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INTRODUCTION

Topic’s significance. The increasing demand for energy around the globe has prompted a
critical analysis of our dependence on conventional fossil fuels. Finding and utilizing cleaner,
more sustainable energy sources is crucial as worries about climate change and environmental
sustainability grow. Hydrogen (Hz) presents a viable option due to its high energy (142 MJ kg™?)
and low environmental impact when utilized as a fuel. In recent years, biological H2 production
has gained significant interest as a promising and eco-friendly approach with low production
costs.

Green algae are photosynthetic microorganisms that exhibit high metabolic flexibility and
have been widely used as producers of valuable compounds, such as carbohydrates, lipids,
proteins, pigments, vitamins, etc. Recently, they have gained attention for their potential in
sustainable energy production. The ability of microalgae to produce H: as a result of light-
dependent reactions was first discovered in 1942 by Gaffron and Rubin in the green alga
Scenedesmus obliquus, marking a foundational moment in the study of Hz production by algae.
In green algae, H2 production is linked to the electron transfer during photosynthesis and is
facilitated by [FeFe]-hydrogenase. The main electron donor for this enzyme is ferredoxin, and a
key condition for Hz production is the absence of oxygen. Green algae use photosystems (PS) 11
and | to carry out oxygenic photosynthesis. Green algae have two pathways for Hz production:
PS ll-dependent and independent. PS Il-dependent pathway involves water oxidation and is
commonly referred to as “direct photolysis”, while the PS ll-independent pathway includes an
endogenous substrate uptake. Most of the studies use Chlamydomonas reinhardtii as a model
eukaryotic organism for Hz generation research and the best Hz producer; however, Chlorella
species can be suggested as alternative organisms for sustainable Hz generation due to their
potentially high Hz production capacity and synthesis of other by-products of high interest and
commercial value, making these species more suitable for industrial scale. However, the Hz-
producing potential of another species, Parachlorella kessleri, has not been studied yet.
Although the potential of green algae for H2 production is well recognized, a comprehensive
understanding of the mechanisms governing this process is still lacking. Current research is
focused on identifying novel, high Hz-producing algal strains, as well as optimizing H2
production.

Green algae isolated in Armenia offer an unexploited resource for sustainable energy
production. This research focuses on understanding the mechanisms of light-dependent H2
production within green algae isolated and identified in Armenia to unlock their full potential
for applications in biofuel generation. Shedding light on the biochemical processes and
mechanisms involved in Hz generation in these algae will help optimize conditions that favor
increased H2 yield for possible future large-scale applications. Moreover, this exploration aligns
with the broader goals of reducing greenhouse gas emissions and transitioning towards a
sustainable energy landscape, thus supporting the objectives of the European Green Deal.



Research goals and tasks. The purpose of this work is to study the properties and
mechanisms of light-dependent H. production by green algae (Parachlorella kessleri and
Chlorella vulgaris) from the Chlorellaceae family, isolated in Armenia, under various
physicochemical conditions.

Constituted tasks of the research were:

e Determination of the growth characteristics and light-dependent Hz production by green
algae in the presence of various carbon sources.

e Study the effect of extremely high frequency electromagnetic irradiation (EHF EMI) on the
growth and Hz-producing ability of green algae.

e Investigation of the effects of protonophores, carbonyl cyanide m-chlorophenylhydrazone
(CCCP) and dinitrophenol (DNP), on the Hz production.

e Examination of the effect of biogenic elements (nitrogen and sulfur) deprivation on the
light-dependent Hz production by green algae.

e Assessment of the potential applications of ethanol and brewery waste in Hz production by
green algae.

e Clarification of the role of photosystem Il (PS Il) in the Hz production process by algae
under different cultivation conditions.

Scientific novelty and practical value of the study. In the current work, the effects of
various physicochemical factors on the anaerobic metabolism and light-dependent H:
production by green algae P. kessleri and C. vulgaris isolated in Armenia are investigated for
the first time. It was found that acetate as a carbon source significantly stimulates Hz production
by P. kessleri during photoheterotrophic anaerobic growth, compared to photoautotrophic
conditions. The study also revealed a stimulating effect of protonophores on H: yield in P.
kessleri. This effect is attributed to the dissipation of the proton motive force in the thylakoid
membrane, which increases the availability of electrons for hydrogenase via PS 1. It was
confirmed that protonophores suppress oxygen evolution by inhibiting PS II, thereby creating
anaerobic conditions and enhancing Hz production. Additionally, the effect of EMI at
frequencies of 51.8 and 53.0 GHz on P. kessleri was investigated for the first time. It was
shown that the response of algae to these frequencies depends on the oxygen availability and
algae cultivation conditions. For the first time, the effect of sulfur and nitrogen deprivation on
growth characteristics, PS activity and Hz production by green algae isolated in Armenia was
determined. Hz production is stimulated under all tested conditions, with the highest yield of H2
observed under combined sulfur and nitrogen deprivation. The study also examined the effect
of the specific inhibitor of PS Il, diuron, on P. kessleri, confirming that Hz production in this
species primarily follows the PS Il-dependent pathway. Additionally, the potential use of
ethanol and brewery wastes as cultivation media for green algae was explored. It was found that
these wastes stimulated light-dependent Hz production. Moreover, algae cultivated in waste-
containing media used both PS ll-dependent and independent Hz production pathways.
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The obtained results are crucial for understanding hydrogen metabolism in green algae
isolated in Armenia. Furthermore, the investigations of Hz production pathways and
mechanisms, as well as the improvement of cultivation conditions for higher yields, are
important steps toward unlocking the potential of algae as an energy source.

Main points to present at the defence:

1. Green alga P. kessleri isolated in Armenia performs light-dependent H2 production under
photoheterotrophic anaerobic conditions. A PS ll-dependent Hz production pathway
operates in P. kessleri.

2. Protonophores stimulate Hz production by P. kessleri. The dissipation of the proton
gradient in the thylakoid membrane promotes the activation of the PS Il-independent H2
production pathway.

3. The effect of electromagnetic irradiation at frequencies of 51.8 and 53.0 GHz on P.
kessleri depends on the algae’s cultivation conditions and the presence of oxygen in the
environment.

4. Nitrogen and sulfur deprivation stimulates light-dependent Hz production by P. kessleri
and C. vulgaris. In the Hz production process, PS 11 plays a significant role as the primary
electron donor.

5. The use of ethanol and brewery waste as cultivation media for P. kessleri and C. vulgaris
significantly stimulates light-dependent Hz production. Under these conditions, the PS I1-
independent Hz production pathway operates.

