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� Novel cyanobacterial strains were

isolated from rice paddies and

identified.

� Сyanobacterial strains have been

screened for productivity.

� Hydrogen production by cyano-

bacterial strains was examined.

� Strains were adapted to produce

H2 optimizing their physiological

properties.
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a b s t r a c t

A limited supply of oil prompts the search for non-traditional energy sources to replace

traditional ones. This makes hydrogen gas an appealing alternative source. Photosynthetic

organisms capture sunlight very efficiently and convert it into organic molecules. A

promising wild strain was isolated for the first time, from the rice paddies of Kazakhstan

(Kyzylorda and Almaty regions), which can be considered as one of the most active

hydrogen producers compared to the literature. The result showed that among the 13

isolated and collection cyanobacterial strains, Synechocystis sp. S-1 is the most active H2

producer (2.35 mmol H2 mg�1 Chl a h�1) in the light. In contrast, the wild-type cyanobac-

terium Anabaena variabilis A-1 had higher productivity, nitrogenase activity, and a stronger

capacity to produce hydrogen in the dark (8.67 mmol H2 mg�1 Chl a h�1), which matched the
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Screening
Biohydrogen productivity

Nitrogenase
maximum yield obtained in the research. The metabolic modulation performed signifi-

cantly increased hydrogen production. The highest photohydrogen production rate was

observed in cells incubated with 25 mmol HEPES and 50 mmol sodium bicarbonate (NaHCO3).

© 2022 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction
The scarcity of fossil fuels and the effects of climate change

have prompted humanity to seek alternative sources of en-

ergy [1]. In this context, researchers are currently devoting

considerable attention to exploring sustainable and cost-

effective methods of energy production. Fossil fuels cause

environmental pollution, while renewable energy sources are

both cost-effective and environmentally friendly [2,3].

Molecular hydrogen is one of the potential energy sources

of the future as an alternative to today's limited fossil fuel

supplies. It has various advantages as a fuel, including being

ecologically benign, efficient, renewable, and emitting no CO2

when produced and disposed of. All these properties make

hydrogen gas an attractive energy source [4]. Photosynthetic

microorganisms, such as cyanobacteria with high metabolic

potential, are particularly appealing for biological hydrogen

production methods [5]. Since cyanobacteria are microor-

ganisms that can convert solar energy into chemical ones

stored in carbohydrates through photosynthesis, their usage

as prospective H2 producers is relevant and beneficial [6].

Biohydrogen production using phototrophic microorganisms

is a complex but promising biotechnological approach. The

prospects for biohydrogen production depend on scientific

advances in the search for active strains with desired prop-

erties and the choice of appropriate strategies to improve the

strains for photobiotechnological production of H2 [7].

Although cyanobacteria differ in physiological and morpho-

logical characteristics, all of them can produce H2 through

direct and indirect biophotolysis [8]. Literature indicates that

Oscillatoria sp. 23 [9] and Oscillatoria chalybea [10] carry out H2

photoproduction by direct biophotolysis, whereas Anabaena

sp. UTEX 1448 produces a high yield of H2 via both ways [11]. It

has also been reported that Synechocystis sp. PCC6803 can

actively produce H2 by indirect biophotolysis at a maximal

rate of 40.6 mmol H2 mg�1 Chl a h�1 [12]. Hydrogen release

occurs by direct light absorption and electron transfer via two

distinct enzymes, hydrogenase and nitrogenase [13,14].

Hydrogen photoproduction can only occur under anaerobic

conditions since the enzymes involved are extremely sensi-

tive to oxygen [15,16]. The morphological characteristics of

cyanobacteria make them the most promising hydrogen pro-

ducers. It is observed in heterocystic cyanobacteria, where the

oxygen and hydrogen evolution processes are spatially sepa-

rated [17,18]. Nitrogenase occurs in heterocysts of filamentous

cyanobacteria that develop in nitrogen-limited conditions.

Nitrogen fixation produces hydrogen as a by-product. Cya-

nobacteria with heterocyst cells physically segregate

following processes: oxygen evolution occurs in vegetative

cells, while nitrogenase activity occurs in heterocysts with
decreased oxygen permeability [19]. Thus, heterocystic forms

of cyanobacteria can produce H2 and undergo light-dependent

hydrogen evolution in the presence of molecular oxygen

[20,21].

In this area, research should be directed towards identi-

fying cyanobacteria that actively produce hydrogen, as well as

optimizing their cultivation to produce hydrogen more effi-

ciently. Studies have indicated that the production of molec-

ular H2 depends on the activity of hydrogen enzymes that

respond to changes in environmental conditions [22]. H2

production is directly impacted by light, CO2, osmotic stress,

pH, and temperature [23]. Therefore, this study aimed to

identify new strains of cyanobacteria that actively produce H2

and to optimize the cultivation conditions to increase pro-

duction efficiency.

The article reports results of the selection, identification,

and potential of H2-producing cyanobacteria (in the dark and

in the light) as well as experiments examining whether the

photoproduction of hydrogen by cyanobacteria is affected by

HEPES buffer (4-hydroxyethylpiperazine-ethanesulfonic acid)

and NaHCO3. As a result of the metabolic modulation per-

formed in this article, the hydrogen yield was significantly

increased, suggesting that the strains studied can be consid-

ered along with one of the active hydrogen producers.
Materials and methods

Research objects

The research objects were a collection strain (CCMKazNU) of

Desertifilum sp. IPPAS B-1220 and cyanobacterial cultures iso-

lated from rice paddies of the Kyzylorda and Almaty regions of

the Republic of Kazakhstan, including the following isolates:

Anabaena A-1, Anabaena A-2, Synechocystis S-1, Oscillatoria O-1,

Phormidium P-1, Nostoc N-2, Nostoc N-1, and Oscillatoria O-2.

Isolation and cultivation of cyanobacterial strains

The species was determined using cyanobacteria identifiers.

