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INTRODUCTION 

 

Cupriavidus necator H16 is a facultative chemolithoautotrophic -

proteobacterium and a well-known biotechnological model organism. It is an industrially 

applicable microbe capable of synthesizing bioplastics, biofuels, and various valuable 

metabolites through both heterotrophic pathways using organic compounds and 

  

During lithoautotrophic growth, C. necator -tolerant 

[NiFe]-Hydrogenases (Hyds): a membrane-bound Hyd (MBH), a soluble cytoplasmic Hyd 

(SH), an actinobacterial-type Hyd (AH), and a regulatory Hyd (RH). The [NiFe]-Hyds 

⁺) and electrons (e⁻), depending 

on the cell's redox state and nutritional conditions. This reaction is important for 

developing hydrogen-based technologies, for instance microbial or enzymatic fuel cells 

-tolerant [NiFe]-Hyds of C. necator H16 can serve as anodic biocatalysts in FCs. 

However, the active Hyd enzymes is not always synthesised in C. necator cells. Nutrient-

rich environments, favorable for high bacterial biomass production, may not promote 

Hyd synthesis. According to the literature energy-limited and stress conditions enhance 

Hyd production, as these enzymes enable additional energy supply to the cell by 

directing H⁺ and e⁻ generated from H  oxidation into the respiratory chain. During 

heterotrophic growth, C. necator can utilize various organic carbon and energy sources, 

including intermediates of the tricarboxylic acid (TCA) cycle, sugars, fatty acids, amino 

acids, alcohols, and aromatic compounds. It has also been shown that glycerol is 

assimilated by C. necator H16, albeit with slow growth, which nevertheless induces the 

expression of genes encoding Hyds and enzymes of the Calvin-Benson-Bassham (CBB) 

cycle. The latter are key components of lithoautotrophic metabolism. 

Importantly, Hyd synthesis can be stimulated during heterotrophic growth of C. 

necator. Therefore, it is crucial to elucidate the mechanisms that promote Hyd synthesis 

and activity under heterotrophic conditions, as well as to investigate the redox potential 

(ORP), a key physicochemical parameter characterizing microbial growth and 

metabolism influenced by Hyd activity. 

To ensure the efficient and cost-effective synthesis of Hyds, it is advisable to utilize 

nutrient-rich organic waste, such as whey, which is a major by-product of the dairy 

industry. Whey contains approximately 50% nutrients, including lactose, proteins, 
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minerals, and vitamins. Therefore, developing innovative methods and approaches for 

the sustainable reuse of dairy waste is essential. 

As a rich nutrient source, whey can be processed and used for microbial biomass 

production, as well as for obtaining valuable compounds and enzymes. 
 

Research goals and tasks: The aim of this research is to investigate the activity of H2-

oxidizing Hyds and bioenergetic parameters of C. necator H16 under various 

heterotrophic growth conditions, as well as the mechanisms promoting Hyd activity and 

microbial biomass production, and their potential application in biofuel cells (BFCs).  

The research focuses on the following objectives: 

1. Study the impact of LB (Luria-Bertani) medium components: amino acids, B-

group vitamins, and glycine betaine effect on the growth parameters (optical 

density, specific growth rate, pH) and H2-oxidizing Hyd activity of C. necator 

H16. 

2. Investigate the bioenergetic parameters of C. necator H16 (wild-type) and mutant 

strains with Hyd defects, including changes in redox potential (ORP), pH, and 

proton motive force ( p) (intracellular pH and membrane potential) under 

various heterotrophic growth conditions. 

3. Investigate H+/K+ exchange and ATPase activity in membrane vesicles of C. 

necator H16 under heterotrophic growth and oxygen-limited conditions. 

4. Process organic waste, analyse the composition of organic compounds before 

and during microbial growth, and develop optimal conditions for C. necator H16 

cultivation. 

5. Cultivate C. necator H16 using organic waste such as glycerol and dairy whey, 

optimizing conditions for maximum Hyd activity and biomass production. 

6. Evaluate C. necator H16 whole cells as anodic biocatalysts for electricity (current) 

production in electrochemical systems. 

 

Scientific novelty and practical value of the study: The growing energy demand, 

coupled with the scarcity of traditional resources and environmental pollution, 

necessitates the development of alternative energy sources and sustainable strategies for 

bioenergy production through eco-friendly systems. The O2-stable Hyds of C. necator 

H16 are promising targets for biofuel cell (BFC) applications. However, there is limited 

information in the literature about compounds that enhance Hyd synthesis or activity 
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under heterotrophic conditions. Furthermore, the potential synthesis or activity of Hyds 

of C. necator H16 using organic waste has not been studied. 

