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� Eleven nitrogen fixing cyanobac-

teria species were isolated and

identified from different

ecosystems.

� Four cyanobacterial strains were

distinguished by nitrogenase ac-

tivity and hydrogen production.

� 2% CO2 and O2 gases influence was

favorably for most strains to pro-

duce molecular hydrogen.

� Supply with 1% O2:2% CO2 gas ratio

increased H2 production activity in

Anabaena variabilis BTA-1047 by 2-

fold.
te; Chl, chlorophyll; CO2, carbon dioxide; H2, hydrogen; H2ase, hydrogenase; H2O, water; N2,
, optical density; PSII, photosystem II.
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Recently, there has been a propensity to postpone dealing with the world's climate con-

cerns until later, resulting in a 1.5 �C rise in temperature over the last century. Therefore,

interest in biologically derived, inexhaustible energy sources based on solar energy is

growing. Cyanobacteria have the potential to produce clean, renewable fuels in the form of

hydrogen (H2) gas, derived from solar energy and water. The current study reports the

screening 11 cyanobacterial strains isolated from rice paddies and hotsprings for efficient

H2 producers. According to our findings, H2 concentrations in the species ranged from 3.6

to 48.9 mmol mg�1 Chl a h�1. H2 production by isolated species was shown to have a 2%

positive influence on oxygen (O2) and carbon dioxide (CO2) concentrations and a 2%

negative effect on all nitrogen gas (N2) concentrations. It was discovered that at high CO2

concentrations, photosynthesis is enhanced but H2 production is suppressed. Anabaena

variabilis BTA-1047 was found to be the most active H2-producing species, with an H2

production activity of 21.3 mmol mg�1 Chl a h�1. Moreover, a 1% O2: 2% CO2 gas mixture

doubled the strain activity of H2 production. The findings of the study called into the

question the notion that only an anaerobic environment is required for H2 production by

N2-fixing cyanobacterial species and explored whether H2 productivity can be increased by

stimulating the micro-anaerobic environment with a carbon source.

© 2023 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Renewable hydrogen (H2) energy based on phototrophic mi-

croorganisms has a promising future, as solar energy, water

(H2O), air, and simple salts are sufficient for its production [1].

No hazardous compounds are utilised or produced in cyano-

bacterial H2 production. All carbonates used are neutral, and

the societal repercussions are minimal [2]. One of the current

priorities in H2 production is the development of simple and

inexpensive photobioreactors. Obtaining phototrophic bacte-

ria that actively produce H2 through genetic manipulation is a

priority as well. Since no species with substantial H2 produc-

tion activity has been discovered among species with fully

sequenced genomes, identifying the H2 production capacity of

wild species is critical. Despite efforts to establish genetically

modified species under laboratory conditions [3e5], H2 has not

piqued the interest of producers since production costs

outweigh returns.

Numerous phototrophic microorganisms and bacteria

carrying nitrogenase (N2ase) [6,7] and hydrogenase (H2ase)

[8,9] enzymes have been studied as model organisms for

photobiological H2 production to date. Among them are the

bacterium Rhodopseudomonas palustris conducting violet

photosynthesis [10], the green microalga Chlamydomonas

reinhardtii [11], and the cyanobacteria Anabaena sp. [12], and

Synechocystis sp. [13], whose strains are distinguished by

unique H2 production. In heterocysts, filamentous, diazo-

trophicAnabaena sp. species produce H2 molecules [14], which

protect them from O2 and N2 (Fig. 1). The low abundance of

heterocysts in the filament (roughly one in every twenty cells

is generally split into heterocysts) lowers the yield of pure H2

produced. It should be emphasised that H2 production in

Chlamydomonas reinhardtii and Synechocystis sp. is aided by

H2ase enzymes, and that these two organisms have long-term
H2 production under strictly anaerobic conditions [15].

Although these strains have long been used as model organ-

isms for research into bio-H2 production, the lack of N2ase

enzymes makes it impossible to produce H2 at high rates.

