey et al. 2010; Poole 2016). Bacteria were grown
in pre-sterilized Hungate tubes at a 1/2 liquid/gas volume
ratio. The gas-phase sample (200 pL) was injected onto an
Agilent Technologies CP-Molsieve 5 A column (5190-1531,
Agilent, Australia), 10 pm X 0.32 pm X 30 pm (Lukey et al.
2010; Poole 2016). A high-purity H, standard was used to
calibrate the device. Given the high purity of the H, gas, the
Hungate tube volume was considered to be fully saturated
with hydrogen. Calibration was performed by introducing
different volumes of pure hydrogen (40, 60, 100, 200, and
300 pL, corresponding to 1.6, 2.4, 3.3, 4.1, 8.2, 12.3 mmol
L', respectively) through the inlet. A high degree of lin-
earity was achieved, with an R? value greater than 0.99,
indicating a strong linear relationship between peak area
and hydrogen concentration. Since the amounts of H, in the
samples varied significantly, the quantification of each sam-
ple was based on the calibration point of the standard that
recorded the area closest to the measured area. All measure-
ments were performed in triplicate to ensure reproducibility
and reliability. Conversion from gas volume to concentration
was performed using the ideal gas law formula (PV =nRT).
The maximum H, concentration was calculated using the
OpenLab system.

Assessment of H,-oxidizing Hyd activity was done using
methylene blue. To harvest bacterial biomass, the suspen-
sion underwent centrifugation, followed by a second cen-
trifugation step for 10 min at a speed of 3000-5000 X g.
The resulting bacterial biomass was suspended in 300-500
pL of 50 mM K-phosphate buffer (pH 7.5). Subsequently,
1.9 mL of 50 mM K-phosphate buffer (pH 7.5) and 3 pL of
50 mM methylene blue solution were added to the cuvette
(Poladyan et al. 2019; Lenz et al. 2018; Jugder et al. 2016).
One unit (U) of H,-oxidizing activity refers to the amount
of enzyme required to catalyze the oxidation of 1 pmol of
H, per minute.

Quantification of total nitrogen using Kjeldahl’s
method

Total nitrogen was determined according to Pang (2021),
whereby 2 g wet weight of cell sample was transferred into
a suitable flask, 10 mL of concentrated sulfuric acid solu-
tion and a catalyst tablet (K,SO, (3.6 g) and CuSO,-5H,0
(0.4 g), which promote digestion; nitrogen content in tablet
<20 ppm) was added, and then, the suspension was hydro-
lysed in the TURBOTHERM system (Gerhardt, Germany).
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Decomposition was carried out through temperature step
transitions over 2 h, reaching a maximum temperature of
450 °C. Then, the hydrolysate was cooled and transferred
to a VAPODEST 200-450 (Gerhardt, Germany) distillation
system, where a 250-mL conical flask containing 50 mL
of 4% (w/v) boric acid solution and an indicator (ethanol
solution of methylene red and bromocresol green) had been
included. The hydrolysate was decomposed by pumping
34% (w/v) NaOH and high-temperature water vapor, as a
result of which about 120 mL of distillate was collected in a
flask with boric acid, which was accompanied by a change
in the color of the indicator. The ammonia-containing dis-
tillate was then titrated with 0.1 M HCI until the solution
changed color from bluish green to pink. The calculation of
the amount of nitrogen depends on the volumes of acid used
for the titration of the sample and for the control.

Determination of chemical oxygen demand (COD)

Chemical oxygen demand was determined in dry pomace
and in liquid samples treated by acid hydrolysis. Twenty
milliliters of digestion reagent (33.3 g of mercuric sulfate
(HgSO,), 167 mL of sulfuric acid 96% w/v, 58.844 g of
potassium dichromate (K,Cr,0,) in 1000 mL distilled water)
and 30 mL of sulfuric acid reagent (10 g of silver sulfate
(AgS0O,) in 1000 mL of sulfuric acid 96% w/v) were added
to 0.1 g of dry or 5 mL of liquid samples. The samples were
placed in the TURBOTHERM system (Gerhardt, Germany)
and exposed to a fixed heating block at 150 °C for 2 h. The
hydrolysate was transferred to a 500-mL Erlenmeyer flask,
and three drops of ferroin indicator were added. Excess
potassium dichromate was titrated with 0.5 N FAS (200 g
(NH,),Fe(SO,)-6H,0 and 40 mL of sulfuric acid (96% w/v)
in 1000 mL distilled water) solution until the color changed
from light to dark green (Raposo et al. 2008).