Identifying mechanisms to promote Hyd synthesis and/or activity of C. necator H16 

can lead to new approaches for producing highly active enzymes, which could address 

global energy challenges. This work represents the first comprehensive study of C. 

necator H16 growth under various heterotrophic conditions, emphasizing the 

mechanisms promoting the activity of O2-stable H2-oxidizing Hyds. It demonstrates, for 

the first time, the role of amino acids, particularly glycine, and glycine betaine in 

promoting Hyd synthesis and activity. The impact of glycine on the activity and synthesis 

of four purified and isolated Hyds (MBH, SH, RH, and AH) was also explored, enabling 

future applications of these enzymes in BFCs. 

Platinum-independent hydrogen-based technologies offer an environmentally 

friendly approach to energy and biosensor production. Utilizing inexpensive organic 

waste reduces the costs of C. necator H16 biomass production. This study shows that 

using dairy whey and glycerol as organic waste enhances the activity of O2-stable Hyds 

and biomass production, suggesting novel methods for waste utilization and solving 

environmental pollution problem. 

Bioenergetic parameters during C. necator H16 growth, the role of O2-stable Hyds 

-ATPase under various 

heterotrophic conditions were investigated. These experiments involved both the wild-

type C. necator H16 and mutant strains with Hyd defects. Understanding the 

bioenergetic parameters of C. necator will enable better control of O2-stable Hyd 

synthesis with significant biotechnological potential. Moreover, cells containing active 

Hyds isolated from heterotrophic growth media were tested as anodic biocatalysts in 

BFCs, leading to efficient bioelectricity production. This research contributes to the 

development of Hyd-based BFCs and the production of electroactive microbial biomass. 

It provides fundamental, environmental, and economic advantages, offering a 

foundation for advancing BFC technology in Armenia. 
 

Main points to present at the defense: 

 Precise control of heterotrophic growth conditions promotes O2-stable Hyd 

synthesis. Components of LB medium, such as amino acids, and glycine betaine, 

stimulate not only biomass production but also Hyd synthesis in C. necator H16. 
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 Organic wastes such as dairy whey and glycerol can serve as substrates for C. necator 

H16 biomass production, addressing energy and environmental challenges while 

reducing pollution. 

 Redox potential (ORP) reduction and medium acidification associated with 

increased H2-oxidizing Hyd activity in C. necator H16. 

 Energy homeostasis regulation: Hyds activity and/or their presence are critical for 

maintaining cellular energy balance in C. necator H16. 

 Nutrient recovery from whey: Optimized cultivation conditions, aligned with the "3R 

(reduce, reuse, recycle) concept," led to enhanced biomass growth, high Hyd activity, 

and the generation of ~0.65 V electrochemical potential. 

 Bioelectricity production: Cells with active O2-stable Hyds are promising candidates as 

anodic biocatalysts in BFCs. 
 

Work approbation: The results of the dissertation work were presented through oral 

and poster presentations at several international conferences and congresses, including 

the FEMS - Microbiology Congress 2022 (Belgrade, Serbia), IUBMB FEBS PABMB 

Congress 2022 (Lisbon, Portugal), the 67th Annual Meeting of the Biophysical Society 

(San Diego, USA, 2023), the Falling Walls Science Summit 2023 (Berlin, Germany), the 

68th Annual Meeting of the Biophysical Society (Pennsylvania, USA, 2024), and the 

FEBS 2024 Congress (Milan, Italy). 

 

Publications: According to experimental data observed in dissertation, 14 papers, 

including 4 articles in peer-reviewed journal, 1 article in a journal included in the list of 

HESC of the RA and 9 abstracts were published.  

 

Volume and structure of dissertation: The dissertation contains the following 

chapters: introduction, literature review (Chapter 1), experimental part (Chapter 2), 

results and discussion (Chapter 3), conclusions and cited literature (total 147 papers and 

books). The dissertation consists of 133 pages, 3 tables and 40 figures. 

 

MATERIALS AND METHODS 

 

Bacterial growth mediums and conditions: C. necator H16 (DSM 428), its mutant 

strains with various Hyd defects (HF371, HF380, HF388), and strains with Strep-tagged 

Hyds (HF649, HF574 pGE3888, HP23, HP80) were provided by Dr. O. Lenz (Technical 
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University of Berlin, Berlin, Germany). C. necator was cultivated under different 

heterotrophic conditions in Fructose-Nitrogen minimal salt medium (FN), fructose-

glycerol-nitrogen (FGN), glycerol-fructose-nitrogen (GFN) mediums, and in dairy 

industrial wastes with different dilutions and filtration, both under aerobic (250 ml flasks 

/ 100 ml medium) and microaerobic (1000 ml flasks / 800 ml medium) conditions. The 

bacteria were cultivated on a shaker at 130 rpm and 30°C, 24 - 172 hours. The 

inoculant was grown under the same conditions but at 37°C, from glycerol stocks 

rapidly frozen in liquid nitrogen and stored at -80°C. Depending on the effect of the 

studied substrate, the medium was supplemented with 7.0 µmol/ml glycine, several L-

amino acids (L-AAs), and B vitamins, as well as 7.0 300.0 µmol/ml glycine-betaine 

[Iskandaryan 2023; Iskandaryan et al., 2023a]. 