Recent studies have revealed that several species of N2-fixing

heterocyst/heterocyst-free cyanobacteria so far have greater

H2 production rates than certain previously studied mutant

strains. This paper describes the utilisation of N2-fixing cya-

nobacterial strains for effective photobiological H2 production

under microaerobic conditions. Because the enzymes

involved in biological H2 production are O2 sensitive, using

oxygenic photosynthetic organisms as a platform for H2 pro-

duction in general is extremely challenging. Thus, photobio-

logical studies of H2 production have largely relied on artificial

interventions to aid in the creation of an anaerobic environ-

ment [16].

Over the last 30 years, a considerable number of review

articles have compared the H2 production of all active pro-

ducer strains [17e21]. Hundreds of freshly isolated cyano-

bacterial strains from natural environments were examined,

with H2 production rates ranging from 1 nmol to

300 mmol mg�1 Chl a h�1 [22]. The H2 production rate of many

genetically modified species [23e25] might be several times

lower than that of wild species [26], which belong to a different

genus. However, to optimise all isolated species for H2 pro-

duction, the impact of physiological and chemical factors

(light, nutrient salts, biomass density, temperature, pH, and

O2, N2, and CO2 content) is evaluated first, followed by genetic

analysis. Due to the various research methods, it is difficult to

conduct comparative research on H2 yield even within species

belonging to the same genus. Leino et al. (2014) [27] compared

the N2ase and H2ase activity of ten different N2-fixing cyano-

bacteria isolated from the Baltic Sea and Finnish lakes,

particularly their ethylene and H2 yields. When the active

species were studied using the Southern hybridisation
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Fig. 1 e Scheme of H2 production by heterocyst cyanobacterial strains. Vegetative cells contain only [NiFe]-hydrogenase,

while heterocyst cells e activated [NiFe]-hydrogenase and nitrogenase enzymes. Electrons were transferred from

photosystem II (PSII) to the heterocysts by photosynthetic proteins in the form of polysaccharides. Modified from reference:

[6].
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method, it was discovered that both primary (nifHDK1) and

secondary (nif etc.) N2ase enzymes exist. Allahverdiyeva et al.

(2010) [22] studied H2 production in 400 species from the above

locations and discovered it in half of them. Schutz et al. (2004)

[28] studied the intensity of molecular H2 production in

various cyanobacterial strains. The presence or absence of

Hup and Hox genes in isolated and collectable species was

analysed, and several gene complexes were found to be

involved in H2 production. While the receptive H2ase was

found in all species investigated, the bidirectional H2ase was

found in only a few of them. In most non-N2-fixing species,

only bidirectional H2ase was detected. Weissman and Bene-

mann (1977) [29] assessed the H2 production rate by N2-

starved cyanobacteria and found that Anabaena strains had

the highest H2 production capacity in a short time.

Numerous studies [14,26,30,31] have shown that H2ase

activity lasts for a long time, and although N2ase activity is

extremely high, intense H2 production does not last long. In

addition, the N2ase enzyme ismore sensitive to O2 thanH2ase,

so, its activity reduces in a vacuum environment when PSII

produces more O2. However, N2ase activity was found to in-

crease when CO2 and glucose were added to the medium.

Although numerous cyanobacterial species have been

examined for H2 production, few studies have attempted to

identify strains with significant H2 production in an anaerobic

environment [30,32]. Testing the natural diversity of H2-pro-

ducing cyanobacteria is a globally recognised challenge to

uncover species and strains with significantly higher H2 pro-

duction capacities than model organisms [33].

The study aimed to identify naturally efficient H2 pro-

ducers among N2-fixing cyanobacterial strains. The screening

conditions for cyanobacteria isolated from rice fields and hot

springs are discussed, and the influence of the gases O2, N2,

and CO2 and their ratios on the rate of H2 production in the

newly isolated cyanobacterial strains are shown.
Materials and methods

Research objects

To isolate all cyanobacteria species, samples were collected

from natural ecosystems in the Republic of Kazakhstan

throughout the summer and fall. New species were isolated

and investigated from the samples in the laboratory (Table 1).