Work approbation. Main results of the dissertation were discussed at seminars at the
Department of Biochemistry, Microbiology, and Biotechnology and the Research Institute of
Biology of Yerevan State University, and at scientific conferences: “V Int. Conference on
Biotechnology and Health” (Yerevan, Armenia, 2020); “Lomonosov-2021” (Moscow, Russia,
2021); Scientific-Practical Conference “Biotechnology: Science and Practice, Innovation and
Business” (Yerevan, Armenia, 2021); The Biochemistry Global Summit (Lisbon, Portugal,
2022); FEMS Conference on Microbiology (Belgrade, Serbia, 2022); Int. Conference “The
Present and Future of Plant Biotechnology” (Minsk, Belarus, 2023); Pan-Armenian Scientific
Conference-2023 (Yerevan, Armenia, 2023); 48" FEBS Congress “Mining Biochemistry for
Human Health and Well-being” (Milan, Italy, 2024); Annual Summary Scientific Conference-
2024 (Yerevan, Armenia, 2024); FEMS MICRO 2025 (Milan, Italy, 2025).

Publications. On the basis of the experimental data observed in the dissertation, 23
papers, including 5 articles in international peer-reviewed journals and 4 articles included in the
list of HESC of the RA, as well as 14 abstracts were published.

Volume and structure of the dissertation. The dissertation contains the following
chapters: introduction, literature review (Chapter 1), experimental part (Chapter 2), results and



discussion (Chapter 3), summary, conclusions, and cited literature (a total of 151 papers and
books). The dissertation consists of 136 pages, 2 tables and 33 figures.

MATERIALS AND METHODS

Research objects. Green algae P. kessleri RA-002, P. kessleri MDC6524, and C.
vulgaris Pa-023 (Microbial Depository Center, NAS, Yerevan, Armenia) and C. vulgaris IBCE
C-19 (Algae Collection, Institute of Biophysics and Cellular Engineering, NAS, Minsk,
Belarus) were used.

Green algae cultivation conditions. Algae were grown in Tamiya medium under aerobic
conditions upon illumination and shaking at 100 rpm (WideShake SHO-1D, DAIHAN
Scientific, Korea) (Manoyan et al., 2022). Acetate or glucose was used as the carbon source for
photoheterotrophic cultivation of algae. Algal growth was monitored by measuring the optical
density at 680 nm using a Spectro UV-Vis Auto spectrophotometer (Genesys 10S UV-VIS-
Thermo Fisher Scientific and UV 2700 Shimadzu). The specific growth rate () was calculated
as: i = (InODt — InODo)/At, where ODyo is the initial ODsso, and ODt is ODeso after t days. The
initial pH of the algae cultivation media was adjusted to 7.5, and was measured by a pH/ORP
benchtop meter (HANNA Instruments, Portugal). Redox potential was measured using a
platinum electrode (EPB-1, Measuring Instruments Enterprise, Gomel, Belarus) (Manoyan et
al., 2019, 2020). The cells’ morphology was determined using a light microscope (Microscope
XSP-136C, %1000, China) and an inverted microscope (OPTIKA IM-5, LED 8W with C-P8
digital camera, Italy) (Manoyan et al., 2025).

Determination of photosynthetic pigment content. Concentrations of pigments,
including chlorophylls (Chl) a and b, and carotenoids, extracted from algae cells using 96%
ethanol, were determined. Absorption spectra of extracts were recorded by a Spectro UV-Vis
Auto spectrophotometer (Manoyan et al., 2022, 2025).

Determination of Hz production. For the Hz production assay, algae cultivated under
aerobic conditions were harvested by centrifugation and transferred to Tamiya or waste-
containing media as described (Manoyan et al., 2025). Hz production assays were conducted
under anaerobic conditions and illumination. Hz yield was assessed by potentiometric and gas
chromatography methods (Manoyan et al., 2024, 2025). Hz concentration in the gas-phase was
determined by standard gas chromatography techniques (GC 7820A, Agilent Technologies,
USA). To identify the H2 production pathways, the effects of the specific PS Il inhibitor, diuron
(3-(3,4-dichlorophenyl)-1,1-dimethylurea), and protonophores, carbonyl cyanide m-
chlorophenylhydrazone (CCCP) and 2,4-dinitrophenol (DNP), were studied.

Determination of electromagnetic irradiation effects. Algal suspensions were exposed
to EMI with a frequency of 51.8 and 53.0 GHz using a high-frequency EMI generator (model
G4-141) with a conical antenna (Scientific-Production Enterprise “Istok”, Fryazino, Moscow
Region, Russia) (Manoyan et al., 2020).



Determination of photochemical activity of photosystems. Photochemical activity of
PSs was recorded using a PAM-fluorometer (DUAL-PAM 100, Heinz Walz, Germany)
(Manoyan et al., 2022, 2024).

Physicochemical analysis of waste. The FTIR spectra of algae biomass, untreated
wastes, and algae cultivated in waste-containing media were acquired using a Nicolet™ iS50
FTIR spectrometer (Manoyan et al., 2025). High-performance liquid chromatography (HPLC,
Agilent 1260 Infinity, Germany) was used to analyze the composition of waste, specifically
sugars and organic acids (Manoyan et al., 2025).

Determination of chemical oxygen demand (COD) and total nitrogen content in
waste. Total nitrogen concentration was determined by the Kjeldahl method, and COD was
determined as described (Manoyan et al, 2025).

Chemicals and data processing. Various reagents of analytical grade were used to
perform this research. The data were collected from at least three to four independent
experiments. Standard deviations were calculated using Microsoft Excel. The statistical
significance of the obtained results was confirmed using single-factor ANOVA analysis or
Student’s t-test (p); the difference is valid if p<0.05.

RESULTS AND DISCUSSION

Growth characteristics and Hz production by green algae Parachlorella kessleri in the
presence of different carbon sources

The choice of carbon source is important for the cultivation of photosynthetic
microorganisms, as it affects both their growth and Hz yield. Selecting carbon sources that are
efficiently utilized by algae can enhance biomass accumulation and stimulate Hz production. In
this study, the growth and Hz photoproduction by P. kessleri were investigated in the presence
of various organic carbon sources (acetate, glucose, and fructose). Algae were cultivated under
aerobic conditions in Tamiya medium with shaking at 100 rpm and upon illumination of 2000
lux. The optimal concentration of the organic carbon source was found to be 1 g L't The
addition of organic carbon sources promoted a high biomass yield of algae. The composition of
algae’s photosynthetic pigments is sensitive to environmental conditions. P. kessleri grown in
acetate-supplemented medium exhibited the highest levels of Chl a and Chl b, ~1.2 times higher
than in cultures grown with glucose (Fig. 1a). In contrast, carotenoid content was the highest in
cultures grown with fructose, being 1.2-1.4 times greater than in those grown with acetate or
glucose (Fig. 1a).