Investigation of the growth parameters of C. necator: Bacterial growth was 

determined by using a spectrophotometer 600nm (Spectro UV-VIS Auto, LaboMed, Los 

Angeles CA, USA). During bacterial growth the specific growth rate (µ, h-1), colony 

formic units (CFU) and cell dry weight (CDW, g L-1) were determined. The pH of the 

medium was measured using a pH electrode of HJ1131B pH-meter (Hanna Instruments, 

Portugal). The ORP of bacterial culture medium was measured by using a couple of 

oxidation-reduction platinum (Pt) (EPB-1, Measuring Instruments Enterprise, Gomel, 

Belarus, or PT42BNC, Hanna Instruments, Portugal) and titanium-silicate (Ti-Si) (EO-02, 

Measuring Instruments Enterprise, Gomel, Belarus) electrodes [Iskandaryan et al., 

2023a; Poladyan et al., 2023]. 

Hyds purification and biochemical analyses: The purification of the MBH, SH, RH 

and AH Hyds obtained from C. necator Strep-tagged strains (HF649, HP80, HF574 

pGE3888, HP23) was conducted through affinity chromatography following the 

procedures outlined by Lenz et al., 2018. Subsequently, the Hyds H2-oxidizing activity 

was measured, and the protein samples were promptly frozen in liquid nitrogen, 

 

Protein concentrations were assessed using the Pierce BCA Protein Assay Kit 

(Thermo Scientific) with a Spectra MAX 340 Microplate Reader spectrophotometer (90-

240V), bovine serum albumin was used as a standard. Protein purity was assessed by 

polyacrylamide gel electrophoresis (SDS-PAGE) and immunological analysis (Western 

blotting). 

Investigation of H2-oxidazing Hyd activity: The H2-oxidizing activity of whole cells, 

MBH, RH and AH were assessed through methylene blue (MB) reduction at a 
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wavelength of 570 nm, 30 °C (Cary 60 UV vis spectrophotometer, Agilent 

Technologies, USA). A sample (1-20 L) was added to an H2-saturated reaction mixture, 

containing 1.9 mL of previously H2-saturated buffer, and 5 L MB (Lenz et al. 2018). 

The SH was measured in anaerobic cuvettes using NAD+ as an acceptor of electrons 

under 365 nm (Cary 60 UV vis spectrophotometer, Agilent Technologies, USA). 

Sample (3-10 L) and 1 mM 40 L NAD+ were added to a 1.9 mL 50 mM H2-

saturated Tris/HCl buffer, pH 8.0. A unit of enzyme activity equivalent to 1 mol 

oxidized H2 (accordingly 1 mol reduced MB) per minute per 1 mg of protein / 1 mg (g) 

CDW [Iskandaryan et al., 2023a]. 

Determination of ATPase activity: Membrane vesicles were isolated from bacteria 

by the osmotic lysis method. Membrane vesicles were incubated with 0.1 mM DCCD for 

10 min. All assays were done at 30 °C. ATPase activity was calculated by determining 

the amount of inorganic phosphate (Pi) produced during the reaction of membrane 

vesicles with 5 mM ATP (pH 7.0) in the assay mixture (50 mM Tris HCl buffer 

containing 1 mM MgSO4, pH 7.0). The ATPase activity was expressed in nM Pi / (min µg 

protein). Pi was measured spectrophotometrically at 750 nm (Labomed, Los Angeles, 

CA, USA).  

Identification of dairy whey composition: Sweet and acid whey was collected from 

the local «Marianna» Dairy products factory (Yerevan, Armenia) and analyzed by HPLC 

for sugars, amino- and organic- acids composition. The determination of micro- and 

macro- elements has been carried out with Agilent 5800 ICP-OES system [Poladyan 

et al., 2023; Iskandaryan et al., 2024a]. 

Protein nitrogen determination using the Kjeldahl Method based on ammonia 

containing distillate titration by 0.1 N HCl. Investigation of Volatile solids (VS) (indirect 

method of organic carbon measurement) in samples performed by thermal treatment of 

the samples in a muffle furnace (DAIHAN Digital Muffle Furnace, Taiwan) set at 550°C 

for 4 h [Iskandaryan et al., 2024a]. 