Cyanobacterial cultures were obtained by placing 5 mL ali-

quots into 50-mL flasks containing 10 mL of BG-11 [24], Allen

[25], and Bold and Basal [26] liquid medium, with cyclohexi-

mide added at a concentration of 10e50 mg mL�1 to inhibit the

growth of eukaryotes. The samples aliquots (5 mL) were

placed in 100mL of twice-diluted BG-11 liquid culturemedium

to prepare enrichment cultures of cyanobacteria. As part of

the same procedure, samples were inoculated in Petri dishes

on top of dense agar medium ВG-11. The cultivation was

carried out in parallel at temperatures of 18e22 �C and con-

stant illumination of 50 mmol (photons) m�2 s�1.
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Culture growth rate

Cyanobacteria were cultured continuously in 250 mL vessels

with glass bubbles in a laboratory luminostat at a temperature

of 27 �C under artificial illumination with an intensity of

50 mmol (photons) m�2 s�1 and aeration with a sterile gas-air

mixture enriched with 1% CO2 [27]. Aeration was performed

using an air compressor (S-4000B, BOYU, Chaozhou, China).

All experimental strainswere grown on BG-11medium [28]. By

measuring the optical density of a cell suspension at a

wavelength of l ¼ 750 nm (OD750), a spectrophotometer (PD-

303UV, Apel, Saitama, Japan) was used to follow the growth of

cyanobacterial cultures. The growth rate of the cyanobacterial

cultures was calculated based on the increase in the number

of cells in the experimental vessels according to equation (1)

[29]:

k¼1
t
ln

Nt
N0

(1)

N0 - initial number of cells; Nt e number of cells through t

time.

Obtaining cyanobacterial dry biomass

A certain volume of cyanobacterial suspension was thor-

oughlymixed and dried in a Petri dish at 65 �C for 48 h using an

electronic thermostat (67/350, SNOL, Utena, Lithuania). The

vessels were weighed on a laboratory scale againafter cells

had been evaporating and dried, and the weight difference

determined the total dry weight of the cells. After stirring the

physiological suspension and pouring the undissolved pre-

cipitate into measuring tubes filled with distilled water up to

the volume of the first stage sample, the cyanobacterial

strains were separated using centrifugation (5810R, Eppen-

dorf, Hamburg, Germany) at 5000 rpm. Centrifugation sepa-

rated the solution from the precipitate, and the total dry

weight of the salt in the sample was determined. The dry

biomass of the cells was calculated by subtracting the salts

from the dry weight of the sample. After that, the dry biomass

was measured on a laboratory scale (FA-G, Clever, Shanghai,

China) [30].

Genomic DNA extraction

The genomic DNA of the cyanobacterial strains was extracted

following the protocol described in Harrison et al. [31] and Liu

et al. [32]. Cyanobacterial cells were centrifuged at 4000 rpm

for 7 min, the supernatant was discarded, and the biomass

was then suspended in 1-mL extraction buffer containing

200 mmol of Tris-HCl, 400 mmol of LiCl, 25 mM of EDTA, and

1% SDS. 425e600 mm acid-treated glass beads were added to

the liquid. Shaking the obtained liquid for 30 swas followed by

30 s of incubation on ice. The mixture was centrifuged at

3000 rpm within 15 min. The obtained supernatant was

transferred to a 600 mL microtube containing ice-cold iso-

propanol and mixed by pipetting. The liquid was dissolved in

100 mL of TE buffer (1 mmol EDTA). Then, 10 ml 3 M sodium

acetate and 300 ml of 96% ethanol were added and incubated.

Afterward, the sample was centrifuged for another 30 min at

4 �C at 16,000 g. The pellet was washedwith 70% ethanol, then
dissolved in 50 mL TE buffer. The concentrations of DNA was

determined using a Nanovue plus spectrophotometer (Bio-

chrom, Massachusetts, USA).

Sample preparation and polymerase chain reaction

Ribosomal DNA was used as a conservative DNA locus for the

cyanobacterial species identification. A 16S rRNA gene

amplification was performed using the following primers:

806r, M23f, 8f, M230f, 1525r, 27f and 1492r [33e35]. The ampli-

fication DNA products were separated by electrophoresis on a

1% agarose gel in TAE buffer containing ethidium bromide. To

remove the remaining primers and dNTPs, PCR products were

treated with a mixture of Exol exonuclease and FastAP alka-

line phosphatase. The enzymes were inactivated at 85 �C for

15 min [36].

Specific locus amplified fragment sequencing

DNA was sequenced using the BigDye Terminator v 3.1 Cycle

Sequencing Kit following the Sangermethod [37]. The reaction

mixture was purified with an acetate-alcohol mixture.

Following the sequencing reaction, 10 mL of the sample was

treated with 2 mL 3 M sodium acetate, 39.1 mL 96% ethanol, and

8.9 mL MQ water. The samples were then stored in the dark at

room temperature for 20 min before centrifugation at 4 �C for

30 min at 13,200�g. After draining the supernatant, 60 mL of

75% ethanol was added and centrifuged again. The precipitate

was then separated from alcohol, dried, and dissolved in 14 mL

formamide (HiDi Formamide, Applied Biosystems) before

incubating for 20min at room temperature in the dark. Prior to

being sent to the automated sequencer, samples were heated

at 95 �C for 5 min and cooled on ice for 3 min . Gene fragments

were isolated using an automated sequencer (ABI 3730xl,

Applied Biosystems, Massachusetts, USA).

Methods of hydrogen production

The cyanobacteria were cultivated for hydrogen production

with light (intensity: 45 mmol (photons) m�2 s�1) directed from

three sides. Cultures were grown in 70 mL of BG-11 liquid

medium and aerated with an air pump (SPP-25GA, Takatsuki,

Osaka, Japan) in order to accumulate biomass. The hydrogen

was then transferred into 100 mL flasks to prepare for

extraction [3].

Method for collecting cyanobacterial biomass
Cyanobacterial cultures were grown in 40 mL tubes and then

centrifuged at 10,000 rpm for 5 min. The supernatant was

drained from the culture, then 100 mL of BG-11 culture me-

dium was added to the cell cultures and mixed for 3 min. The

cultures were exposed to light (intensity: 45 mmol (photons)

m�2 s�1) for 24 h before being centrifuged at 10,000 rpm for

5 min (5810R, Eppendorf, USA). The culture medium was

reconstituted with 30 mL of BG-11 after supernatant was

poured of. After two rinses, the cells isolated from the su-

pernatant were adjusted to an OD730 of 1.5 using a spectro-

photometer. Concentrated cells previously modified with a

suspension of 10e200 mmol HEPES-KOH (pH of 7.4) and

10e200 mmol NaHCO3 were flooded into the 7.5 mL of BG-11

https://doi.org/10.1016/j.ijhydene.2022.03.126
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culture medium. The cell biomass was shaken with a micro-

mixer (HS-10VA, AS ONE International, Inc., California, USA)

at 150 rpm. After the GC vial was covered with foil, the cells

were kept in the dark at 25 �C in a bio shaker (BR-22FP, Taitek

Corporation, Saitama, Japan) for growth [38].