Colorimetric determination of total carbohydrates
and measurement of volatile solids (VS) (organic
matter)

A 1 mL aliquot of phenol and 5 mL of 36% (w/v) sulfu-
ric acid were added to the 2 mL carbohydrate mixture and
transferred to a water bath of 25-30 °C for 10-20 min. Two
milliliters of distilled water, 1 mL of phenol, and 5 mL of
concentrated sulfuric acid were added to a control sample
(carbohydrate-free). Absorbance of the solution was meas-
ured at a wavelength of 485 nm (Oliveira et al. 2015). For
the calibration curve, a 1 mg/mL glucose solution was pre-
pared, and then, appropriate dilutions were prepared down
to 100 pg/mL. Samples were taken at different times during
bacterial growth and centrifuged at 5000 rpm to remove bio-
mass prior to measurement.
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The quantitative determination of volatile solids (VS) was
performed using a muffle furnace (DAIHAN Digital Muffle
Furnace, Taiwan) (Zhang et al. 2019; Sotowski et al. 2020).
The sample was weighed and placed in a dryer at 105 °C for
24 h. Then, the samples were placed in a muffle furnace at
550 °C for 4 h. The final mass of the sample corresponds to
the content of organic carbon in the examined sample.

Electrochemical measurements

Electrochemical measurements were conducted using a
double-electrode electrochemical system, outfitted with a H,
fuel cell voltammeter (HFCV). The reference electrode was
fabricated using silver ink technology (Ferrari et al. 2022;
Seferyan et al. 2024). Cell suspension (3 uL) of the parental
strain was immobilized onto the testing micro-strip using a
3 mM KCI solution and a 0.8% (w/v) bacteriological agar
support. Biological samples were immobilized between two
thin-layer electrodes. After immobilization, H, was intro-
duced into the system, and the ensuing current was moni-
tored using LabVIEW software (Seferyan et al. 2024).

Processing of data

Data were obtained from five different experiments. The
data were processed using Microsoft Excel 2016. Student’s
t-test (P) was chosen to indicate the error range for each
experiment. A difference was considered significant when
P <0.05.

Results

Pre-treatment of WGW and cultivation and H,
production of E. coli BW25113 (parental strain):
effect of pH

The 4% (w/v) WGW suspension was physicochemically
treated as previously described (Poladyan et al. 2018, 2020).
The VS, carbohydrate, and nitrogen amounts were estimated
tobe ~28 gL', 20 gL™!, and 2.8 g L™, respectively, in the
pre-treated WGW. As a typical waste indicator, the COD
of the WGW hydrolyzate was determined to be 32 g L™,
The formation of E. coli BW25113 biomass and the decline
of ORP, followed by acidification of the environment, were
observed (Fig. 1).

When the pH was adjusted with KOH, a pronounced
acidification of the growing culture from 7.5 to 4.6 occurred
after 24 h of growth (Fig. 1A). Whereas in the case of pH
adjustment with K,HPO, buffer, the maximum decrease in
pH from the initial value was observed after 24 h of growth
and was recorded as pH 6.6; after 48 h, the medium became
basic again (Fig. 1A).

Maximum growth (ODg,, ~1.5) of E. coli BW25113
(parental strain) was observed after 48 h in twice-diluted
WGW with an initial content of ~ 10 g L™! total carbohydrate
and 1.4 g L™! nitrogen and when the pH of the medium was
adjusted with K,HPO,. However, a prolonged (~ 5 h) lag
phase in growth was observed, and the culture continued to
gain biomass up to 72 h (Fig. 1B) with a specific growth rate
(w) of ~0.48 +0.02 day~"'.

Total nitrogen and carbohydrate consumption were moni-
tored during 168 h of bacterial cultivation (Fig. 2). After 24
h, total nitrogen decreased by approximately 2.6-fold, reach-
ing negligible amounts after 72 h of cultivation (Fig. 2A).
A sharp reduction in carbohydrate levels was also observed
after 24 h of bacterial growth and continued to decrease
more slowly up to 168 h of cultivation (Fig. 2B).