Investigation of bioenergetics parameters: The intracellular pH (pHin) was 

measured by the quenching of fluorescence of 9-aminoacridine (9-AA), as described, 

using a Cary Eclipse spectrofluorimeter (Varian, USA) with excitation at 390 nm and 

emission at 460 nm. Membrane potential ( ) is determined by the potentiometric 

method using a selective TPP⁺ electrode. It was estimated using TPP+ distribution 

through the membrane. The proton motive force ( p) of cells consists of the 
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transmembrane differences in membrane potential ( ) and pH ( pH) and it was 

calculated by the following equation: p =  + (2.3RT/F) pH 

H+ and K+ fluxes through the plasma membrane of intact cells were determined 

potentiometrically using a pH (HI1131, Hanna Instruments) and potassium-selective 

(HI4114, Hanna Instruments). 

Electrochemical measurements: Electrochemical measurements were carried out 

in a double-electrode electrochemical system, which was equipped with a computerized 

potentiometer (H2 fuel cell voltammeter (HFCVA)). Two-electrode electrochemical system 

with polyvinyl chloride base, carbon conductive thin layers and Ag/AgCl layer (reference 

electrode) was used as testing micro-strips. Biological samples were immobilized on the 

micro-strips between two thin layer electrodes using 3 mM KCl solution and 0.8% 

bacteriological agar support. Samples were in connection with both electrode surfaces 

to close the electrical circuit by making an electrochemical cell [Seferyan et al., 2024]. 

Chemicals and data processing: All chemicals of analytical grade were used. Data 

processing was done using MS Excel 2016 software, which calculated average values 

-

test (P) (used to average the data from the different series of measurements) for data 

analyses. The difference was valid when P<0.05.   

 

Results and Discussion 

 

The impact of amino acids and glycine betaine on growth and H2-oxidizing 

hydrogenases activity of C. necator H16 

 

The growth parameters, ORP, and pH kinetics of C. necator H16 were monitored 

with supplementation of 0.5% LB medium, YE or tryptone during 72 hours. Bacterial 

growth on FN standard medium without listed additional components was considered a 

control experiment [Iskandaryan et al., 2023].  

Both LB medium and its components supplementation lead to stimulation of 

bacterial growth 1․7 - 2.2 fold compare to control, during 72 hours bacterial growth. 

YE and tryptone might serve as an additional source of nitrogen (N), carbon (C), and 

vitamins for bacterial growth. 

During bacterial growth, a pH decrease of the mediums 0.45-0.55 points was 

recorded after 24 hours of bacterial growth. In contrast to the control, in observed 

samples, a decrease in ORP values was recorded from positive (+109 ± 10 mV) to 
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negative (-120 ± 10 mV) values after 24 h. With a pH and ORP decrease in the presence 

of LB components, the H2-oxidising total Hyd activity was detected, in contrast to the 

control. The maximum total (whole cells) H2-oxidizing Hyd activity ~ 8 ± 0.06 

U/g(CDW)/min and 7 ± 0.02 U/g(CDW)/min was shown in the mediums with 

supplementation of tryptone and LB, respectively after 24 h.  

For understanding the role of tryptone and YE components in the synthesis or 

activation of H2-oxidizing Hyd enzymes, the C. necator H16 growth was examined in an 

FN medium with 7.0 mol/ml L-AA (Pro, Glu, Asn, Asp, Tyr, Cys, Ala, Arg, His, Ser and 

Gly) and vitamins B (Thiamine, Nicotinic acid, Pyridoxine) supplementation for up to 72 

hours. After 72 h, compared to control, the supplementation of Pro, Asn, Ala, and Gly 

significantly stimulated C. necator H16 growth by  1.9, 2.3, 2.7, and 2.9 fold, 

respectively. The specific growth rate () of the samples with AAs was also stimulated 

1.2 to 1.4 ± 0.02 fold, compared to control. Studied B vitamins and other AAs, 

supplementation also stimulated growth 1.2-1.7 ± 0.05 fold.  

The pH and ORP of bacterial growth mediums with the Gly, Ala, Asn, and Pro L-

AAs containing samples was significantly decreased, after 24 h. Moreover, after 48 h the 

ORP values of the Pt electrode recovered to positive and remained almost unchanged in 

72 h of bacterial growth (Fig.1). 

 It is well known that the ORP (Eh) of the bacterial culture is influenced not only 

by the ratio of oxidized to reduced fermentation products but also by pH based, 

whereby as the Eh decreases, the pH increases. However, it is difficult to explain the 

relationship between the observed decrease in Eh and the decrease in pH during 

bacterial growth; it may be explained by the complexity of redox processes occurring 

during fermentation, which cannot be described by the equation above. ORP might be 

influenced by the activities of both H2-oxidizing and H2-evolving Hyd enzymes, as well as 

other membrane-associated oxidoreductases that affect proton release. 

The H2-oxidizing Hyd activity of whole cells was not observed in control samples, 

while it was recorded in samples, where Gly, Ala, Asn, Pro, His and Arg were present. 