The effect of organic carbon sources on the Hz production by P. kessleri during anaerobic
growth was examined. Hz production studies were conducted under anaerobic conditions,
because green algae do not produce Hz under aerobic conditions (Manoyan, Gabrielyan, 2018).
P. kessleri produced Hz in the presence of all three organic carbon sources tested. Hz production
under photoautotrophic anaerobic conditions was negligible compared to that under



photoheterotrophic conditions (Fig. 1b). Maximum H2 yield (~1.4 mmol L) was observed in
cultures grown with acetate (Fig. 1b). A similar effect of acetate on H2 production by Ch.
reinhardtii was reported by Kosourov and co-authors (2007). This enhancement in Hz yield is
likely due to oxygen uptake and the induction of [FeFe]-hydrogenase, which is active only
under anaerobic conditions. Green algae in order to generate ATP perform “anaerobic oxygenic
photosynthesis”, where the oxygen produced during photosynthesis is consumed by respiration,
creating anaerobic conditions that activate [FeFe]-hydrogenase and initiate H2 generation.
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Fig. 1. Effect of carbon sources on the concentration of photosynthetic pigments (a) and light-
dependent Hz production (b) by P. kessleri RA-002 (n=3; p<0.05).

The pathways of Hz production by P. kessleri have not been explored yet. To explore
these routes, the effects of protonophores: CCCP and DNP, as well as a PS Il-specific inhibitor,
diuron, have been investigated. Both protonophores used show a positive effect on H:
production by P. kessleri during growth under anaerobic conditions (Fig. 2a). The maximal H:
yield was obtained in the presence of 15 uM CCCP and 50 uM DNF, which was three-fold
higher in comparison with the control without protonophores addition (Fig. 2a). Other studies
have also noted the enhancing effect of CCCP on Hz production by Ch. reinhardtii, Platymonas
subcordiformis, and Aphanothece halophyta (Yang et al., 2014; Pansook et al., 2019). During
dark conditions, H2 production by this alga was not observed even in the presence of
protonophores, indicating that H2 generation in P. kessleri was mediated by light.
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Fig. 2. Effect of protonophores on Hz production (a) and redox potential (b) in P. kessleri (n=4,
p<0.05).



The effects of CCCP and DNP on the redox potential of the P. kessleri culture medium
were also examined (Fig. 2b). Samuilov with co-workers (1995) suggested that some
protonophores can act as redox carriers, interacting with components of the photosynthetic
electron transport chain. This interaction led to a decrease in Oz production and the creation of
anaerobic conditions. In the presence of 15 uM CCCP and 50 uM DNP, the maximal negative
values of redox potential were obtained. The change of redox potential kinetics was coupled
with the maintenance of anaerobic conditions and Hz formation in P. kessleri, as well as with
the synthesis of various end-products (Manoyan et al., 2019).

The enhancing effect of protonophores on the H: production can be coupled with
dissipation of proton motive force (4p) through thylakoid membrane in P. kessleri, increasing
the availability of protons and electrons to [FeFe]-hydrogenase, because hydrogenase is located
in chloroplast stroma in green algae (Fig. 3). This hydrogenase can work as an additional sink
under anaerobic conditions. Protonophores can also decrease Oz evolution via suppressing PS 1
activity and the water-splitting complex. In this case, respiration is retained via inactivation of
water-splitting complex, resulting in the creation of anaerobic conditions, expression of
hydrogenase activity, and Hz formation via PS | (Fig. 3). Diuron is a specific inhibitor of PS Il
activity that blocks electron transfer from PS 1l to plastoquinone (Manoyan et al., 2019, 2024).
H2 production was not observed in the presence of diuron. The results showed that in this alga
operates a PS Il-dependent Hz production pathway (Fig. 3).
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Fig. 3. Schematic representation of the proposed mechanisms of protonophores and diuron
action on Hz production by P. kessleri RA-002 (Manoyan et al., 2019).

The effect of high-frequency electromagnetic irradiation on the growth properties and
biohydrogen production by Parachlorella kessleri

In this work, the effects of low-intensity EMI of extremely high frequency (51.8 and 53.0
GHz) on the growth rate and content of photosynthetic pigments of green algae P. kessleri
during growth under aerobic and anaerobic conditions have been investigated. The choice of
these frequencies is coupled with the resonance of water molecules, since the effects of EMI
can be mediated by water (Manoyan et al., 2020).



After irradiation of P. kessleri by EMI with 51.8 and 53.0 GHz for 1 h, an increase in the
specific growth rate (under aerobic conditions) was observed compared to non-irradiated
control cells (Fig. 4a). The effect of EMI depended on the EMI frequency: 51.8 GHz led to a
more pronounced (43%) increase in the growth rate compared to 53.0 GHz. Anaerobic growth
conditions caused a decrease in the growth rate by 26% and 35% for 51.8 and 53.0 GHz,
respectively (Fig. 4a). To reveal the mechanisms of EMI action, the absorption spectra of cell
extracts in 96% ethanol were obtained for algae, cultivated under aerobic conditions (Fig. 4b).
After irradiation an increase in the levels of photosynthetic pigments was observed for both
frequencies (Fig. 4b). The frequency of 51.8 GHz gives a more pronounced effect than EMI
with 53.0 GHz.
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Fig. 4. Effect of EMF at frequencies of 51.8 and 53.0 GHz on the specific growth rate (a) and
the absorbance spectra (b) of P. kessleri RA-002. Control was a non-irradiated culture of P.
kessleri (n=3, p<0.05).

The effects of EMI on the content of photosynthetic pigments in P. kessleri grown under
aerobic and anaerobic conditions are shown in Fig. 5. Under aerobic conditions, after irradiation
of algae by EMI with a frequency of 51.8 GHz the content of Chl a and Chl b was increased
1.5- and 1.7-fold, respectively, while at 53.0 GHz the concentration of Chls was not
significantly increased (Fig. 5a). However, the total carotenoid content enhanced 2 and 1.76
fold for 51.8 and 53.0 GHz frequencies, respectively (Fig. 5a). The enhancing effect of EMI on
other photosynthetic organisms has been reported. In cyanobacteria Spirulina platensis at a
wavelength of 7.10 mm, the intensification of photosynthesis was observed, accompanied by an
increase in the production of biomass and the amount of Chl a (Pakhomov et al., 1998;
Tambiev et al., 2012). Under anaerobic conditions, EMI caused a considerable decrease in the
content of Chls and total carotenoids (Fig. 5b). The frequency of 53.0 GHz demonstrates the
maximal inhibitory effect: the pigment concentration decreases ~3 fold in comparison with the
control. Thus, a study of the EMI effects on the growth properties of P. kessleri has shown that
the effects depend on assay conditions (Manoyan et al., 2020). The data indicate a significant
role of Oz, since the enhancing effect of EMI on green algae was observed only under aerobic
conditions. Moreover, under anaerobic conditions, an inhibition of the algal growth rate and a
decrease in the pigments amount were obtained.