H, production was estimated both in the liquid and gas
phases. Monitoring H, production yields in the liquid phase
allows us to follow production from the early stages. During
bacterial growth up to 24 h, a decrease of the Pt electrode
reading from a positive value (+ 100 mV +10 mV) to a low,
negative value of —400 + 10 mV was observed (Fig. 3A).
After 24 h and for the non-diluted and two- and four-fold
diluted WGW hydrolysate samples (initial ~ 10 g L™! total
carbohydrate and 1.4 g L™! nitrogen and ~5 g L™ total car-
bohydrate and 0.7 g L™! nitrogen, respectively), the values
of ORP decreased from a positive to a negative value, down
to as low as — 530 mV, which correlated with the production
of H, under WGW fermentation conditions. H, production
was maintained in all samples even after 48 h of growth. H,
yield in the liquid and gas phases was determined in two-
and four-fold diluted WGW media when the pH was adjusted
with K,HPO, or KOH.

Compared to the undiluted WGW sample, the H, yield
was shown to be approximately threefold higher in medium
containing the two-fold diluted WGW hydrolysate and when
the pH of the medium was adjusted with K,HPO,. H, pro-
duction continued after 48 h in all samples. Meanwhile, H,
production in E. coli BW25113 was observed only after 24
h in two- and four-fold diluted WGW medium when the pH
was adjusted with KOH, and no H, production was observed
either after 24 h or 48 h of growth in the undiluted sample.

As anticipated, these results show that the maximum
growth (biomass production) and prolonged H, production
of E. coli BW25113 bacteria in the WGW medium were
maintained in the medium with high buffering capacity.
Based on this data, further experiments were conducted
using a medium with two-fold diluted WGW hydrolysate
(initial 10 g L~! total carbohydrate and 1.4 g L~! nitrogen)
with the pH adjusted using K,HPO,. The H, production
yield in the liquid phase of the parental strain after 24 h of
growth was approximately 5.1 mmol L™! (Table 1), whereas
a comparable yield in the gas phase was only achieved after
72 h of growth (Fig. 3B).
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Effects of redox reagents

Determination of ORP (redox potential) values signifies the
ability of microorganisms to adapt their metabolic capacity to
environmental redox changes (Vassilian and Trchounian 2009;
Chen-Guang et al. 2017). The extracellular redox potential
differs from the intracellular redox state due to the separa-
tion provided by the plasma membrane and the maintenance
of cellular redox homeostasis. Environmental factors play a
crucial role in indirectly altering the cellular redox potential.
According to the Nernst equation, redox potential is deter-
mined as the ratio of the oxidative state to the reductive state
at a constant temperature, which remains a fixed parameter in
most biological processes (Vassilian and Trchounian 2009).
In this study, the redox regulation of biomass and H,
production during WGW fermentation of E. coli strains
was investigated. Redox reagents, such as the imper-
meable oxidizer potassium ferricyanide (K;[Fe(CN)¢];
K-ferricyanide) and the membrane-permeant reducer DL-
dithiothreitol (DTT), were used. Supplementation with
3 mM DTT reduced the initial ORP to —250 mV, whereas
1 mM K-ferricyanide maintained a positive ORP of 4250
mV (Fig. 3A). The effects of these reagents on the growth
parameters and redox kinetics of the E. coli parental strain
and the septuple mutant strain (BW25113hyaB hybC
hycA fdoG IdhA frdC aceE) were investigated. In the mutant
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strain, glucose metabolism is directed mainly to formate
formation via deleting various genes responsible for H, oxi-
dation (hyaB encoding the large subunit of Hyd-1 and hybC
the large subunit of Hyd-2), periplasmic formate oxidation,
inactivating lactate dehydrogenase, fumarate reductase, and
pyruvate dehydrogenase (Wood et al. 2007).

H, production was stimulated in the DTT-supplemented
samples (Table 1, Fig. 3B). The Pt electrode reading
decreased within the first hour of growth to —470 + 10 mV,
and H, production was observed accordingly, which contin-
ued until 72 h of cultivation for the parental strain. In the
multiple knock-out mutant, the decrease in the ORP read-
ing was also observed already after 3 h (— 430 =10 mV)
(Fig. 3A, Table 1). Without DTT, H, production was only
recorded starting from 24 h of cultivation (Fig. 3A).