Method for measuring molecular hydrogen
The molecular gas H2 collected was measured using a gas

chromatograph (2000, Chromatec, Mari El Republic, Russia)

according to the manufacturer's instructions. The injector and

column were operated at 80 �C. A GC syringe (Hamilton Com-

pany, Reno, USA) was used to extract 0.15 mL of gas from the

GC vial and inject it into the GC. For the experiments, temper-

ature was set at 25.0 ± 0.5 �C with an initial pH of 7.4. The

amount (in moles) of hydrogen released was calculated using a

standard calibration curve. The linear dependence betweenmV

and mL was found several trials with a mean deviation of

0.9824. The results of H2 released were converted into mmol

then divided by the Chl concentration (mg). Aftermultiplying by

theheadspace in the vial (15mL) anddividing by thehours of H2

evolution, the final hydrogen yield was expressed as mmol H2

mg�1 Chl a h�1. Argon was used as a carrier gas [38].

Measuring the chlorophyll concentration
Each sample (1 mL) was aliquoted into a 1.5 mL test tube and

centrifuged at 10,000 rpm for 5 min in a high-speed refriger-

ated microcentrifuge (SS-1500X, Sakuma Seisakusho, Tokyo,

Japan). After separating the supernatant, 1 mL of 100%

methanol was added to the culture cell tube and then it was

centrifuged at 10,000 rpm for 5 min. Chl a concentration was

measured by comparing the light spectra of 665.2 and 750 nm

with 100% methanol as a control [11].

Measuring the light intensity
Light intensity wasmeasured at 5 regions of the vessel using a

luxmeter (Quantum Q 40555 LI-250A, LI-COR Biosciences,

Lincoln, NY, USA), and the total value was expressed in mmol

(photons) m�2 s�1 [16].

Optimization of H2 production

The BG-11 culture medium was used to test enzymatic H2

production at different NaHCO3 concentrations of

10e200 mmol. The concentrations of 10, 25, 50, 100, and

200 mmol were obtained by dissolving a certain amount of

NaHCO3 salt in the solution. To adjust the pH (5,7 and 9) of the

H2 enzymatic solution, HCl and NaOH were added, respec-

tively. Salt concentrations of10, 25, 50, 100, and 200 mmol were

used to study the effect of HEPES on H2 production [21].

Determination of nitrogenase activity by the acetylene
method

The cultures of cyanobacteria were cultivated in light until the

stationary phase of the cells began. Then, the samples were

centrifuged at 16,000 g for 20min at 4 �C. A 15mL thick sample

of biomass was transferred into a 25 mL GC vial, after being

adjusted to OD720 ¼ 1.5. A mixture of 10% acetylene and 90%

argon was then introduced into the GC vial within 30 min [39].

The cells in the vial were cultured for 1, 2, 4, 8, 24, and 32 h at a
photosynthetic photon flux density of 70 mmol (photons) m�2

s�1. After the mixture was incubated, 500 mL of gas samples

were withdrawn and the ethylene concentration was

measured. A GC-15A gas chromatograph (Shimadzu, Oregon,

USA) was used to measure the redox activity of acetylene. It

was expressed as nmol ethylene mg�1 DW (dry weight) h�1.

Statistical analysis

The studies were conducted in three repetitions. The graphs

were created using Microsoft Office Excel 2013. Based on the

neighbour-joining method in Mega software 6.0 with 1000

bootstrap values [40], a phylogenetic tree was constructed.

The chromatograms of nucleotide sequences were analysed

using VectorNTI version 11 and the NCBI database using

BLAST (Basic Local Alignment Search Tool) and compared

with reference sequences.
Results

Isolation of axenic cyanobacterial cultures from rice paddies

In order to study the biodiversity of phototrophic microor-

ganisms and to isolate cyanobacterial strains, samples of

water, soil, algal mats, and plants were collected from various

ecosystems in the Kyzylorda and Almaty regions.

Thirteen (13) cyanobacterial isolates were obtained from

water, soil, algalmat, and plant samples, which showed stable

growth under laboratory on enriched culture media. Eight (8)

axenic cultures of cyanobacteria were obtained from them.

In this research, the methodology was restricted to fila-

mentous isolates of cyanobacteria since the aimwas to identify

nitrogen-fixing strains of cyanobacteria. Thus, 8 promising

isolates with a code containing the culture name and the serial

number of the collected sample, including Anabaena A-1, Ana-

baena A-2, Synechocystis S-1, Oscillatoria O-1, Phormidium P-1,

Nostoc N-2, Nostoc N-1, and Oscillatoria O-2, possessed a fila-

mentous structure and were probably cyanobacteria.

The isolated strains are stored in the collection of micro-

algae and cyanobacteria of Culture Collection of Microalgae,

Laboratory of Biotechnology, Department of Biotechnology,

Al-Farabi KazNU (CCMKazNU).

Productivity screening of natural cyanobacterial isolates

The high growth rate, the relative ease of genetic manipula-

tion, and small genome size make cyanobacteria suitable

model organisms for studying various physiological processes

and metabolic pathways occurring in photosynthetic cells

[41]. Thus, cyanobacteria are of great interest in both funda-

mental and practical research. Nowadays, researchers and

entrepreneurs are increasingly interested in cyanobacteria

due to the diverse metabolites they produce that can be uti-

lized in the fuel industry [42]. Therefore, screening for pro-

ducer strains is required for the application of cyanobacteria

in bioenergy. The potential of species for use in biotechnology

is primarily determined by their productivity. Biomass yield,

growth rate, and photosynthetic activity are the most impor-

tantmeasures of phototrophicmicroorganismproductivity. In

https://doi.org/10.1016/j.ijhydene.2022.03.126
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this context, the collection and isolated cultures of cyano-

bacteria were examined for their productivity. Experimental

cultures of cyanobacteria such as Anabaena A-1,AnabaenaA-2,

Synechocystis S-1, Oscillatoria O-1, Phormidium P-1, Nostoc N-2,

Nostoc N-1, and Oscillatoria O-2 were screened based on the

comparative productivity analysis, which includes the growth

rates and dry weight of biomass. The initial optical density

was 0.03 in all cases. The optical density of the cells in the

experimental cultures was monitored daily. Phormidium P-1

showed active growth during cultivation. The colour and

density of the cell suspension of the cultivated cultures can be

used to visually assess the results.