Identification procedure

DNA extraction was performed according to standard proced-

ures [34]. The exponentially growing cells (70 mL) were centri-

fuged, resulting in their conversion togranules, and then0.5mL

of lysis buffer (25% sucrose, 50 mmol Tris-HCl, and 100 mmol

EDTA) was added. Cells were treated with 5 mg lysozyme for

25 min at room temperature. After adding NaC12H25SO4 and

proteinase K at final concentrations of 1% and 100 mg mL�1,

respectively, samples were incubated at 50 �C for 1 h. DNAwas

extracted three times using phenol: chloroform: isoamyl

alcohol (25:24:1) and twice using chloroform: isoamyl alcohol

(24:1). DNAwas precipitated in 70%ethanol, then transferred to

a 100 mL Tris-EDTA buffer and stored at �20 �C. Polymerase

chain reactions (PCR) were performed with the Mastercycler ®

Nexus device (Eppendorf, Hamburg, Germany). Universal 16S

rRNA primers were used for PCR and sequencing.

Cultivation procedure

The isolated cyanobacteria were cultured in liquid media. All

species were grown at 25 �C under a light intensity of 30 mmol

(photons) m�2 s�1 while the biomass was intensively har-

vested. All 11 strains studied were cultured on BG-11/BG0-11

mediumwith a pHof 7.1. BG-11 culturemediumconsisted of (g

https://doi.org/10.1016/j.ijhydene.2023.01.163
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Table 1 e Isolated cyanobacteria species.

Strain Type Cell forming Growth/H2

production
medium

Source of
isolation

Sampling place
(Kazakhstan)

Anabaena cylindrica PPC-701 Filamentous,

N2-fixing

Heterocyst BG-11, Z8/BG0-11 Rice paddies Zhanakorgan region

(GeoCoordinate:

43�55042.800N 67�11001.200E)Nostoc commune PCC 793 Filamentous,

N2-fixing

Heterocysts BG-11/BG0-11 Rice paddies

Tolypothrix tenuis PCP-489 Filamentous,

N2-fixing

Akinets, trichome,

heterocyst

BG-11/BG0-11 Rice paddies

Anabaena variabilis BTA-1047 Filamentous,

N2-fixing

Heterocyst BG-11/BG0-11 Alfalfa paddies Sayram region

(GeoCoordinate:

42�15056.400N 69�41014.200E)Nostoc sp. BTA-1201 Filamentous,

N2-fixing

Heterocysts BG-11/BG0-11 Alfalfa paddies

Anabaena sp. ZTB-1 Filamentous,

N2-fixing

Heterocyst BG-11/BG0-11 Rice paddies Balkhash region

(GeoCoordinate:

45�50024.900N 74�47053.100E)Stigonema ocellatum ZTB-63 Filamentous,

N2-fixing

Akinets BG-11/BG0-11 Rice paddies

Calothrix sp. BUY-14.2 Filamentous,

N2-fixing

Heterocyst, akinet,

sheath-encased

trichome

BG-11/BG0-11 Rice soil Shieli region

(GeoCoordinate:

44�09022.300N 66�40044.700E)
Tolypothrix sp. BUY-03.1 Filamentous,

N2-fixing

Akinets, trichome BG-11/BG0-11 Rice soil

Scytonema sp. SSP-9697 Filamentous,

N2-fixing

Akinets BG-11, Z8/BG0-11 Plankton Uigur region

(GeoCoordinate:

43�23048.800N 77�35010.200E)Nostoc punctiforme SSP-01 Filamentous,

N2-fixing

Heterocysts BG-11, Z8/BG0-11 Plankton
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L�1): 0.001 EDTA; 0.006 ferric ammonium citrate; 0.006 citric

acid, 0.036 CaCl2 � 2H2O; 0.075 MgSO4 � 7H2O; 0.031 K2HPO4;

0.02 Na2CO3; 2.9 � 10�3 H3BO3; 1.8 � 10�3 MnCl2 � 4H2O;

0.22� 10�3 ZnSO4� 7H2O; 0.08� 10�3 SiSO4� 5H2O; 0.05� 10�3

CoCl2 � 6H2O; and 0.39 � 10�3 NaMoO4 � 2H2O. During active

growth, air purgingwas carried out using a special compressor

(BOYO, China).