The maximal ~ 22 ±0.05 U/g(CDW)/min Hyd activity was determined in Gly containing 

samples after 24 h of C. necator H16 growth (Fig.2). 
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Fig.1. L-AAs influence the kinetics of ORP of C. necator H16. Bacteria were grown 

aerobically, at pH 7.0, for 72 hours (n=5, p <0.05). The ORP was measured by 

using Pt and Ti-Si electrodes. 

 

  

Fig.2. H2-oxidizing total Hyd activity of whole cells of C. necator H16 under 

influence of L-AAs. L-AAs were added in FN medium at 7.0 mol/ml concentration 

(72 hours, n=5, p <0.05). 
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Fig. 3. Coomassie-stained SDS PAGE gel and Western Blotting analysis of Hyd 

enzyme samples purified from GFN and GFN+Gly media. The gel contains 1 µg of 

MBH and 5 µg of AH, RH, and SH, 

Color Standard 10 250 kDa from Bio-Rad) (n=3, p<0.05).  

 

The effect of L-AA on the H2-oxidizing Hyd activity can be inferred from their 

metabolic and bioenergetic activities in microbial cells, but how they work in this 

particular situation is currently unexplained and subject to further investigation 

[Iskandaryan et al., 2023]. Glycine (Gly) significantly enhanced the activity of individual 

[NiFe]-Hyds of C. necator strains grown in GFN medium under microaerobic conditions. 

Compared to glycine-free medium, the activity of single H2-oxidizing Hyds in Gly-

containing GFN medium increased by 1.6- to 3-folds. For instance, the SH activity 

reached ~71 U/mg/min, compared to ~24.5 U/mg/min in GFN medium. AH activity 

increased 1.6-fold to ~0.8 U/mg/min, while RH and MBH activities were stimulated by 

~1.8-fold, reaching ~7.1 U/mg/min and ~31.2 U/mg/min, respectively. 

Interestingly, Gly also reduced the lag phase typically observed during AH activity 

measurements, thereby enhancing the catalytic efficiency of the Hyds. The production of 

specific enzymes was visualized using SDS-PAGE and Western blotting techniques 

(Fig.3) [Iskandaryan et al., 2024c]. 

These findings highlight Gly's potential role as a promoter of Hyds activity, possibly 

through its effects on enzyme maturation, genetic regulation, or catalytic center 

stabilization. 

Many soil bacteria use GB not only as an osmoprotectant, but also may use it as a 

sole source of C and N. C. necator is one of the soil bacteria and may involve GB in cell 

metabolism. Different concentrations of GB were supplemented, mol/mL: 7, 15, 25, 

50, 75, 100, 150, 200, 250, 300 to the FN medium. Bacterial growth at low 

concentrations of GB was stimulated  30-40 % after 48h, in contrast to control: the 
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maximal growth stimulation was detected at 15 mol/mL and 25 mol/mL concentrations 

(OD600 ~4.4 ± 0.02). However, at high concentrations, the growth activity of C. necator 

was partially inhibited (OD600 ~2.7 ± 0.02) compared with control by 10 20%. Bacterial 

growth led to the decrease of culture medium pH from pH 7.0 up to pH 6.5, after 24 h 

in all studied samples. In parallel with a decrease in extracellular pH, a slight reduction 

in ORP was observed. The reduction in the values of both parameters is associated with 

the adaptation of microorganisms to environmental conditions and with the production 

of different metabolites. Compared to the control, where was detected a slight H2-

oxidizing Hyd activity, the addition of GB induced Hyd activity. Basically, at 

concentrations of 250 and 300 mol/mL, the maximum activity of 16.4 ± 0.05 

U/g(CDW)/min was observed after 24 h of growth. Interestingly the total H2-oxidizing 

Hyd activity of C. necator H16 was more significant in the case of high GB 

concentrations, however, partial inhibition of bacterial growth was observed at the same 

concentrations. The minimum Hyd activity was respectively observed at low 

concentrations (7 mol/mL: 4.0 ± 0.05 U/g(CDW)/min, where growth stimulation was 

recorded, in contrast to the control. 

The transport of GB was energy-dependent and occurred against a concentration 

gradient, GB transport is driven by the electrochemical proton gradient. Therefore, 

active transport of a large amount of GB may lead to energy depletion of cells, which is 

the main reason for growth inhibition and stimulation of Hyds activity. GB as 

osmoprotectant might promote folding of proteins, such as Hyds, beside of the GB may 

be catabolised into Gly, which is one of the identified L-AAs responsible for the 

induction of H2-oxidizing activity during the heterotrophic growth of C. necator H16 

[Iskandaryan, 2023]. 