The highest growth rate of Anabaena A-1 and Phormidium P-

1 cells was 0.65 and 0.60, respectively, followed by Anabaena A-

2 cells with 0.51. In contrast, the values for Synechocystis S-1 and

OscillatoriaO-1 cellswere 0.59and0.52, respectively, indicating a

relatively low growth rate. Therein, the biomass of the experi-

mental cyanobacterial cultureswas determined. After 8 days of

cultivation, the accumulation of dry biomass in the cells of all

tested cultures was determined. For this purpose, a thick sus-

pension of the cultures was concentrated in a centrifuge and

dried at 60 �C for 2 days. The results obtainedare shown inFig. 1.

The average values of dry biomass accumulation were as

follows: for Anabaena A-1 e 1.19 g L�1, for Phormidium P-1 e

1.26 g L�1, for Anabaena A-2 e 1.11 g L�1, for Synechocystis S-1 e

0.95 g L�1, and Oscillatoria O-1 e 0.90 g L�1. As can be seen in

Fig. 1, a relatively high biomass accumulation was observed in

the cultures Phormidium P-1 and Anabaena A-1.

It was revealed that out of 8 isolated strains of cyanobac-

teriaAnabaenaA-1,AnabaenaA-2,OscillatoriaO-1, Synechocystis

S-1, and Phormidium P-1 were shown to have high growth rates

and biomass yields, indicating their high productivity.

Therefore, the cultures were selected for further genetic

identification and biochemical investigation to identify po-

tential hydrogen producers for biotechnology.

Genetic identification of the isolated cultures and
construction of a phylogenetic tree

In order to construct a phylogenetic tree of the identified

cultures based on preliminary determinants, a conservative
Fig. 1 e Accumulation of biomass on the 8th day of

cultivation of cells of collection and isolated cultures of

cyanobacteria. There were significant differences between

different cultures of the bars (tested by one-way ANOVA

followed by multiple comparisons, p < 0.05).
DNA locus was sequenced using research molecular genetic

methods. Five cyanobacterial cultures selected in the pro-

ductivity screeningwere studied. Genomic DNAwas extracted

from the presented samples, the sample was prepared

accordingly, including PCR with universal primers for the

fragments of the conservative rRNA loci, sequencing of the

fragments of the conservative rRNA loci, analysis of the

resulting nucleotide sequence of the conservative rRNA loci,

and comparison with sequences from the international NCBI

database.

Universal primers 16S rRNA were used for amplification of

the resulting cultures Anabaena A-1, Anabaena A-2, Oscillatoria

O-1, Synechocystis S-1, and Phormidium P-1. DNA fragments of

different lengths (<1000 bp) were obtained for molecular

identification of the selected strains. These DNA fragments

were identified in the online database BLAST after amplifica-

tion with universal primers (27f and 1492r).

As a result, sequence data sets with high similarity were

obtained and multiple alignments were performed using the

software MUSCLE. The phylogenetic tree was constructed

using MEGA 6 software based on the evolutionary distances

computed by the neighbor-Joining method based on the

Kimura-2-Parameter algorithm. Load analysis of <1000 bp

replicate samples were used for a statistical evaluation of tree

topologies. Chlorella sp. IR02 23S (JX877627) was used as an

external group.

The phylogenetic tree consists of four main clusters and

one group, each composedmainly of different representatives

of the genera Synechocystis, Oscillatoria, Phormidium, and Ana-

baena. Sequencing of Synechocystis sp. S-1 (OL780781) revealed

1285 bp. The phenogram showed the affinity of Synechocystis

S-1 strain to Synechocystis sp. (99%; 99.85%) and Gloeothece sp.

(98%; 99.17%). Despite the phylogenetic affinity of Synechocystis

sp. S-1 to two strains, the morphological profile defined its

affiliation to the genus Synechocystis.

The Oscillatoria O-1 (OL780772) strain showed 99.33% sim-

ilarity to Oscillatoria sp. CENA526 (VDRJJ94S016). Sequencing

with two additional primers revealed 1191 nucleotides bp. For

phylogenetic analysis of Phormidium P-1 (OL780779), 1282 nu-

cleotides bp were used. Phormidium P-1 was found to be

100.00% related to strain Phormidium tenue AUS-JR/MT/NT-109

(KX670273). Strains Anabaena A-1 and Anabaena A-2 are 99%

and 99.34% related to Anabaena variabilis 0441 (DQ408368.1),

respectively. The Nostoc commune var. flagelliforme (97.46%)

also showed genetic similarity with the studied Anabaena A-2

strain. Well known that nitrogen-fixing cyanobacteria are

exceptional models for hydrogen production, as they have

evolved the reluctant generation pathways needed to produce

hydrogen at high rates. Hence, nitrogen-fixing bacteria are the

best candidates for biological hydrogen production. For this

reason, the nitrogenase activity of the identified strains was

further determined.

Screening the ability of cyanobacterial strains to release
biohydrogen

The obtained results were confirmed by determining the

nitrogenase activity by the acetylene method in the studied

strains. The activity of three nitrogenases was discovered in 3

strains using GC under anaerobic conditions after 24 h of

https://doi.org/10.1016/j.ijhydene.2022.03.126
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cultivation in the light. A comparison of nitrogenase activity

was performed bymeasuring ethylene formationwith specific

H2. According to the results, Desertifilum sp. IPPAS B-1220

showed significantly low results in ethylene (nitrogenase)

production among the strains studied, while A. variabilis A-1

andA. variabilisA-2 produced 15.2 and 8.6 mmol ethylenemg�1

DW h�1, respectively. Thus, A. variabilis A-1 showed compa-

rably high ethylene production (see Fig. 2). In trials with other

species, no ethylenewas oxidized by acetylene. This is defined

by the lack of nitrogenase enzyme in these cultures.

Hydrogen production via biological routes is generally

categorized as a light either dependent or light-independent

process. Next, hydrogen production in the dark and the light

by 5 isolated and 1 collection strainswas investigated to select

highly hydrogen-producing cyanobacterial strains.