10



Il Chiorophyll a
I Chlorophyll b

o

@) 44 I Chiorophyll a

(b)
S [ carotenoids ; I Chlorophyll
2 1 £ [ carotenoids
< 10 S 4]
2 =
S 84 =
£ c
S @
3 6 8
c
5 S 2
3
2 1 2
2
£ c
S ,] g
) b=
a ol a gl
Control 51.8 GHz 53.0 GHz Control 51.8 GHz 53.0 GHz
aerobic conditions anaerobic conditions

Fig. 5. Effect of EMF at frequencies of 51.8 and 53.0 GHz on the photosynthetic pigments
content in P. kessleri RA-002 grown under aerobic (a) and anaerobic (b) conditions. Control
was a non-irradiated culture of P. kessleri (n=3, p<0.05).

Hz production by a non-irradiated P. kessleri was determined within 3-5 days of anaerobic
growth (Fig. 6). Irradiation of algae inhibited Hz production by P. kessleri during 3-4 days of
anaerobic growth. However, the yield of Hz partially recovered after 5 days of growth,
indicating the existence of protective mechanisms in the studied algae (Fig. 6). But the yield of
H2 was 3-fold lower compared with the non-irradiated control, which suggests a suppression of
the activity of the responsible enzyme, [FeFe]-hydrogenase. Similar data were shown for
various microorganisms, such as Escherichia coli and Rhodobacter sphaeroides (Soghomonyan
et al., 2016).
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100 53.0 GHz Fig. 6. The effects of EMI at frequencies of
51.8 and 53.0 GHz on the H2 yield in P.
kessleri RA-002, cultivated under anaerobic
conditions. Control was a non-irradiated

culture of P. kessleri (n=3, p<0.05).
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Thus, the response of P. kessleri to high frequency EMI is a complex process, which
depends on the algae cultivation conditions and the presence of O2 (Manoyan et al., 2020). The
results indicate that the EMI affects the growth rate of algae, the level of photosynthetic
pigments, and H: yield, which may be associated with the changes in membrane properties, as
well as with the energy conversion processes. The changes in water structure during the
irradiation at resonant frequencies can also affect the structure and properties of the membrane.
The results obtained can be used to regulate the production of biomass and pigment formation
in green algae.
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Growth characteristics and biohydrogen production by green algae under nitrogen- and
sulfur-deprived conditions

In the present study, for the first time, for green algae P. kessleri MDC6524 and C.
vulgaris IBCE C-19, isolated in Armenia and Belarus, respectively, the combined effect of
sulfur (S) and nitrogen (N) deprivation was investigated, and it was compared with the
individual effects of deprivation of only one of these elements. For the creation of a N-deprived
medium, KNO3s was omitted from Tamiya medium, and in S-deprived media, all sulfates were
replaced by chlorides (Manoyan et al., 2024). The growth rates and photosynthetic pigment
contents of C. vulgaris and P. kessleri were analyzed under growth conditions with N or S
deprivation and combined N and S deprivation. The specific growth rates of C. vulgaris and P.
kessleri were 0.49+0.02 d* and 0.45+0.02 d-1, respectively, after 48 h of cultivation in standard
Tamiya media upon illumination. N and S deprivation inhibited the growth rate of C. vulgaris
by ~1.3 and ~1.7 times, respectively; similar results were obtained for P. kessleri (Fig. 7).
Combined deprivation of S and N inhibited C. vulgaris and P. kessleri growth rates by ~4 and
~3.5 times, respectively (Fig. 7).
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Deprivation of N and S significantly decreased the content of photosynthetic pigments in
both algae. C. vulgaris showed a greater loss of chlorophyll pigments under N or both N and S
deprivation (~35% loss) as compared to S deprivation treatment (21% loss) (Fig. 8a). The total
carotenoid content decreased by ~20 % under combined N and S deprivation. In P. kessleri
cells, deprivation of N decreased the content of Chl a and Chl b by ~20% relative to the control
and did not change the levels of carotenoids (Fig. 8b). The absence of S in the nutrient medium
had a less significant effect. The largest decrease (35%) in Chl a and Chl b in P. kessleri was
registered under combined N and S deprivation (Fig. 8b). In both algae, the Chl a/b ratio did not
change significantly. A decrease in the level of pigments indicates potential significant
modifications in the functioning of the photosynthetic apparatus of the tested algae species.
PAM-fluorescence analyses were used to evaluate the photochemical activity of two
photosystems in nutrient-deprived conditions. Under anaerobic conditions, nutrient deprivation
decreased the photochemical activity of PS Il in both algae, whereas no significant effect of
deprivation on PS | activity was found.
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Fig. 8. Changes in the amounts of chlorophyll a and b in C. vulgaris IBCE C-19 (a) and P.
kessleri MDC6524 (b) grown in S- and N-deprived media (n=3, p<0.05).

Hz production as a result of PS 1l dysfunction is widely discussed. The Hz yield in Ch.
reinhardtii significantly increased as a result of the partial suppression of PS Il activity (Antal
et al., 2020). Our data indicate that in C. vulgaris and P. kessleri, the nutrient deprivation leads
to the suppression of PS Il photochemical reactions, which, in the absence of the effect on PS |
activity, stimulates the Hz production by algal cells (Manoyan et al., 2022, 2024). It was shown
that both algae demonstrated the ability to generate Hz under S and N deprivation in anaerobic
conditions. Hz production by both algae started after 24 h and was detected at least during 96 h
with a maximum level at 48-72 h. Hz production was stimulated in all cases of nutrient
deprivation, with the most significant Hz yield detected in combined S- and N-deprived media
(Fig. 9). Under these conditions, Hz yield reached the maximal levels (C. vulgaris: 60 mL L;
P. kessleri: 68 mL L), which were 3-4 times greater than control. Overall, the H2 yield in P.
kessleri was higher compared to that of C. vulgaris under all tested conditions (Fig. 9).
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Fig. 9. Hz production by C. vulgaris IBCE C-19 (a) and P. kessleri MDC6524 (b) cultivated
under S- and N-deprived conditions (n=3, p<0.05). Cultures grown in standard Tamiya medium
served as controls.
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Thus, S and N deprivation in algae can lead to an increase in Hz production due to [FeFe]-
hydrogenase induction. Nutrient deprivation triggers metabolic changes that include
upregulation of hydrogenase enzymes. Algae undergo a shift in their metabolic pathways,
favoring the fermentation of organic compounds. As a result, excess reducing equivalents, such
as reduced NADH, are generated within the cells. The induced hydrogenase enzymes then
utilize these excess reducing equivalents to catalyze the production of Hz. In other words, the
H2 generation provides an alternative route for algae to dispose of excess reducing equivalents
and maintain redox balance under nutrient stress.