During cultivation of the parental strain and in the pres-
ence of DTT, H, production attained a maximum yield of 5.1
mmol L~! (Table 1). The inhibitory effect of K-ferricyanide
on the parental strain was evident, and H, production was
observed only after 24 h of cultivation and showed a lower
yield compared to the other samples (Fig. 3B, Table 1).
Meanwhile, no particularly strong effect of K-ferricyanide
was observed in the mutant strain compared to the control
(K-ferricyanide-free medium). The maximum H, yield was
recorded at 24 h of cultivation in the control and K-ferricya-
nide-treated samples, with values of 5.25 mmol L'and 5.0
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Fig.2 Total nitrogen concentra-

Total nitrogen concentration, g L

1.2 -
tion (A), total carbohydrate (B),
and volatile solids (VS) content 1L
(C) of E. coli BW25113 paren-
tal strain (PS) and the septuple 0.8 |
mutant (MS) in the presence of
redox reagents during growth 0.6 |
in 2X diluted WGW at pH 7.5
are shown. Bacteria were grown 04
anaerobically. An average of
3 independent experiments is 02
presented, p < 0.05. DTT—DL-
dithiothreitol, F—potassium 0
ferricyanide PS PS+DTT PS+F MS MS+DTT
A) E24h ©48h ©72h ©096h @120h @168h
1, . Total carbohydrate, g L !
10 -
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6
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0
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Volatile solids, g L-!
168h
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96h
72h
48h
24h
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C) EMS+F @MS+DTT oMS @PS+F @PS+DTT ®PS
mmol L', respectively (Table 1). Furthermore, H, produc-  biomass formation and p (per day) were reduced ~ 1.2 and

tion continued until the final stage of cultivation (Fig. 3B). 1.7-fold, respectively (Fig. 1B). Similar effects were shown
In the sample containing DTT and K-ferricyanide, bacterial ~ for the mutant strain cultivated under the same condition.
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Fig.3 Changes in ORP (A) and 300 - ORP, mV

H, production yield in the gas
phase (B) of E. coli BW25113 200
and mutant strain in tl‘le pres- 100 PS
ence of redox reagents during 0 ,
growth in 2X diluted WGW at —#-PS+DTT
pH 7.5. Bacteria were grown -100 PS+F
anaerobically. ORP was meas- 2200
ured with a platinum electrode MS
. -300

(Pt) and expressed in mV (Ag/ —%—MS+DTT
AgCl (saturated with KCI)). -400
An average of 3 independent -500 ~&-MS+F
experiments is presented, p < 600
0.05. DTT—DL-dithiothreitol, -
F—potassium ferricyanide, -700 *
PS—parental strain, MS—sep- A
tuple mutant )
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Table1 H, yield in E. coli parental strain (PS) and mutant strain
(MS) during growth in two-fold diluted WGW growth medium

Samples H, production yield, liquid phase, mmol L™

1h 2h 24h 48 h 72h
PS - - 5.10 1.5 -
PS +DTT 1.50 1.40 5.10 1.52 0.80
PS +F - - 1.6 - -
MS - 0.80 5.25 3.68 1.50
MS +DTT 0.75 0.80 5.24 1.36 0.85
MS +F - - 5.00 2.25 1.40

H, yield is presented with an accuracy of +0.02 mmol/L
DTT DL-dithiothreitol, F potassium ferricyanide

In the case of control experiments (redox reagent-free
medium), the maximum assimilation of carbohydrates was
observed after 24 h of cultivation and measured at ~73 to
78% of the levels compared to media containing DTT and
K-ferricyanide. Generally, the parental strain showed a 25%
reduction in the uptake of carbohydrate compared with
when redox mediators were added to the growth medium

@ Springer

(Fig. 2A). Interestingly, K-ferricyanide-containing samples
of both strains showed a more active utilization of carbohy-
drates up to 48 h of cultivation compared to the other growth
media, after which the rate of carbohydrate consumption
slowed in the parental strain, while it remained steady for
the septuple mutant.

The initial nitrogen concentration of 1.4 g L™! in the
medium decreased gradually as the bacteria grew, eventu-
ally approaching complete depletion (Fig. 2B). At the 48-h
timepoint of cultivation, between 78 and 93% of the total
nitrogen had already been assimilated (Fig. 2B). Maximal
nitrogen uptake was observed in DTT- and in K-ferricya-
nide-containing cells of the parental strain, while for the
mutant maximal uptake, it occurred by 48 h of cultivation
(Fig. 2B).