In particular, the use of heterocyst-containing cyanobac-

teria for enzymatic hydrogen production with nitrogenase

and dehydrogenase as well as nitrogen-fixing cultures is more

promising. Since the nitrogenase enzyme is preferentially

localized in specialized cells of the above strains, so-called

heterocysts, which require the conditions of lack of bound

nitrogen, form. In this case, oxygen is produced only in

vegetative cells. The presence of a thick membrane, which

poorly allows oxygen to pass through, provides nitrogenase

with spatial protection from its inhibitory action. Further-

more, heterocyst cyanobacteria are characterized by active

respiration (including oxygen intake), making them the only

organisms that can produce hydrogen in the presence of

molecular oxygen in the air [8].

According to the results, hydrogen production in the dark

was observed in all cultures studied. A. variabilis A-1 had the

highest hydrogen productivity, with cells producing hydrogen

in the dark 24 h after degassing. At this time, the hydrogen

yield was 0.049 mmol H2 mg�1 Chl a h�1. The maximum

hydrogen accumulation (8.67 mmol H2 mg�1 Chl a h�1) in A.

variabilis A-1 was recorded after 72 h of incubation, but a slow

decrease in hydrogen evolution was observed in the following

hours of the experiment (see Fig. 3).
Fig. 2 e Rates acetylene reduction, which measures

nitrogenase activity of the strains. 5 mL of cell suspension

was transferred to 20 mL GC vials and the gas phase of the

vials was changed to Ar 10% of acetylene (for nitrogenase

activity assay). The vials were incubated for 24 h at 30 �C
under illumination of 70 mmol (photons) m¡2 s¡1. The

ethylene production was determined by GC. Tested by one-

way ANOVA followed by multiple comparisons, p < 0.05.
In the dark, the other strains showed lower hydrogen-

producing activity than A. variabilis A-1. The strain Phormi-

dium tenue P-1 exhibited a reasonably high level of H2 pro-

duction. The hydrogen yield and the time of maximum

accumulation differed within the two strains.

The accumulation of H2 by the cells of Oscillatoria sp. O-1

after 24 h was 0.004 mmol H2 mg�1 Chl a h�1, while the

maximumH2 production after 120 h was 0.2 mmol H2 mg�1 Chl

a h�1. Among the cyanobacterial strains studied, Desertifilum

sp. IPPAS B-1220 had the lowest capacity to produce hydrogen

in the dark. An insignificant release of hydrogen by this strain

was observed after 120 h of incubation (0.01 mmol H2 mg�1 Chl

a h�1), beyond that, a decrease in this indicator was observed,

and after 144 h, no hydrogen production was observed at all.

Next, the accumulation of hydrogen by the studied cya-

nobacterial strains under illumination conditions was inves-

tigated. It is known that light energy is important for hydrogen

evolution and serves as an electron donor for direct bio-

photolysis [43]. During photochemical reactions in the thyla-

koid membranes of cyanobacteria, molecular hydrogen is

produced by solar energy under certain conditions. Micro-

scopic cyanobacteria do not produce hydrogen under normal

conditions [44]. While the activity of PSI is not required for

hydrogen photodetection, hydrogenase can scavenge elec-

trons in the thylakoid electron transport chain (ETC) during

the photodegradation of water. This results in the production

of both oxygen and hydrogen in cyanobacterial cells in a short

time [45,46].

In this experiment, the cyanobacterial cultures were

cultivated similarly to the previous experiments, and the in-

cubation conditions in the hydrogen productivity studieswere

identical, the only difference being the presence of light. The

initial optical density of the suspension for each culture was

1.5 at 720 nm. The hydrogen production by the cyanobacterial

strains was observed during their incubation in an argon at-

mosphere for 120 h at an illumination of 30 mmol (photons)

m�2 s�1.

Synechocystis sp. S-1 is themost active producer of hydrogen

in light. Hydrogen production in the cells of Synechocystis sp. S-1

occurs in the first 24 h after anaerobic conditions are estab-

lished. The active production of hydrogen continued for 3 days

and then began to decline. The highest hydrogen accumulation

rate was observed after 72 h and was 2.35 mmol H2 mg�1 Chl a

h�1. It should be noted that A. variabilis A-1, an active hydrogen

producer in the dark, did not show similar activity under illu-

mination conditions. After 24 h, hydrogen production under

illumination was 0.1 mmol H2 mg�1 Chl a h�1, and reached a

production maximum of 0.5 mmol H2 mg�1 Chl a h�1 after 96 h,

followed by a gradual decline. Phormidium tenue P-1 showed a

10-fold lower hydrogen production activity compared to the

experiment in the dark, a low hydrogen release of 1.5 and

1.2 mmol H2 mg�1 Chl a h�1 was observed after 96 h and 120 h,

respectively (see Fig. 4).

The cyanobacterial strain Synechocystis sp. S-1 was found

to have a high potential for hydrogen production under light

with a yield of 2.35 mmol H2 mg�1 Chl a h�1. A. variabilis A-1,

on the other hand, demonstrated the highest potential to

produce hydrogen in the dark with a yield of 8.67 mmol H2

mg�1 Chl a h�1, which is almost 17.2-fold higher than its H2

yield in the light.
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Fig. 3 e Comparison of H2 production rate of different cyanobacteria strains under dark. The cells were grown under

illumination of 40 mmol (photons) m¡2 s¡1 and continuous bubbling with air. The vials were incubated for 120 h at 23 �C
under dark. The H2 production rate was determined by GC in the dark. Tested by one-way ANOVA followed by multiple

comparisons, p < 0.05.
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Thus, Synechocystis sp. S-1 is the most active hydrogen

producer in the light among the other research cyanobacterial

strains: A. variabilis A-1, A. variabilis A-2, Oscillatoria sp. О-1,

and Phormidium tenue P-1.

Our results are broadly consistent with published data of

Aoyama et al. [47] reported the potential of Spirulina platensis

Geitl to produce hydrogen under anaerobic conditions in the

light and the dark. Moreover, hydrogen production was

optimal at 32 �C and under complete anaerobiosis in the dark.

There is also evidence of active hydrogen production by
Fig. 4 e Comparison of H2 production rate of different cyanobac

illumination of 40 mmol (photons) m¡2 s¡1 and continuous bub

under illumination of 70 mmol (photons) m¡2 s¡1. The H2 produc

followed by multiple comparisons, p < 0.05.
Synechococcus Nag. PCC 7942 cells under anaerobic conditions

in the dark [48].