 

A novel, cost-effective approach for the production of hydrogenases from whey-

based by-products 

 

Large-scale production of biomass and biotechnologically valuable products are still an 

economic challenge. The application of cheap organic materials is an attractive 

alternative to reduce fermentation costs. Furthermore, it has been demonstrated that 

specific conditions during heterotrophic growth of C. necator favours the catabolic 

derepression of Hyd gene expression. This feature allows isolating biomass with active 

Hyds, avoiding an autotrophic fermentation process, which requires the use of 

dangerous gas mixtures of H2, O2, and CO2.  
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To cultivate C. necator, different approaches of pretreatment of the media were 

applied. Dilution of whey from 0 to 5 fold using dH20 and filtration (when needed) was 

performed. The pH of the mediums was adjusted to pH7 NaHCO3. Favourable 

conditions for the growth of bacteria and Hyd activity were developed: the aerobic and 

microaerobic growth of C. necator H16 were followed for 72 and 168 h. Results were 

compared to the control experiment, which was C. necator growth on FN (aerobic) and 

GFN (microaerobic) medium.   

 

Fig.4. Growth kinetics of C. necator H16 on SW and AW. Bacteria were grown 

aerobically, at 130 rpm, 30oC. Control is bacterial growth on FN medium; x 2 or x 

4  are 2 or 4-fold dilutions, respectively; F-is filtrated samples (n=5, p<0.05). SW 

2 x - 30 g/L, AW 2 x - 25 g/L, SW 4 x - 15 g/L, AW 4 x - 12.5 g/L, SW 2 x F - 18 g/L, 

AW 2 x F - 16 g/L, SW 4 x - 9 g/L, AW 4 x -8 g/L of dry weight. 
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were introduced into the whey-containing growth mediums, pH 7. The bacterial biomass 

formation (OD600) on 2-fold and 4-fold diluted, filtrated, and non-filtrated acid whey 

(AW) and sweet whey (SW) mediums. Biomass formation was followed by a decrease in 

medium pH from 7.0 up to 5.9-6.5. Compared to control, bacterial growth was mainly 

stimulated: maximal growth (OD600 ~ 4 ± 0.02 and CFU~ 0.6 1015) was shown for 

bacteria on 2-fold diluted and filtrated sample (Fig.4). The specific growth rate of 

bacteria in control reached 0.4 h-1 and was slightly stimulated in many samples. When 

bacteria grow on SW, maximal CFU was 2 (0.7 1010) and 4 (0.5 1010) fold diluted SW.   

Compared to control, all samples demonstrated a low ORP profile: maximal decrease 

from positive +250±10 mV to low negative -150±10 mV was detected in the 2-fold 
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diluted, filtrated SW. In all samples growing on whey, after 24 h H2-oxidizing Hyd 

activity was significant: maximal 13±0.05 U/g(CDW)/min was shown for 4 fold diluted 

and filtrated SW. Compared to growth on non-filtrated whey, upon bacterial 

consumption of filtrated whey Hyd-activity is stimulated. Thus, during bacterial growth 

on whey, the relationship of Hyd enzymes activity with low (more reductive) ORP and pH 

is suggested [Poladyan et al., 2023; Iskandaryan et al., 2022b].  

The growth conditions were modified for C. necator by prolonging growth (7 day) 

under microaerophilic conditions: A mixture of 7.5 g/L SW and 6.5 g/L AW with and 

without glycerol was explored for growth of C. necator H16. Optimal concentrations of 

nutrients (N, C), pH, and ORP proved critical factors during the lag and exponential 

phases of bacterial growth, as well as for optimal Hyd activity. Unlike in the GFN 

medium, after the exponential growth-phase (first day) of C. necator H16 an observed 

increase in pH from 7.0 to 7.2 - 8.0 was noted. However, a pH decrease was observed 

during the subsequent late stationary phase, reaching ~6.2 in the mixture of AW and 

SW with glycerol and 5.8 without glycerol. The maximum biomass attained for C. 

necator H16 was observed after the 5th day when utilizing a mixture of SW and AW 

(OD600 ~3.9 ± 0.02). Notably, there was no significant difference recorded between the 

SW and AW mixture and the mixture containing glycerol. This contrasts with the slow 

growth of the culture grown in a GFN medium [Iskandaryan et al., 2024a]. 

A decrease in ORP, with the most significant change recorded on the 2nd day of 

bacterial growth, dropping from +330 ± 10 mV to +80 ± 10 mV was measured. This 

decrease in ORP correlated with an increase in Hyd activity. Stimulated H2-oxidizing Hyd 

activity was observed from the 2nd day (48 h) of C. necator H16 cultivation in the 

mixtures both with or without glycerol. For comparison, in the GFN medium Hyd activity 

started on the 1st day (24 hours). The maximum Hyd activity, approximately 5.2 ± 0.05 

U/min/mg CDW, was determined for the glycerol-containing sample, which was twice 

the activity compared to the glycerol-free mixture. This increase in activity persisted 

until the 6th day of bacterial growth, and this phenomenon can be attributed to the 

presence of glycerol, which facilitates the expression of the genes encoding Hyd and 

sustains the notably slow growth of C. necator H16. Thus, microaerophilic conditions 

with the supplementation of glycerol stimulated both bacterial biomass and Hyd activity 

in whey [Iskandaryan et al., 2024a]. 