Two pathways, such as PS Il-dependent and independent, provide light-dependent H:
production by green algae. Diuron has been used to determine the pathway of H2 generation in
algae tested under nutrient deprivation. Diuron inhibited the Hz production by C. vulgaris IBCE
C-19 and P. kessleri MDC6524 showing the involvement of PS Il in this process (Fig. 9).
Addition of diuron to C. vulgaris and P. kessleri cultivated under N and S deprivation
conditions decreased Hz yield by up to 70% (Fig. 9). Overall, this indicates that H20 is the main
electron donor for hydrogenase in these algae and that up to 70% of electrons for Hz generation
are provided by PS Il, whereas the PS Il-independent pathway possibly donates only 30% of
electrons (Manoyan et al., 2024). The same results were reported by Zhang and co-workers for
C. protothecoides grown under N-limited and S-deprived conditions in the presence of diuron
(Zhang et al., 2014). By blocking electron transfer from the primary electron acceptor in PS |1
to the plastoquinone pool, diuron disrupts the normal flow of electrons in the photosynthetic
electron transport chain. This may result in disruption of redox balance and the generation of
reducing equivalents, such as NADPH and NADH, which serve as electron donors for
hydrogenase. The disruption of their balance can impair the enzymatic reactions involved in Hz
production. It is important to note that while S and N deprivation can enhance Hz production in
algae, the overall efficiency and yield of H2 are influenced by various factors, including the
specific strain of algae, cultivation conditions, and availability of other cofactors and electron
donors. Therefore, optimizing the nutrient-deprivation strategy and understanding the
underlying metabolic mechanisms are crucial for maximizing Hz production by algae.

Growth properties and Hz production by another alga C. vulgaris Pa-023 under S- and N-
deprived condition have been investigated. S and N deprivation led to a decrease in the specific
growth rate in C. vulgaris by ~1.4 and ~1.2-fold, respectively, compared with the control
cultivated in complete Tamiya medium (Fig. 10a). Hz production was recorded in C. vulgaris
during anaerobic growth under N- and S-deprived conditions (Fig. 10b). An increase of H:
yield in C. vulgaris under N- (2.0 mmol L) and S-deprived (2.2 mmol L) conditions was
observed, which was ~3 times higher than the H: yield of algae grown in complete Tamiya
medium. For comparison, Kosourov with co-workers (2007) reported H: yields of 1.50 and 0.9
mmol L in Ch. reinhardtii CC-124 cultivated under N- and S-deprived photoheterotrophic
conditions, respectively. To identify the Hz generation route in this alga, diuron was used,
which was added after 24 h of algae growth, when Hz production was recorded. In the presence
of diuron, H2 production significantly (~5 times) decreases in S- and N-deprived cells,
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indicating that a PS Il-dependent pathway is operating here (Fig. 10b). In C. vulgaris Pa-023
under nutrient deficiency, PS Il supplies ~85% of electrons for hydrogenase.
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Fig. 10. Specific growth rate (a) and Hz yield (b) in C. vulgaris Pa-023 grown under N- and S-
deprived conditions (n=3, p<0.05).

Growth properties and biohydrogen production by green algae in ethanol and brewery
waste-containing media

Alcohol production is frequently regarded as one of the most environmentally taxing
industries due to the variety and large volume of waste generated during the process. However,
using microorganisms to harness alcohol production wastes, such as ethanol and brewery
wastes, offers a promising approach to reduce waste and enhance sustainability in this
pollution-prone sector. By converting these wastes into useful products like biofuels and
valuable secondary metabolites, photosynthetic microorganisms provide a way to reduce the
environmental impact of alcohol production while simultaneously producing valuable products
for various industries.

It is well-established that algae grow better under photoheterotrophic conditions than
under photoautotrophic conditions. Ethanol (EtW) and brewery (BW) production wastes were
selected as cultivation media for P. kessleri MDC6524 due to their availability, nutrient content,
suitability for microbial use, and low cost. These industrial wastes are a rich source of carbon
and other nutrients that are beneficial for microorganisms’ growth and Hz production.

To explore the potential of brewery and ethanol production waste as cultivation media for
P. kessleri, experiments were conducted using both undiluted and diluted waste samples. The
pH of the wastes was adjusted to 7.5, as this pH value is optimal for both algal growth and
hydrogen production. P. kessleri was cultivated in media containing undiluted and 2-fold
diluted BW, as well as undiluted and 2-, 5-, and 10-fold diluted EtW, where anaerobic
conditions were maintained. Algae culture grown in standard Tamiya medium with glucose as a
carbon source served as the control. Morphology of P. kessleri cultivated in Tamiya and waste-
containing media was determined under an inverted microscope. Control cells of P. kessleri are
large and ellipsoidal, whereas mature cells have a spherical shape and a clearly defined cell wall
(Fig. 11a). In EtW-containing media, the cells were predominantly spherical in shape, with a
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clearly defined cell wall and a cup-shaped chloroplast; some young cells exhibited an
ellipsoidal shape (Fig. 11b, c). In BW-containing media, the cells appeared larger, with a cup-
shaped chloroplast with a greenish-yellow hue. A higher frequency of dividing cells was
observed with the formation of up to eight autospores (Fig. 11d, e).
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Fig. 11. Microscope images of P. kessleri MDC6524 cultivated in: (@) Tamiya medium
(control); (b, ¢) 5- and 10-fold diluted EtW; (d and e) undiluted and 2-fold diluted BW. Specific
growth rate of P. kessleri grown in EtW- (f) and BW-containing media (g) (n=3, p<0.05).

The specific growth rate of P. kessleri increased during cultivation in waste-containing
media (Fig. 11f, g). The highest specific growth rate of algae was observed in 5-fold diluted
EtW and 2-fold diluted BW-containing media, showing a 1.4 times increase compared to the
control culture (Fig. 11f, g). Similar results were obtained for C. vulgaris grown in brewery
wastewaters (Lois-Milevicich et al., 2020). In contrast, in undiluted EtW medium, the specific
growth rate of algae decreased by 1.5 times compared to the control culture (Fig. 11f), due to
the high concentration of organic compounds in the waste. Therefore, diluting the waste is
essential to optimize the concentration of organic compounds and ensure efficient algae growth.

To investigate the levels of photosynthetic pigment in P. kessleri cultivated in waste-
containing media, absorption spectra were recorded (Fig. 12). The highest pigment content of P.
kessleri was observed during cultivation in 5-fold diluted EtW- and 2 fold diluted BW-
containing media (Fig. 12). When P. kessleri cultivated in 5 fold diluted EtW- and 2 fold
diluted BW-containing media, the total carotenoids and Chl a contents increased 2 times
compared to the control, while the amount of Chl b remained unchanged (Fig. 12c). The high
amounts of Chl a and carotenoids suggests an increase in the light-harvesting capacity of algae.
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Diluted ethanol and brewery waste can promote the growth of green algae because they
contain various nutrients that serve as essential sources for cell growth, potentially enhancing
biomass production.
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To determine the composition of the waste used, Fourier transform infrared spectroscopy
(FTIR) and high-performance liquid chromatography (HPLC) were carried out. This analysis
made it possible to identify which compounds are effectively utilized by green algae. The
chemical composition of brewery and ethanol waste is very rich, mainly in organic compounds
such as proteins, carbohydrates, organic acids, etc. Consequently, their FTIR spectra have a
complex pattern, indicating the presence of vibrational bands that characterize different
biomolecules (Fig. 13). Interpretation of FTIR spectra involves identifying the presence,
location and intensity of bands corresponding to specific functional groups belonging to various
biomolecules contained in the waste (Manoyan et al., 2025). During the cultivation of algae in
waste-containing media, slight changes in the peak positions and their intensities are observed,
which indicate the utilization of waste components by algae and the formation of new
compounds of metabolism (Fig. 13).