Hydrogen production evaluation research

Cyanobacterial cultures were grown in 40 mL tubes and

aerated with sterile gas. 1% CO2 was computed using Rotamer

(RMA-0.063 G, Promcomplekt, Rostov-na-Donu, Russia) and

then added to the air composition. It was then centrifuged for

5 min at 10,000 rpm. After draining the supernatant, the cell

cultures were given 100 mL of BG0-11 culture medium and

stirred for 3 min. The pre-cultured cells were adjusted to an

optical density of 0.4 (OD730) using a spectrophotometer (UV-

VIS Spectrophotometer UV-2600i, Shimadzu, Tokyo, Japan) at

a wavelength of ~730 nm. Cultures were then cultivated for

24 h under light (intensity: 45 mmol (photons) m�2 s�1) and

collected after 5 min in a centrifuge (5424R, Eppendorf,

Hamburg, Germany) at 10,000 rpm. After draining the super-

natant, 30 mL of BG0-11 culture medium was added. The cells

were then centrifuged for 5 min at 10,000 rpm. A spectro-

photometer was used to adjust the cells isolated from the

supernatant to OD730-1.5 after two washes. 15 mL of BG0-11

culture medium, adjusted with 50 mmol of HEPES-KOH (pH of

7.4) and 100 mmol of NaHCO3 as chemical additives, was

poured over the condensed cells. A 15 mL space was provided

within the GC vial for the accumulation of gases evolved by

the cells [28]. A gas chromatograph (GC-15A, Shimadzu,

Tokyo, Japan) was used to determine H2 production activity,
and the result was stated in the indication mmol H2 mg�1 Chl a

h�1. Argon was employed as the carrier gas.

Determination of nitrogen, oxygen, and carbon dioxide influence
Using a 15-gauge medical syringe, 99.9% pure argon gas was

introduced into hermetically sealed GC vials for 40 min to

create an anaerobic environment. A rotameter (Rotameter-25

AR, Dohmet, Russia) was used to monitor the argon atmo-

sphere, and a second 15-gauge needle served as an outlet

during purge.

To achieve the concentrations of the gases N2, O2, and CO2

in the free area of the vial, argon gas was extracted with the

help of a syringe and replaced by pure 99.9% gases in varying

volumes. In this manner, an atmosphere of 5, 10, 20, and 40%

gases was created in the 15 mL space of the vial. the experi-

mental vials were incubated in a special spinner (IKA KS 4000,

Osaka, Japan) under continuous light (100 mmol (photons) m�2

s�1) for up to 14 days after the composition of the gas mixture

in the headspace was adjusted. During this time, 100 mL

samples were taken daily from the headspace until the H2

production rate of the cyanobacterial species decreased [31].

Investigation of carbon dioxide and oxygen ratio effects
30 mL gas chromatograph vials (containing a 10 mL suspen-

sion) were used to investigate the effect of CO2 and O2 ratios.

The argon stimulation lasted 40 min. Different O2 and CO2

ratios were made to detect their effects on H2 production. O2

and CO2 residues of about 1% were detected in all experi-

ments, and the amount may be estimated by injecting a

sample into a gas chromatograph using a syringe. The vials

with tightly sealed caps were continually incubated in dark

and light conditions. The H2 production of cells was examined

for 14 days in all experimental variants. Each day, an aliquot of

https://doi.org/10.1016/j.ijhydene.2023.01.163
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160 mL was taken from the headspace with a syringe and

injected into a gas chromatograph. A column was used to

determine the amount of H2 produced by measuring the

amounts of H2, N2, and O2. The obtained molecular H2 was

measured as directed by the manufacturer (GC-15A, Shi-

madzu, Tokyo, Japan). The injector and column were set to

80 �C, while the detector was set at 120 �C. The amount of O2

and H2 was measured every 24 h and divided by the total

number of hours. A calibration curvewas established via 100%

pure universal gases to acquire a proportion of the gases [26].