The initial N concentration in all samples was 35 mg/100 ml. The VS in glycerol-

containing medium was 40 mg/100 ml higher than in glycerol-free samples (180 mg/100 

ml). Cultivation of C. necator H16 in glycerol-containing samples doubled the N 
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concentration compared to glycerol-free samples, suggesting enhanced N incorporation 

into biomass and protein synthesis. In contrast, C concentration showed an opposite 

trend. These effects may result from increased Hyd enzyme activity in glycerol-

containing samples due to redox stress relief via H2 release and higher protein levels.  

 

Table. 1. Analysis of waste composition using HPLC and ICP-OES systems. Results 

are expressed in mg/mL and mg/L units (n=3, p<0.1). 

    Parameter Cheese 

Whey (SW) 

   Curd Whey (AW) Mixture of 

SW+AW 

   pH 6.5 ± 0.20 5 ± 0.30 5․5 ± 0.30 

  ORP (Pt, mV) +180±20 +150±30 +330 ± 10 

Protein 

content 

(mg/mL) 

2.5  0.1 1.5  0.2  

Lactic acid 

(mg/mL) 
1 ± 0.02 0.3 ± 0.05 1.3 ± 0.05 

Oxalic acid 

(mg/mL) 
0․5 ± 0.1 0․3 ± 0.05 1.05 ± 0.1 

Formic acid 

(mg/mL) 
0.2 ± 0.05 0.1 ± 0.1 0.9 ± 0.05 

Citric acid 

(mg/mL) 
1.5 ± 0.05 1.5 ± 0.05 0.86 ± 0.05 

Lactose (mg/mL) 28.10  0.80 24.77  1.0 28  1.0 

Amino acids (Gly, 

Asp, Arg, Hs, Ala 

et al.) (mg/ mL) 

0.003-0.09 

(each) 

 

0.003-0.09  

(each) 

 

  0.006-0.18 

(each) 

Potassium (K) 

(ppm) 
310 240  

Magnesium (Mg) 

(ppm) 
16 210  

Microelements 

(Al, Fe, Cu, Zn, Ni, 

etc.) (ppm) 

> 3 (each) > 3 (each)  

 

HPLC data indicated the presence of several organic acids, significant amount of 

lactose, trace amounts of fructose, glucose, and galactose in the whey samples (Table 1) 

[Iskandaryan et al., 2024a]. 
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The impact of hydrogenases on the bioenergetic and electrochemical activity of C. 

necator H16 cells under different heterotrophic growth conditions 

 

Bioenergetic parameters, including transmembrane 

(pHin

activity of hydrogenases (Hyds) in C. necator H16 and Hyd-defective mutant strains 

(HF388 - SH⁻, HF380 - MBH⁻, and HF371 - MBH⁻ and SH⁻) under aerobic and 

microaerobic heterotrophic growth conditions. In wild-type (H16) bacterial cells grown 

-150 ± 0.05 mV, while in both Gly-supplemented 

FN and GFN, as well as GFN samples exhibited an increase in  of approximately 10-40 

mV. Nevertheless, Hyd- - to 1.6-fold. 

Changes in pHin were also noted in the samples with the H2-oxidizing activity: compared 

to the control (pHin 6.5±0.01), pHin consistently increased by approximately 0.55 - 1 

units in Gly-added FN and GFN, and GFN samples, respectively 

was equal to 0.55-0.9 [Iskandaryan et al., 2024b]. 

-0.3 to 0.7 units, compared to the H16 strain, where it was 0.2 units. The p of C. 

necator H16 was approximately -161 ± 0.5 mV, while in the mutants, it increased by 97

112 mV. However, when C. necator H16 was cultivated under aerobic and microaerobic 

conditions with Gly supplementation, the p increased by 30 84 mV (fig.5). 