During bacterial growth, quantitative changes in vola-
tile solids (VS) using a muffle furnace were observed. Pro-
duction of VS is frequently used in waste valorization and
anaerobic digestion studies to evaluate the biodegradability
and transformation of organic content in complex feedstocks
(Zhang et al., 2018). The amount of VS in the hydrolyzate
of WGW was found to be 14 g L™! (Fig. 2C).
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Along with bacterial growth, VS also increased, reach-
ing a maximum of 96 +0.02 ¢ L™' and 99.2 +0.02 g
L~! by the end of cultivation for the parental and mutant
strains, respectively. Notably, during the cultivation of the
parental strain using DTT-containing medium, the VS con-
sistently remained lower than in the K-ferricyanide-con-
taining medium throughout the period of cultivation, while
in the case of the mutant strain, the K-ferricyanide-con-
taining sample had a lower VS than the DTT-containing
sample (Fig. 2C). It is noteworthy that the change in the
amount of carbon accumulation correlated with H, produc-
tion, particularly around the 72 h of cultivation (Fig. 2C).
The mutant strain showed slightly more H, production and
less organic carbon formation, indicating that assimilated
carbon was directed toward formate generation, which is
the electron source for H, production (Maeda et al 2018),
rather than biomass. H, production was measured in the
gas phase of all samples from 6 h onwards (Fig. 3B).

Compared to the parental strain, an intensive H, pro-
duction was observed in the septuple mutant in both liquid
and gaseous phases; DTT had a stimulating effect on H,
production in both strains at the beginning of the exponen-
tial phase of growth (Table 1, Fig. 3B) with DTT stimulat-
ing the production of H, ~ 1.2- to 1.3-fold. The maximum
yield of H, in the presence of DTT was observed at 72
h, reaching 6 mmol L~! (Fig. 3B), while in both samples
containing ferricyanide, H, production was inhibited until
the latter stage of cultivation. Beginning around 72 h, the
amount of H, began to decrease, presumably partially due
to bacterial H, oxidation by the parental strain.

H, production yield and rate in the gas phase by E. coli
parental and mutant strains during anaerobic digestion of
WGW per OD and total carbohydrates (TCs) utilized at
72 h of growth were evaluated, and the data are presented
in Table 2. For the parental strain, H, production yield
and rate per total carbohydrates were ~ 1.7 mmol L~! and
0.6 mmol day~', respectively. These results show that in
comparison to control (parental strain), the yield and rate
of H, production per OD and TCs in the gas phase for the

septuple mutant with DTT supplementation were stimu-
lated ~ two— to three-fold.

Electrochemical activities of E. coli cells grown
on WGW

The activity of Hyd enzymes in H, oxidation was tested
in cells during growth in WGW medium and in the pres-
ence of redox reagents under pH 7.5 conditions. All samples
exhibited rapid decolorization of methylene blue, indicating
the H,-oxidizing capability of Hyd enzymes. In the parental
strain, after growth in media containing DTT and K-ferricy-
anide, approximately 2 and 1.2 times greater H,-oxidizing
Hyd activity was observed, respectively. Subsequently, we
tested the electrochemical activities of E. coli cells cultivated
in WGW-containing media as an anode catalyst (Fig. 4). A
total of 1.5 mg CDW of bacterial whole cells were immo-
bilized on the micro-strips (sensors) using 0.8% (w/v) agar
with the addition of 3 mM KCI (Seferyan et al. 2024). Cur-
rent generation was detected in all samples (Fig. 4) as long
as H, was supplied. Cells of the parental strain cultivated
in the redox reagent—free medium had a potential of ~0.45
+0.05 V, while the mutant showed a~ 1.6-fold increase in
voltage, attaining a value of 0.63 +0.05 V and 0.69 +0.03
V after cultivation in a DTT-containing medium. However,
current generation was low in the cells grown in the presence
of K-ferricyanide (Fig. 4).