According to the experimental results, hydrogen production

by individual new strains is strictly dependent on the avail-

ability of light [49]. The optimal condition for the H2 production

by cyanobacterial cells was the absence of illumination, while

its presence led to a sharp decrease in H2 production. This can

be explained by high PSII activation contributing to oxygen

concentrations that inhibit H2 production by inactivating hy-

drogenase activity, which catalyses the reduction of protons to
teria strains under light. The cells were grown under

bling with air. The vials were incubated for 24 h at 23 �C
tion rate was determined by GC. Tested by one-way ANOVA
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molecular H2 via a directional photosynthetic electron flow.

Our experiments demonstrate that under the absence of light

A. variabilisA-1 produceH2 at a high rate and efficiently convert

light energy into H2. The outlook for using cyanobacteria for

hydrogen production is, however, dependent on the ability of

specific strains to produce particular enzymes which are

responsible for hydrogen production and this often depends on

environmental conditions. To get a high rate and efficiency of

H2 production it is necessary to optimize the physiological

properties of hydrogen production.

Optimization of physiological properties of H2

photoproduction

Effect of NaHCO3 concentrations
The choice of the optimal physiological condition is very

important for the enzymatic hydrogen evolution. This is

because external factors affect not only cell growth but also

the release of various biological compounds by cells to the

external environment. The release of molecular H2 depends

on the functioning of hydrogen enzymes, which respond to

changes in environmental factors. Indeed, salinity, pH, and

temperature of the environment directly influence H2 pro-

duction. All specimens were cultured at 25 �C with an alter-

native 12-h white fluorescent light and 12-h dark cycle to

produce good biomass. To remove salts from the collected

biomass and to create anaerobic conditions, NaHCO3 was

added to the BG-11 medium at concentrations of 10, 25, 50,

100, and 200 mmol for further anaerobic cultivation (see Fig. 5).

Hydrogen production occurred at all NaHCO3 concentra-

tions studied. However, the time and yield of H2 production

were different. Increasing NaHCO3 concentrations led to a

decrease in the total volume of H2 produced, therefore,

hydrogen production at the concentrations of 25 mmol and

50 mmol was several times higher than in the vials with other

NaHCO3 concentrations and corresponded to 9.6 and 7.2 mmol

H2 mg�1 Chl a h�1, respectively. At 25 mmol H2 increase was

detected until 96 h, then the next amount of molecular

hydrogen decreased linearly. These results are consistent

with the findings of Ratomski et al. [50], who concluded that

the hypercarbonate-requiring strain A. variabilis A-1 must

constantly pump an optimal amount of Naþ, which is trans-

ported along with bicarbonate as a source of CO2 for carbox-

ylation and is present in optimal concentrations in the natural

habitat. The cells do this via Naþ-coupled ATP synthesis.

Hydrogen bioproduction started to decrease at 100 mmol

NaHCO3 and reached 3.2 mmol H2 mg�1 Chl a h�1, while at

200 mmolNaHCO3 the hydrogen yieldwas 2.1 mmolH2mg�1 Chl

a h�1, probably due to the unfavourable conditions occurring:

tolerance to high salt concentration, promotion of CO2 fixation

causing the reduction pathway of NADH and NADPH equiva-

lents, which are precursors of hydrogen production [51]. The

high concentration (100e200 mmol) of soda had a negative

effect (3.2 mmol H2 mg�1 Chl a h�1) on H2 production. In all

experiments, cyanobacterium A. variabilis A-1 yield almost 2-

fold H2 after 72 h incubation compare to other times.

Effect of HEPES concentrations
To characterize the physiological response of A. variabilis A-

1 cells to osmotic stress, the growth of cultures treated with
HEPES and its effect on H2 production were studied. As shown

in Fig. 6, HEPES concentrations have a strong effect on H2

production. The hydrogen collected during salt stress corre-

lates inversely with the HEPES concentrations injected into

the GC vial. Increasing the HEPES concentration from 100 mmol

to 200 mmol reduced H2 productions.

The addition of HEPES resulted in the prolongation of

hydrogen production up to 120 h. H2 production proceeded

along a linear curve and the highest yield was recorded at

50 mmol after 96 h. 200 mmol concentration of HEPES had a

negative effect from the beginning of experimental time, and

the maximum peak of linear increase was observed after

120 h. At this concentration, hydrogen amount was lower

(4.1 mmol H2 mg�1 Chl a h�1) by 2.3-fold compared to 50 mmol

The optimal HEPES concentration for biohydrogen evolution

was 25 mmol.

pH effect
To further investigate the pH effect on theA. variabilisA-1wild

type strain, H2 production was examined using GC vials. The

pH is expected to play a crucial role in H2 production due to the

direct influence of proton availability on electron flow and

hence on H2 production [52]. Thus, H2 production was

measured at 5 different pH values: acidic (pH ¼ 5), neutral

(pH ¼ 7), and alkaline (pH ¼ 9) for weight. The dependence of

H2 production by N-limited cells on the pH of medium during

fermentation varied with pH. The optimal pH for H2 produc-

tion (9.45 mmol H2 mg�1 Chl a h�1) by A. variabilis A-1 was

neutral (pH ¼ 7) and overlapped with the variations in the

growth medium. During the incubation period in a neutral

medium, the hydrogen production capacity of the strain was

higher within 98 h, and then a significant decrease was

detected. A similar dependence of H2 production on pH was

observed when cells were cultured in the complete media.

However, pH with a value of 9 influenced cell viability nega-

tively, and H2 amount was lower about 10-fold compared to

pH ¼ 7. Therefore, the pH of the cell suspension can be

adjusted to optimize H2 production by unicellular non-

diazotrophic cyanobacteria during fermentation. Anaerobic

conditions without light showed optimal results with the

observed strain since in light procedures with different pH

values any hydrogen amount was not detected.
Discussion

Biohydrogen energy is currently an energy source that pro-

duces clean and efficient electricity. Therefore, H2 produc-

tion by microorganisms has been intensively studied over

the past 30 years, and many actively hydrogen-producing

species have been identified. Among these species, cyano-

bacteria release hydrogen molecules into the external envi-

ronment using protons and stored energy sources from PSI

and PSII photochemistry. Besides, the activity of hydrogen-

forming enzymes (nitrogenase and hydrogenase) is carried

out differently among cyanobacterial species. However,

despite numerous studies, cyanobacterial hydrogen pro-

duction remains economically unviable. Therefore, many

efficiency-enhancing research activities such as metabolic,

genetic, and technological measures are essential to increase
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Fig. 5 e NaHCO3 concentration effect on H2 production rate of Anabaena variabilis A-1. The cells were grown under

illumination of 40 mmol (photons) m¡2 s¡1 and continuous bubbling with air. The vials were incubated for 120 h at 23 �C
under dark. NaHCO3 concentration for all version was 50 mmol. The H2 production rate was determined by GC. Tested by

one-way ANOVA followed by multiple comparisons, p < 0.05.