FOF1-ATPase activity was determined by treating membrane vesicles with the FOF1-

-Dicyclohexylcarbodiimide (DCC) for 10 minutes. In H16 strain it 

was markedly varied depend on growth conditions: K+ stimulated 1.6 fold the DCC-

sensitive ATPase activity up to 90 ± 1 nmol Pi /min/mg protein.  Addition of glycine and 

glycerol to the growth medium lead to the 1.1 1.6 fold higher activity of DCC-sensitive 

ATPase. The HF380 mutant grown in the FN medium exhibited ~1.5 fold lower ATPase 

activity compared to the wild-type strain, however the supply of Gly, significantly 

stimulate the enzyme activity to 103 ± 1 nmol Pi /min/mg protein. The results revealed 

that C. necator maintains pH, and p within specific ranges crucial for cellular 

processes, such as nutrient uptake and pH homeostasis. Our findings demonstrate the 

interplay between Hyds, bioenergetic parameters and environmental adaptability of C. 

necator, emphasizing their importance for survival, metabolic diversity, under different 

growth conditions (fig.6). 
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Fig.5. The dependency of electrochemical potential ( p) on the composition of 

growth medium and the cultivated strain of C. necator (H16 and mutant strains 

HF388, HF380, HF371) (n=5, p<0.05). 

 

 

Fig.6. The schematic representation of the bioenergetic metabolism of the C. 

necator H16 bacterium's cell is presented. It includes the activity of the electron 

transport chain (ETC), FOF1-ATP synthase, MBH and SH activity.  

 

Hyd enzymes can exhibit variable functional activity depending on several factors, 

including the carbon source (e.g., fructose, glycerol) and the pH of the medium, among 

others [Seferyan et al., 2024]. C. necator H16 cells cultivated in GFN medium produced 
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a current with a potential of 0.46 ± 0.05 V. In contrast, biomass obtained from 

GFN+Gly medium generated a current with a potential of 0.65 ± 0.05 V (fig.7) 

[Poladyan et al., 2024]. Cells of C. necator H16 grown in dairy waste mixture without 

glycerol exhibited a potential of approximately 0.35 ± 0.05 V. However, in glycerol-

containing samples, the potential was stimulated 1.8-fold, reaching 0.63 ± 0.05 V (fig.7) 

[Iskandaryan et al., 2024a].  

 

Fig.7. Electrical potential generation based on H2-oxidizing Hyd activity of C. 

necator H16 cultivated on the mixture of waste streams. C. necator H16 was 

cultivated for 2 days (30°C, 130 rpm). The system operated at a temperature of 

30°C (n = 3, p < 0.1). 

 

how

cells hold significant promise for renewable green energy generation and its widespread 

applications. The Hyd enzymes of C. necator H16

and O2-tolerancy, are ideal candidates as a cathode for use in fuel cells and biosensors. 

the feasibility of developing portable devices. 

 

Conclusions 

1. Supplementation (0.5%) of LB  components to the FN medium led to a ~2-fold 

stimulation of growth and -oxidizing total Hyd activity of C. necator H16 cells. Hyd 

activity was observed in the presence of six tested amino acids. The highest Hyd activity, 
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22 ± 0.05 and 14 ± 0.5 U/g(CDW)/min, were recorded in samples containing Gly and 

Pro, respectively. 

2. Low concentrations of glycine betaine enhanced C. necator H16 growth (30 40%) and 

repressed -oxidizing Hyd activity, while high concentrations slowed the growth (10

20%) but simultaneously stimulated Hyd activity. 

3. In all samples, bacterial growth and specific growth rate (µ) were stimulated in the 

presence of Gly. Depending on Hyd type, the addition of Gly to C. necator H16 GFN 

medium under microaerobic conditions stimulated purified and isolated individual Hyd 

activities by ~1.6 3-fold. Additionally, Gly reduced the lag phase observed during the 

expression of AH activity. 

4. In curd and cheese whey, the biomass formation of C. necator H16 was accompanied 

with a decrease in the medium's pH and ORP, and the utilization of organic acids (e.g., 

CFU 

observed in 13 g/L curd whey, while the highest total Hyd activity, 13 ± 0.05 mU/mg 

(CDW)/min, was observed in 7.5 g/L cheese whey under aerobic conditions. A mixture 

of whey, glycerol supplementation, and microaerobic conditions significantly stimulated 

the total Hyd activity of the cells. 

5. In FN medium, ~ -150 mV p and 90 ± 1 nmol Pi (min*mg (protein))⁻¹ ATPase activity 

were recorded. In all samples with Hyd activity, p and ATPase activity were stimulated 

by ~1.2- and 2-fold, respectively. K⁺ enhanced FoF -ATPase activity. In Hyd-defective 

mutant cells, p increased ~2-fold due to membrane potential, while ATPase activity 

decreased 1.5-fold, which was restored by Gly supplementation. The results suggest a 

-ATPase during heterotrophic growth of C. 

necator and their role in regulation cellular bioenergetic processes. 

6. Bacterial w -oxidizing Hyd activity 

immobilized on micro-strips exhibited electrochemical activity in MFCs. The highest 

current generation was observed with the cells isolated from Gly-containing GFN 

medium, corresponding to a 0.65 ± 0.05 V. 
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