HPLC analysis of industrial wastes demonstrated that the content and composition are
typical for these wastes. Brewery production waste contains sugars such as glucose, arabinose,
xylose, and fructose, and organic acids such as malic, lactic and oxalic acids. During cultivation
in BW-containing media, glucose, fructose and malic acid are completely consumed by the
algae. In ethanol production, waste sugars such as glucose, fructose, arabinose, galactose,
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xylose, and sucrose, and organic acids such as lactic, oxalic, and tartaric acids are present
(Manoyan et al., 2025). P. kessleri completely utilized glucose, oxalic, and tartaric acids in
EtW-containing media, while the concentrations of fructose and lactic acid decreased by ~1.4
and 1.2 fold, respectively. P. kessleri was unable to utilize xylose, which is present in both
wastes. Important characteristics of waste, such as chemical oxygen demand (COD) and total
nitrogen concentration were also determined. The COD of effluents is crucial for the cultivation
of microalgae, as elevated carbon levels in waste can suppress their growth. During our
experiments the COD values of EtW and BW were 6670 mg Oz L and 4380 mg Oz L7,
respectively, which indicate that these industrial wastes can be used as promising media for
photoheterotrophic cultivation of P. kessleri. The total nitrogen concentrations in EtW and BW
are 38 and 42 mg L, respectively. During P. kessleri cultivation, the nitrogen concentration in
EtW and BW-containing media decreased by 68% and 43%, respectively. The algae utilized
total nitrogen and used it for growth.

100- (@) 100+ (b)

° /P kessleri biomass ° - kessleri b|omass§

X 80 e X 80 |

§ » Ethanol wast ; § B :

| N anol waste ; ] rewery waste

< 60 S 60 Y

£ g

§ 40 § 40

c AR c !

© f : © 4 i "

= P, kessleri+5 fold diluted E — P. kessleri+2 fold diluted B

204 o 204 [
OHi c=0' | CN oHi i c-olién M
NHi  CH c=c co NHi CcH c=c co

0 : ‘ ‘ ‘ ‘ :
4000 3500 3000 2500 2000 1500 1000
Wavenumber, cm™

T
500

0 T T T T T

4000 3500 3000 2500 2000 1500
-1

Wavenumber, cm

T
1000

500

Fig. 13. FTIR spectra of P. kessleri biomass, wastes, and algae cultivated in (a) 5-fold diluted
EtW- and (b) 2-fold diluted BW-containing media.

The Hz production by P. kessleri MDC6524 cultivated in waste-containing media under
anaerobic conditions and continuous illumination was determined. Waste dilution increased the
H2 production by P. kessleri: the highest Hz yield was observed in 5- and 10-fold diluted EtW,
and 2-fold diluted BW media (Fig. 14). Moreover, Hz production by P. kessleri, cultivated in
waste-containing media, began at 24 h and continued for at least 120-144 h, with a stable yield
observed between 48 and 96 h. In control cells cultivated in standard Tamiya medium, H2
production continued for 96 h with a maximum yield at 48-72 h (Manoyan et al., 2025). The
highest Hz yields in P. kessleri were detected in 5- and 10-fold diluted EtW-containing media
after 48 h cultivation, and achieved to 72 and 66 mL L, respectively, which were ~5 times
higher compared to the control cultivated in Tamiya medium (Fig. 14a). Moreover, H2
production rate also reached its maximum level in 5- and 10-fold diluted EtW. In 2-fold diluted
BW-containing media the maximum yield of Hz production was 55 mL L-*, which was 4 times
higher compared to the control grown in Tamiya medium (Fig. 14b). No Hz generation was
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observed when algae were grown on undiluted EtW-containing media, whereas in 2-fold diluted
EtW and undiluted BW the H: yield was not significant (Fig. 14). This may be due to the high
content of organic compounds in the wastes. Therefore, waste dilution is essential to optimize
the concentration of organic compounds for biomass and Hz generation by green algae.
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Fig. 14. Hz yield in P. kessleri MDC6524 cultivated in EtW- (a) and BW-containing media (b)
(n=3, p<0.05).

To elucidate the mechanisms of Hz generation and the functional activity of PS II, which
provides reductants for Hz production, the effects of diuron, a known PS Il inhibitor, on H:
yield in P. kessleri were determined. Diuron suppressed the H2 production by P. kessleri,
cultivated in diluted waste-containing media by approximately 40% (Fig. 14). The data
obtained indicate that in algae cultivated in waste-containing media, only 40% of the electrons
for Hz generation are provided by PS Il during water splitting, while the PS Il-independent
pathway contributes 60% of the electrons. Thus, diuron inhibits the transfer of electrons from
the PS 1l reaction center to the plastoquinone pool. Organic compounds found in waste support
the PS Il-independent pathway by providing electrons to the plastoquinone pool.

In addition, the Hz generation in another algae strain, C. vulgaris IBCE C-19, using
ethanol production waste, was investigated. The results showed that Hz> generation in these
algae, in EtW-containing media was also started at 24 h growth, whereas in control cells,
cultivated in standard Tamiya medium, H2 yield was detected at 48 h. No H2 generation was
observed when undiluted waste was used. During the cultivation in diluted EtW-containing
media Hz production by C. vulgaris was higher in comparison with the control (Fig. 15a). The
highest H: yield was detected at 48 h growth in 5- and 10-fold diluted EtW, which was ~3-fold
higher than the Hz yield in the control, grown on Tamiya medium (Fig. 15a).

To determine the contribution of PS Il in Hz generation during C. vulgaris cultivation in
waste-containing media, the effect of diuron was investigated. Diuron suppressed the H:
generation in C. vulgaris by ~70% in 5- and 10-fold diluted EtW, which indicates the
significant role of PS Il as a supplier of electrons (~70%) for Hz production in this algae (Fig.
15a). The effect of diuron on H2 yield in C. vulgaris, cultivated in diluted EtW-containing
media, indicates that PS Il provides the main electrons for Hz production during splitting of
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water, this pathway of Hz generation is known as PS Il-dependent route (Manoyan, Gabrielyan,
2021). H2 production by microorganisms is coupled with a decrease in the value of the redox
potential. During cultivation of C. vulgaris in undiluted EtW-containing media, the decrease in
the redox potential up to —-306£5 mV was observed, whereas in 5- and 10-fold diluted EtW-
containing media, the redox potential decreased up to —-565+25 and —-520+20 mV, respectively
(Fig. 15b).
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Fig. 15. The Hzyield (a) and redox potential (B) in C. vulgaris IBCE C-19 cultivated in Tamiya
(control) and 2-10 fold diluted EtW-containing media (n=3, p<0.05).