Fig. 6 e HEPES concentration effect on H2 production rate of

Anabaena variabilis A-2. The cells were grown under

illumination of 40 mmol (photons) m¡2 s¡1 and continuous

bubbling with air. The vials were incubated for 120 h at

23 �C under dark. HEPES concentration for all version was

25 mmol. The H2 production rate was determined by GC.

Tested by one-way ANOVA followed by multiple

comparisons, p < 0.05.
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H2 content. Wild species with high hydrogen-producing ac-

tivity are also considered as potential sources for hydrogen

energy production.

This article presents the results of hydrogen production by

5 strains of cyanobacteria isolated from rice paddies. Among

the species studied are nitrogen-fixing (A. variabilis A-1 and A.

variabilis A-2) and non-fixing (Oscillatoria sp. O-1, Synechocystis

sp. S-1, and Phormidium tenue P-1) species. Desertifilum sp.

IPPAS B-1220 served as a hydrogen-producing control. The H2

production capacity of 5 isolated cultures were examined in

the light and the dark procedures.

Many cyanobacterial strains have adapted to produce

hydrogen under both dark and light conditions, which is
directly tied to the expression of genes in species [53]. For

instance, Spirulina platensis intensively releases hydrogen at

30 �C under anaerobic conditions and lack of light [54].

Hydrogen production by Oscillatoria sp. Miami BG7 was

observed under anaerobic conditions in the dark. Optimiza-

tion of temperature and pH plays an important role in

enhancing the ability of cyanobacteria to catalyse hydrogen-

regulating enzymatic reactions. According to published data,

cyanobacterial species differ in terms of hydrogen production

temperature [53].

According to the results, some cyanobacterial strains

showed higher H2 production in the dark than in the light. The

highest result under dark conditions was obtained for A. var-

iabilis A-1. H2 production under light conditions is often

closely related to nitrogenase activity. However, cyanobac-

teria are adapted to the distribution of H2 energy under dark

and light conditions. Hydrogen production under dark condi-

tions occurs in the presence of sugars accumulated by

photosynthesis and exogenous enzymatic processes. After a

24-h incubation, glycogen content in the cells and nitrogenase

and hydrogenase activities became sufficient to produce

hydrogen under dark anaerobic conditions.

Hydrogen is then released via glycogen accumulated by

photosynthesis. Presumably, the enzyme Hox-hydrogenase

serves as the basic substrate for the accumulation of

glycogen stores. Since cyanobacteria use cell-directed light

energy to produce biomass and store substances, research

cultures under nitrogen-deficient conditions in the culture

medium mainly utilize the reserve glycogen for endogenous

accumulation. Subsequently, glycogen fermentation in the

dark significantly increases H2 production by cyanobacterial

cells. Similar data have been described in numerous studies

[54]. Where glycogen accumulated during cultivation under

nitrate deficiency of unicellular Gloeocapsa alpicola, not able to

form nitrogen in the air, increased up to 40e50% of biomass

DW under light, while standard nitrate concentration did not

https://doi.org/10.1016/j.ijhydene.2022.03.126
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exceed 10% of glycogen content. During fermentation in the

dark, 1 mmol of glucose decomposes into approximately

4 mmol of H2, 2 mmol of CO2, and 2 mmol of acetate [55].

Although the separation of oxygen from the mechanism of

hydrogen production during photosynthesis seems impor-

tant, research has not yet yielded concrete results.

In our study, only the wild-type A. variabilis A-1 showed

relatively active hydrogen production under anaerobic con-

ditions in the dark. Moreover, A. variabilis A-1 produced 3.7-

fold more H2 in the dark than in the light and 43-fold more

than the strain Phormidium tenue P-1. Hydrogen production by

A. variabilisA-1 cells was observed in the first 24 h of anaerobic

cultivation. The A. variabilis A-1 cell contains nitrogenase and

hydrogenase enzymes. One possible explanation for the high

hydrogen production in the dark under anaerobic conditions

is the low oxygen and nitrogen levels in the cells during the

transition from standard cultivation conditions to a nitrogen-

free medium. The studies show that oxygen and nitrogen

concentrations were 20 and 45-fold higher, respectively, dur-

ing the cultivation in the light. In addition, two hydrogen-

forming enzymes of nitrogen-fixing bacteria function nor-

mally in the dark. Dark fermentative hydrogen production has

several advantages when compared with light-dependent

approaches, such as a higher rate of hydrogen generation,

no need for light energy, and the utilization of fast-growing

bacteria. According to the literature, nitrogenase activity was

observed in multicellular cyanobacteria (Synechocystis sp.

strain RF-1, Synechococcus sp. strain Miami BG43511, and

Gloeothece sp. strain ATCC51142) cultured in the dark, and the

photosynthetic and respiratory processes were found to be

under circadian control [56]. A circadian rhythm takes place in

a darker environment compared to light. The circadian

rhythm regulates the maximum activity of nitrogen uptake

from the air, respiration, and photosynthesis. In addition,

nitrogenase may act as a protective shield against oxygen.

Many cyanobacteria can release hydrogen in the dark via

nitrogenase and hydrogenase activities. The unicellular

cyanobacterium Cyanothece sp. ATCC 51142 [57] produces

hydrogen under aerobic conditions in the dark by the auto-

fermentation, which occurs through hydrogenase activity

using a reducing agent from glycolytic carbohydrate degra-

dation, while H2 photoproduction is based on nitrogenase

occurs through electrons generated from the light energy of

pigments in the PSII reaction centre. In the work of Abedi et al.

[58], the production of hydrogen by the mutant A.variabilis

ATCC 29413 was studied. In the gas phase containing 25% N2,

2% CO2 and 75% air, the PK84 mutant produced 6.91 mmol H2

mg�1 protein h�1, which is 4.3 times higher than that of the

wild strain. Light deficiency improved H2 production in both

mutant and wild strains [58]. Based on the above information,

it can be explained why the studied strain A. variabilis A-1 has

a greater potential to release hydrogen than other species.