Investigation of light intensity influence
30 mL GC gas vials were used to explore the influence of light

(the maximum volume was 30 mL). 10 mL of the suspension

was put into the vials, 50 mM HEPES (pH ¼ 7.5) concentration

was placed on top, and the lids of the vials were closed with a

specific clamp for 40 min while being stimulated with 100%

pure argon. The 2% argon was then replaced with CO2 in the

vial's free space. The light intensity was measured using the

Quantum Q 40555 Li-250A light metre (LI-COR Biosciences,

Lincoln, NE, USA) at 5 sides in the vial, and a common reading

in mmol (photons) m�2 s�1 was shown in current research.

Determination of chlorophyll content
The100 mL cell suspensionwasfilledwith 100%puremethanol,

shaken once, and placed on ice for 5 min. After centrifugation

at 15,000 rpm, the supernatant absorbance was measured. A

spectrophotometer was used to measure chlorophyll a con-

centration at 646, 663.4, and 730 nm (Chl a mg L�1).

Determination of nitrogenase activity

N2ase activitywas determined by passing a gasmixture of 10%

acetylene and 90% argon through the vial for 30 min, as

described in David et al. (1980) [35]. Cells were grown for 24 h

in 30 mL vials at a light intensity of 250 mmol (photons) m�2

s�1. After incubation, 500 mL gas samples were collected, and

the ethylene concentration in the gas mixture was measured.

Acetylene reduction activity was measured in mmol ethylene

mg�1 Chl a h�1 using a gas chromatograph.

Statistical analysis

A calibrated curve of the H2 standard was utilised to compute

the producedH2moles. TheMicrosoft Excel software (ANOVA)

was used to alter the H2 concentrations. The linear line of the

mV: mL ratio was calculated after several experiments, and

the average deviation was 0.9. The transformed H2 was con-

verted to mol and divided into chlorophyll concentrations

(mg). Then it was divided by the hour of H2 production and

multiplied by the free space within the vial (10 mL).
Results

Screening of isolated species concerning hydrogen
production rate

Cyanobacteria are phototrophic microorganisms that can

produce gaseous, ecologically favourable H2 through the
action of cellular proteins (H2ase and N2ase). Only H2O, simple

salts, and sunshine are required under certain conditions to

produce molecular H2. All currently explored species produce

small amounts of H2, and the benefit from the product does

not surpass the loss. In this context, isolating novel active

cyanobacterial species from natural habitats to examine the

H2ase and N2ase enzymes activities are critical and a research

topic of global interest.

The isolated strains were sorted into taxonomic groups

using 16S rRNA primers. All isolated cyanobacterial species

were amplified using universal primers, and sequencing

samples were obtained. The number of nucleotide sequences

obtained from cyanobacterial species 16S rRNA regions

ranged between 400 and 1400 bp. Based on the findings, a

phylogenetic tree was constructed, and the closest strains

were chosen for the species name. Bioinformatic screening

discovered neighbouring species with 99e100% affinity for

each species.

Eleven species capable of N2 fixation were examined to

identify the cyanobacterial species active in H2 production.

The screening was then carried out under strictly anaerobic

conditions along with the species'H2 production.Anabaena sp.

strain PCC 7120 was used as a model organism actively pro-

ducing H2. For 7 days, the H2 production rate of all 11 species

was investigated, and the maximum value is shown in Fig. 2.

However, since the O2 content in the culture medium

increased from day to day, the maximum value of H2 pro-

duction was found in the first four days and decreased in the

subsequent days. Four strains obtained from the control

(Anabaena sp. PCC 7120) performed better or equallywell in the

research. The strain Anabaena variabilis BTA-1047 produced

more H2 (5.3 mmol mg�1 Chl a h�1) than the other species.