Discussion

WGW is rich in carbohydrates, making it a promising and
economically viable resource for obtaining bio-H, through
bacterial fermentation. According to the literature, there are
various methods to use WGW as an energy source, particu-
larly for H, production (Zavala-Méndez et al. 2022; Gar-
rido et al. 2024; Spinei and Oroian 2021). Among these
methods are the gasification models, which demonstrate
the feasibility of converting biomass into syngas, which

Table 2 H, production yield
and rate in the gas phase by

E. coli strains

H, production yield mmol

H, production yield mmol  H, production rate

) ) L~'oDp™! L' g ' TCs mmol L~! day™' g™!
E. coli parental strain (PS) TCs
and mutant strain (MS) during
anaerobic digestion of two-fold PS 23 1.7 0.6
diluted WGW per OD and total
carbohydrates (TCs) utilized, at PS +DTT 3.1 15 05
pH 7.5 and 72 h of growth PS +F L5 1.3 0.3
MS 44 3.8 1.3
MS +DTT 6.6 5.1 1.7
MS +F 39 34 1.0

H, yield and rate are presented with an accuracy of +0.02 mmol/L
DTT DL-dithiothreitol, F' potassium ferricyanide

@ Springer
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Fig.4 Electrical potential 0.8
formation with bacteria grown

in WGW medium: PS—paren-

tal strain, MS—mutant strain, 0.7
DTT—dithiothreitol, F—potas-
sium ferricyanide. Bacterial
whole cells (1.5 mg CDW) were
immobilized on micro-strips
with a volume of 3 uL, n=5,

p < 0.05. The system operated
at 37 °C

Electrical potential, V

ulhi

PS PS+DTT

can then be used for H, production. This process involves
the high-temperature conversion of organic materials into
a gas mixture primarily composed of H, and CO. One hec-
tare of harvested grapes can significantly contribute to H,
formation, with annual estimates reaching 156.6 t (Garrido
et al. 2024). An interaction between lactic acid bacteria and
H,-producing bacteria was demonstrated, resulting in a H,
yield of 1.1 +0.4 mmol L! H,. This microbial syntrophic
association underscores the importance of understanding
microbial community structure in optimizing H, production
from grape pomace (Zavala-Méndez et al. 2022). Studies
also indicate that the natural microbial communities present
in WGW are as effective in producing H, as heat-treated
exogenous inoculant. The dark fermentation process using
WGW has achieved 1.6 mol of H, per mole of hexose. In the
context of endogenous fermentation, approximately 65% of
species were affiliated with the family Clostridiaceae (Fran-
cois et al. 2021).

In our study, we investigated the use of WGW as a nutri-
ent source for E. coli cultivation. Lignocellulosic WGW
underwent physicochemical treatment, which enabled the
extraction of monosaccharides, organic and amino acids,
minerals, and other components (Poladyan et al. 2018;
Kumar and Sharma 2017). Carbon and nitrogen are essen-
tial nutrients for microbial growth, with carbon serving as
an energy source and nitrogen necessary for protein and
nucleic acid synthesis (Chen and Strevett 2003; Heeswijk
et al. 2013; Heeswijk et al. 2023). When nitrogen is the lim-
iting factor, E. coli exhibits a lower specific growth rate and
growth yield, increased lipopolysaccharide production effi-
ciency, and a more hydrophilic surface compared to cultures
grown without carbon and nitrogen limitations (Chen and
Strevett 2003). The required macronutrients for anaerobic

@ Springer

PS+F MS+DTT MS+F

digestion (AD) are often assessed using the carbon to nitro-
gen (C/N) ratio. A high C/N ratio during AD digestion can
slow down biodegradation due to nitrogen deficiency and
excess volatile fatty acid production. Conversely, a low C/N
ratio can result in excessive ammonia, causing unpleasant
odors and inhibition of anaerobic microbes. In this current
study, the total amounts of nitrogen, carbohydrates, and
carbon were estimated in the WGW hydrolysate. Bacterial
growth was observed in WGW hydrolysate with a C/N ratio
of 10, and the consumption of nitrogen and carbohydrates
monitored was in accordance with E. coli growth. The
assimilated material was directly proportional to bacterial
growth and H, production. An increase in VS was observed
following bacterial growth.

The pH of WGW hydrolysate was adjusted to 7.5 using
KOH and K,HPO,. As is characteristic of dark fermenta-
tion, the utilization of WGW hydrolysate by the E. coli
parental strain led to acidification of the medium due to
accumulated fermentation products. More acidification was
observed in the medium using KOH to adjust the pH, which
negatively affected both bacterial growth and H, production.
Strongly acidic conditions inhibit the activity of Hyd and
consequently H, production (Liu and Li 2013; Maeda et al.
2018). Therefore, compared to KOH, the adjustment of the
growth medium with K,HPO,, which has a considerably
higher buffering capacity, resulted in improved biomass and
H, production.