Although this strain has long been used as a model organism

for studying the production of biohydrogen, the importance of

selecting additional new and local strains with different en-

ergy conversion systems that could develop as a result of

specific environmental pressure has often been emphasized.

A recent attempt in this direction revealed a native N2-fixing

heterocysts strain of cyanobacteria, which demonstrates
higher rates of H2 production compared to some previously

studied mutant strains [15,17].

In addition to the discovery of active hydrogen producers,

the scientific investigation on the enhancement of H2 pro-

duction by various cyanobacteria is an important aspect of

this topic.

Therefore, the cultivation conditions for cyanobacteria

need to be optimized to improve the efficiency of substrate

conversion to H2. It is also important to identify the different

cellular factors that stimulate H2 production. In this regard,

the influence of a range of concentrations of NaHCO3 and

HEPES salts (10, 25, 50, 100 and 200 mmol) in the dark was

investigated as a factor that promotes hydrogen production.

HEPES is a compound thatmaintains the pH of themedium

uniformly and positively affects cell growth [59]. However,

HEPES is beneficial only at certain optimal concentrations. It

was found that H2 production increased when the combina-

tion of 25 mmol HEPES and 50 mmol NaHCO3 was applied. As

expected, the H2 content was lower at low (10 and 25 mmol)

and high (100 and 200 mmol) concentrations in the first hours.

Moreover, the maximum hydrogen yield was very low

(2.1 mmol H2 mg�1 Chl a h�1) when HEPES was applied to cul-

ture nutrient media without sodium bicarbonate. This evi-

dences that HEPES is not able to provide the CO2 source

needed for cell growth, but rather to maintain the equilibrium

of the culture medium. Nevertheless, the influence of HEPES

may vary within different strains, so finding optimal exposure

concentrations is important for the research of many scien-

tists [60]. Ortega-Ramos et al. [61]reported a HEPES concen-

tration of 10 mmol as optimal for culturing the Synechocystis

strain that could produce H2 in a volume of 3.5 nmol s�1 � 109.

According to our results, a HEPE concentration of 25 mmol

positively contributed to H2 production. As expected, the

release of molecular H2 in the presence of HEPES salt was

higher only in the experiments in the dark. Kossalbayev et al.

[38]found that 10 mmol of sodium bicarbonate positively

affected H2 production by cyanobacteria without heterocysts

in the light.

Cyanobacteria are adapted to a wide range of habitats,

including aquatic, continental, and extreme environments

such as cold Antarctic lakes [62]or alkaline lakes with a high

sodium concentration (pH of 9.5e11) [48]. Therefore, the A.

variabilis A-1 strain was tested for H2 production under

different concentrations of sodium bicarbonate (10, 25, 50, 100

and 200 mmol). The index of hydrogen distribution of this

nitrogen-fixing cyanobacterial culture was approximately

one-to-one at sodium bicarbonate concentrations of

10e100 mmol. The total H2 value at four concentrations cor-

responded to 8.9 ± 0.7 mmol H2 mg�1 Chl a h�1. It should be

noted that the high NaHCO3 concentrations stimulated H2

production and increased the pH of the medium, resulting in

rapid cell death. The high CO2 concentration in the medium

inhibited H2 production and increased the osmotic pressure.

Our results are confirmed by the following studies: Dickson

et al. [63]reported a slight increase in H2 production by cya-

nobacterial strains by adding 80 mmol NaHCO3 to the culture

medium; Ainas et al. [64] studied H2 production by S. platensis

strains in different photobioreactors and defined the optimal

NaHCO3 concentration as 300 mmol.
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In addition, the pH of the culture medium directly affects

H2 production. A. variabilis A-1 was extensively cultured in

nitrogenous media and biomass was accumulated by centri-

fugation. The biomass produced was determined by the

amount of hydrogen released by the cells in the vial at three

different pH values. The most optimal pH was 7. As expected,

H2 production in the alkaline environment was 6.3 times

lower (1.5 mmol H2 mg�1 Chl a h�1) than in the neutral envi-

ronment. This suggests that the isolated species undergo a

lethal process due to stress in a highly alkaline or acidic

environment. Moreover, even at a pH of 9, the oxygen con-

centration in the vial was 32.5 times lower than when inter-

acting with a neutral medium. Similar results were reported

by Leino et al. [65], namely that the cells of Anabaena PCC 7120

(hox mutant) exhibited lower H2 production at high pH values.

However, the optimal pH of the medium for hydrogen pro-

duction by Anabaena PCC 7120 was 8.

In obedience to obtained data, active hydrogen-producing

strain A. variabilis A-1 could produce H2 molecules within 5

days intensively, and the amount of hydrogen next following

days decreases linearly. The decrease in hydrogen amount

after 120 h is directly related to the high consumption of en-

ergy inside the cell with nitrogenase enzyme. In addition, the

strain we studied released low levels of hydrogen due to the

high oxygen content in the light-medium.

Thus for the first time from the rice fields of Kazakhstan, a

promising wild strain was isolated. The conducted metabolic

modulation significantly increased theyieldof hydrogen,which

is evidence that this strain in comparisonwith the results of the

literature, can be considered along with one of the active

hydrogen producers. It is crucial to conduct research such as

sorting the active species and developing genetic techniques for

the photobiotechnological production of hydrogen.
Conclusion

A new, promising biotechnological approach to produce bio-

hydrogen is based on phototrophic microorganisms. It can be

both an important tool in tackling climate change and finding

alternative energy sources. Its production prospects depend

on many factors, primarily the choice of producers with a

capacity sufficient to produce hydrogen on an industrial scale.

This study aimed to identify H2 producers among new cya-

nobacterial isolates, understand biohydrogen production

mechanisms, and determine the conditions that lead to a

greater supply of hydrogen. Five new cyanobacterial isolates

from rice paddies were tested for their ability to produce H2. In

the present study, five different cyanobacterial strains pro-

duced hydrogen at different rates. The strain A. variabilis A-1

had the highest activity producing 15.2 mmol ethylene mg�1

DW h�1, consequently, the strain produced 3.7 times more H2

in the dark than in the light, and 43 times more than Phormi-

dium tenue P-1. Optimizing cultivation conditions led to an

increase in hydrogen production by cyanobacterial cells when

50 mmol NaHCO3 and 25 mmol HEPES salts were added to the

medium. Based on the results obtained, it is possible to

consider the potential of the isolated new strain of cyano-

bacteria for producing biohydrogen.
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