Thus, the data obtained indicate that the used alcohol production wastes represent
valuable sources of natural compounds and can effectively serve as efficient substrates for
obtaining biomass and Hz production by both P. kessleri and C. vulgaris.

In the presented dissertation, using modern biochemical and microbiological methods, the
characteristics of light-dependent hydrogen production by green algae isolated in Armenia were
investigated, and integrated approaches for stimulating biomass and H: yields were developed.

CONCLUSIONS

The following conclusions were made based on experimentally obtained results:

1. Green alga Parachlorella kessleri carries out light-dependent Hz production under
photoheterotrophic anaerobic conditions. Moreover, in P. kessleri, the main pathway for H:
production is the photosystem (PS) 11-dependent pathway.

2. Protonophores stimulate Hz production in P. kessleri. The dissipation of the proton gradient
across the thylakoid membrane promotes the activation of the PS Il-independent pathway
for Hz production.

3. The effect of electromagnetic irradiation (EMI) at frequencies of 51.8 and 53.0 GHz on P.
kessleri depends on the algae cultivation conditions and the presence of oxygen in the
environment. Under aerobic conditions, extremely high frequency EMI stimulates algal
growth and the content of photosynthetic pigment, whereas under anaerobic conditions, an
inhibitory effect of EMI is observed.
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Nitrogen and sulfur deprivation stimulate light-dependent Hz production by P. kessleri and
C. vulgaris. The maximum H: vyield is recorded under combined nitrogen and sulfur
deprivation conditions. Under nitrogen and sulfur deficiency, PS Il acts as the main electron
donor.

The use of ethanol and brewery wastes as cultivation media for P. kessleri and C. vulgaris
stimulates the light-dependent Hz production. The maximum Hz yield is observed with
diluted wastes and pH 7.5. It was found that in P. kessleri grown in waste-containing media,
two Hz production pathways are active: PS Il-dependent and independent. Moreover, the
waste can be utilized by the algae to support Hz production via the PS Il-independent
pathway.
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UluN8uL QtUTU ¢NhATLE

SPQPUULPURUUUL FNONLULEE ULNESNRE3NRULL PARACHLORELLA
KESSLERI 1 CHLORELLA VULGARIS GWUULU2 2hPUNRALELNRT QLUO LR
LORUUYURSUL ULSUN AR E3UL 40U

uueneuarr
Pwlwh pwnkp Parachlorella kessleri, Chlorella vulgaris, H>-h wpuwnpmpnid,
Inunnhwdwlupglp, EEjupudwgihuwljut  funwquyptp,  wpounundnptbp,
JEuuwsht mwppkph nwuwynipmnit, wpynmitwpipuljut puthnuubp:

YQuuwy ophuninubtpp $nwnnuplplqnn opquuhquubtp &h, npnup wwppbp
dhowuypbipnud wdkint jupnnnipyub, wdwb pupdp wpugnipyut b wpnwunpujuh
guwdp  Swjuuwnwpnipjut  ounphhy  uyt  Yhpwpnipmit Eh uwnwghp
wpynibwpbkpnipjut mwppbp npputbkpoud: Zwnuybu s htwnwppppnipnit &
ubpuyugunid Jwbwys ophudmnutph Yhpwenipniup H2-h wpnunpmipjut dke, npp
Yupnn £ hwgnnnipyundp Yhpumdty nputu depuluiqiujnn Fikpghugh wnpymip:

Ubkpyuyugynny  htunwgqnunmpjut  dky  oquuwugnpsking  dwdwbwlulhg
Ytuuwphihwljut b Jdwipbwpwbwlut  dbkpngutp, nunmdbwuppdl] b 22-nud
dtlntuwg]wsd Parachlorella kessleri . Chlorella vulgaris Yuuwy ¢phuninutpnud Ha-h
nuuujyw)  wpuwngpoipmniip’ Spghjuphthuljut wmwppip  gopénuubph
wqptignipyudp:

ZEwnmwgnunipniuubph wpyniupnid wupqyby £ np P. kessleri-ut wpunwnpnid £ Ha
Inunnhbnbpnupnd  wbwbpnp wyuydwbibpnud:  Cun  npnud, P kessleri-nud
hhdtwluind gnpénud E $nuinhwdwlupg ($52) 2-jwhyguy He-h wpuwnpoipjul
ninhl: 8nyg b wipdb] bwlh ypnunundnpubph gpujut wqnpkgnipniup P. kessleri-nid
Ho-h wpunwungpnipjut Ypuw, ptugp juwgus £ phjuynhpuhtt punqupnid yponnntwgh
gpunhtinp gpdwt htwn' hwuwtbjh qupdiubng $2 1-h dhongny EEjupnuubpp
hhnpngltwqh  hwdwp: Nupqdlp E np P. kessleri-h Jpum 51.8 L 53.0 QZg
hwdwhinipyudp LEjnpuduqihuuljwl fwnwquypltph wgnpkgnipmniup jupdws
ophuninibiph w&h wwydwbkphg: Npnoyky £ P. kessleri-nud b C. vulgaris-nud Hz-h
wpunpnipniup $ddph b wqnunh wipwdupupnipjut wuydwibbkpnid: H-h Gpp
hupwidt; E Yhiuwshtt wwppbph  whpwwpupnipjubt  thnpdwpliwus  ponp
nbwpbpnud, hull Hx-h wnwybjmgnyb Ejp qpuugdt)] b hwdwlhgqus S-h b N-p
nwlwynipjut wuydwbiubpnud: Mwpqyl] k np S-h b N-h wipwjupupnipjub
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wuydwbbpnud $2 2 gonpénud k npybu LEjwupnuubph hhdbwljwt dwnwlupup:
Quptonh b Epwbnh wpunugpmpub puthnbubph, npybu ophuninutiph wddwu
dhowyuyptph, Yhpwonidp pupwibt] bt He-h jnuuwlwhyu) wpunwnpnipniip: He-h
wnwybjugnyt  Ep qpubgdky b tnupwgws  puhnbubph Ghpundwdp:
Zhnmwqnuinipnibibpp gnyg ko wdl], np pwihnt wwpnibwlnng  dhowduypnud
w&kgud P. kessleri-nud gnpsmd ki Ho-h wpunwgpmpyub 2 mnh’ $2 2-Jujuywy b
wiuh, pup npnud  pwthnuubph opqubwlwt Jdhwgmpinititpp Jupnnp o
oquugnpdyly H2 2-whjuu ninhny H2 wpiunpnipiniip wywhnygbne hudwp:

Ujuyhuny, woltwnwipnid vnwgws wpynibpubpp uynud B, np 2Z-mud
Ubniuugué  Yuwbws ophuninubpp  He-h jununmdbwhg  wpuwngphy G
Uhtuwenwsuh wpnunpnipjut ninhkph nt dbjuwthquubph ntunidbwuhpnipeniup,
b Hz-h pwpdp Gphtt tyuwuwnnn wuydwbubph oyunpdwjmgnidp Juplbnp Eu wndjuyg
oppumpubph’ npubku Yuymb tubpghwgh wnpmpbph tkpomdh wwpqupwidwh
hwdwn:

MAHOSIH JUKEMMA I'YPTEHOBHA

BJIMAHUE ®U3NKO-XUMHUYECKUX ®AKTOPOB HA CBETO3ABUCHUMOE
BBIJAEJEHUE BOJOPOJA 3EJJEHBIMU BOAOPOCJISIMUA PARACHLORELLA
KESSLERI 1 CHLORELLA VULGARIS

PE3IOME
KuaroueBnie cioBa: Parachlorella kessleri, Chlorella vulgaris, seizenenne Hz, horocucremsr,
SJICKTPOMArHuTHOE H3JIYYCHUE, l'IpOTOHO(bOpLI, }:[ed)I/ILII/IT 6I/IOFeHHLIX JJICMCHTOB,
TIPOMBIIIJICHHBIC OTXOABI.

3eneHpIe  BOAOPOCTH — (OTOCHHTE3MPYIOIINE OpPraHU3MEBI, KOTOpBIE, Onaromaps
CMOCOOHOCTH PAacTH Ha pAa3NIMYHBIX CPEJax, BBICOKOH CKOPOCTH pocTa W HU3KHM
MIPOM3BOJCTBEHHBIM 3aTpaTaM, HalUIM I[IHPOKOE INPUMEHEHHWE B pa3IMYHBIX O00JACTIX
npoMblIIIeHHOCTH. OcO0bIil HHTEpeC MpPeJICTaBIsAeT UCHOIb30BaHNUE 3eJICHBIX BOJOPOCIICH s
noixyueHus OuoBomopona (Hz), KOTOpelif MOXET yCHNEIIHO MNPHMEHATHCS B KadecTBE
BO300HOBIISIEMOT0 HCTOYHHKA SHEPTUH.

B nmaHHOW paboTe OBUIO HCCIIENOBAHO BIMSIHUE PA3IHYHBIX (H3UKO-XUMHYECKUX
(akTopoB Ha cBeTO3aBUCHMOE BhiaeaeHue Hz 3enensivu Bogopocnsimu Parachlorella kessleri u
Chlorella vulgaris, wusomupoBaHHBIMH B ApPMEHHH, C HCIOJIb30BAHHEM COBPEMEHHBIX
OMOXMMHYECKUX U MUKPOOHOIIOTHYECKHX METOIOB.
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VccnenoBanus nokasanu, uyto P. kessleri mpousBoaut Bomopox B dhoTorerepoTpodHbIX
aHa’poOHBIX ycnoBusix. [Ipu atom, B P. kessleri B ocHoBHOM feiictByer porocuctema (OC) 2-
3aBUCHUMBIH ITyTh MpoAyKIuK H2. Taxke moka3aHO MOJIOKHUTEIBHOE BIMSHHAE IPOTOHO(OPOB Ha
Beimenenne Hz B P. Kkessleri, uto cBszano ¢ paccemBaHMeM MNPOTOHHOTO TpPaiWEHTa B
TUJIAKOMTHOW MeMOpaHe, YTO yBEIHYHBAET JAOCTYIHOCTh 3JIE€KTPOHOB JUIS THIPOTE€HAa3bl Yepe3
@®C 1. YcraHOBIIEHO, UTO JEHCTBHUE ICKTPOMArHUTHOTO M3IydeHHs ¢ dactoramu 51.8 u 53.0
ITu nma P. kessleri 3aBucur oT ycoBuil KyabTHBHpOBaHHS Bomopocieil. Takxke ObLIO
uccnenosano mpoussonactso Hz B P. kessleri u C. vulgaris B ycnoBusix nedumura cepsl u a3ora.
Bo Bcex ciydasx neduiura GMO3JIEMEHTOB HAOMIOAANIOCH yBeMUUeHHE npoxykuumu Hz, mpu
3TOM MAaKCHMalbHbII BbIXOA H2 ObLl 3aperucTpupoBaH npu KOMOMHMPOBAaHHOM JedHIHTE
cepsl U azota. beuto ycraHOBiIeHO, uTO mpH Aedunure cepsl n azora ®C 2 neicTByeT Kak
OCHOBHOHM TOHOp 371eKTpOHOB. Vcronb30BaHHE OTXOJZOB INPOHM3BOJCTBA MHBA M ITaHONA B
KauyecTBe Cpensl sl KyJIbTHBHPOBAHHS BOJOPOCIECH CTHMYJHPOBAIO CBETO3aBHCHMOE
BeIeeHne Hz. MakcuManbsHBINH BhIX0 H2 OBUT MOMydeH MpH HCHONB30BaHUU pa30aBICHHBIX
otxozoB. MccnenoBanus nokasanu, uyto B P. Kessleri, BoipaiueHHO# Ha cpefax, ConepiKaIlnx
OTXOJIBI, aKTHBHBI 00a myTH npoxykiuu Hz — @C 2-3aBucumelii 1 @C 2-He3aBUCHMBIH, TPHYEM
OpPTaHWYECKHE COCAMHEHUSI OTXOA0B MOTYT OBITH HCIIOIBb30BaHBI ISl 00€CTIeIeH s IPOTYKIINI
H2 gepe3 ©C 2-He3aBUCHMBIH IyTb.

Takum 00pa3oM, pe3ynbTaTsl, MOMYYEHHBIC B JAHHOH paboTe, CBUACTENBCTBYIOT O TOM,
YTO 3€NeHble BOJOPOCIH, W30JMPOBAHHBIE B ApMEHHH, SIBISIOTCS HEPCHEKTUBHBIMH
npogyneHtamu Hz. M3ydenne myTelf m MeXaHH3MOB INpPOAYKIUHM OHOBOZOpPOJA, a Takke
OINITUMU3ALHS YCIIOBHU, CIIOCOOCTBYIOIIMX BBICOKOMY BBIXOY H2, MMeeT BaKHOE 3HAYCHHE IS
PacKphITHs HOTEHIMANA JaHHBIX BOJOPOCIIEH, KaK yCTOHYMBBIX HCTOYHUKOB SHEPTHH.
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