The impact of initial ORP on bacterial biomass forma-
tion, H, production, and current generation in the elec-
trochemical system was investigated and revealed that H,
production can be controlled by supplying oxidants and
reductants. The membrane impermeant oxidizing agent fer-
ricyanide induced a positive ORP and suppresses growth of
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E. coli and decreases acidification of the medium. On the
other hand, increasing reducing conditions with DTT led
to increased formation of formic acid by E. coli (Poladyan
et al. 2019). ORP is also crucial in regulating Hyd activity
and H, production or its oxidation in bacteria. Hyd enzymes
are sensitive to the redox state of their environment, and
optimal ORP conditions can enhance their activity, boosting
Hyd production (Vassilian and Trchounian 2009; Poladyan
et al. 2012; Abrahamyan et al. 2015). Conversely, subopti-
mal ORP levels can inhibit Hyd activity, thereby reducing H,
yield (Kirakosyan et al. 2004). Maintaining an appropriate
ORP can help sustain the activity of the Hyd enzymes, thus
supporting continuous Hyd production. In electrochemical
systems, adjusting the ORP can also influence the electron
flow and energy balance, further affecting hydrogen produc-
tion and the utility of the cells for current generation.

The results presented in this study show that setting opti-
mal reducing conditions using DTT stimulates H, production
yield and rate during the early log growth phase. The results
align with data obtained from peptone medium with glucose-
fermented cells, where hydrogen production was enhanced in
E. coli Hyd-1- and Hyd-2-negative mutants at pH 7.5 (Abra-
hamyan et al. 2015; Maeda et al. 2018; Poladyan et al. 2018).
Additionally, DTT stimulation increased H, production at
both pH 5.5 and 7.5 (Abrahamyan et al. 2015). Hyd-1 and
Hyd-2 are primarily recognized as H,-oxidizing enzymes.
Their genetic inactivation has been shown to stimulate H,
production in E. coli (Poladyan et al. 2018). In the mutant
strain used in the current study, the observed increased H,
production is likely linked to the lack of Hyd-1 and Hyd-2
(Trchounian et al. 2012; Abrahamyan et al. 2015). Addition-
ally, the other mutations introduced into the modified strain
stimulate formic acid production, which is the inducer of H,
production by the formate hydrogenlyase system (Rossmann
et al. 1991; Maeda et al. 2007). DTT supplementation likely
facilitates this process, thereby enhancing H, production.
K-ferricyanide slows the process of acidification, allowing
the mutant cell to produce H, for a longer period. However,
this delay also means that H, production begins somewhat
later, as it takes time for the ORP to decrease to the optimal
level for Hyd-3 synthesis. The mutant strain carries multiple
deletions, including in particular the AhyaB and AhybC muta-
tions that disrupt the ability of the strain to oxidize any H,
produced, resulting in better H, production. Moreover, the
AhycA mutation prevents a negative regulator of H, produc-
tion from being made. As a result, the overall capacity for H,
production by the mutant strain remained unaffected by the
oxidant (K-ferricyanide). This reduced sensitivity suggests
a fundamental shift in the strain’s metabolic response and
redox regulation compared to the wild type.

Microbial FC has been investigated to generate electricity
by electrochemically active bacteria for a more than a decade
(Zhang et al. 2017; Ferrari et al. 2022). Cells grown on WGW

exhibit electrochemical activity as anodic catalysts in the sys-
tem. K-ferricyanide-grown cells show poorer electrochemical
activity. Compared to the parental strain, the mutant showed
higher electrical activity, and DTT only slightly enhanced
this electricity generation. The lack of Hyd-1 and Hyd-2
likely was responsible for the improved electrical capacity
of the mutant cells, although the effects of the other muta-
tions cannot be ruled out. In particular, Hyd-3 and possibly
Hyd-4 are presumably key to supporting the current genera-
tion. Although it has been shown that Hyd-3 and Hyd-4 oper-
ate toward H, production, they are reversible under certain
conditions (Maeda et al. 2007; Abrahamyan et al. 2015) and
possibly also function in the Hyd-oxidizing mode within the
electrochemical system. It was demonstrated that FHL can
operate in two different modes depending on the environmen-
tal conditions; for example, when CO, and H, are pressur-
ized, FHL functions as a hydrogen-dependent CO, reductase
(Roger et al. 2018). There might be a possibility for FHL-
dependent hydrogen-oxidation, but this requires considerably
more experimentation. Future studies are needed to elucidate
the electron transfer mechanism in this system.
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