Nostoc punctiforme SSP-01 actively produced H2 for the first two

days, reaching a maximum of 4.1 mmol mg�1 Chl a h�1 on the

day 2. On day three, the Calothrix sp. BUY-14.2 strain produced

H2 at a rate of 3.1 mmol mg�1 Chl a h�1. Anabaena sp. ZTB-1 is

another active H2 producer, with a massive yield on 3rd day

(3.65 mmol mg�1 Chl a h�1). The following species had the

lowest yields under light: Tolypothrix tenuis PCP-489, Nostoc

commune PCC 793, and Nostoc sp. BTA-1201.

N2-fixing cyanobacteria have severalmajor groups of genes

responsible for H2 production and their alternative genes.

According to our results, the principle of H2 production of

isolated species corresponds to that of Anabaena cylindrica

B629 and Tolypothrix sp. B379. Yeager et al. (2011) [36] studied

the H2 production of the 2 strains for 8 h and found that the

highest value was recorded on the 1st day and that H2 pro-

duction was suppressed in the following days by an increase

in O2 concentration. Furthermore, Lindberg et al. (2004) [37]

discovered that the enzyme N2ase consumes 4 times more

electrons than H2ase in each scenario. In turn, the latter

rapidly destroys the stored glycogen reserves under anaerobic

conditions, providing the energy required for the H2. Conse-

quently, the intense H2 production of examined strains in the

first four days and the lower one in the following days fits with

the previous investigations. According to Tamagnini et al.

(2007) [38], the lack of the enzyme bi-H2ase explains the high

H2 yield of Nostoc punctiforme. Since this enzyme reversely

transforms the H2 molecule produced by N2ase into Hþ, the
high H2 production of Nostoc commune PCC 793 in our study

https://doi.org/10.1016/j.ijhydene.2023.01.163
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Fig. 2 e The rate of cyanobacterial H2 production under the light. A culture cultivated under 30 mmol (photons) m¡2 s¡1 light

and constant air supply yielded biomass. Fresh cells were centrifuged at 6000 rpm for 10 min before being suspended in

BG0-11 media. The suspended cells were placed in 30 mL GC vials and bubbled with argon gas for 40 min at room

temperature. The GC vials were then cultured under the illumination of 30 mmol (photons) m¡2 s¡1. The H2 content of the

sample recovered from the vials was determined using GC.
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corresponds with prior investigations. Allahverdiyeva et al.

(2010) [22] reported that both forms of H2ase enzyme exist in

Anabaena variabilis, moreover, the existence of N2ase

(nifHDK1), N2ase alternative genes (nifHDK2, vnfDGK), H2ase

host genes (hupLS, hoxY), and genes involved in maturation

(HydA1, HydA2, HydB1, HydB2) can yield greater H2 production

rates. As shown in Fig. 3, no matter how much H2 is catalysed

into protons by the hoxY-controlled bi-H2ase, the yield of H2

rises due to the high N2ase activity of Nostoc commune PCC 793.

Related research has been utilised to screen heterocyst-

forming cyanobacterial strains for the presence of different

forms of N2ase and H2ase [39].

Nitrogen fixation is an energy-intensive process that re-

quires 16 (adenosine triphosphate) ATP molecules for each N2

molecule fixed and each H2 produced (Fig. 1). However, this

process is especially important for diazotrophic species that

inhabit ecological niches with very low levels of nitrogenous

nutrients (e.g., deep oceans) [40]. Biological N2 fixation is

known as the enzymatic reduction of atmospheric N2 to

ammonium. The nifHDK genes, contiguous in the genome,

encode the common enzyme N2ase. Alternative N2ases

(alternative and second alternative) contain nifH as well as a

third protein encoded by nifG (nifDGK) in the Mo-protein

analogue. N2ase genes can be detected and characterised by

amplification in biological samples using PCR. Amplification

of N2ase genes indicates the presence of N2-fixing microor-

ganisms, but not whether they actively fix N2 [41].

Genetic investigation revealed that the extra genes nifd1,

nifG1, and nifk1 for N2ase were identified in A. variabilis ATCC

29413, though the strains Tolypothrix tenuis PCP-489 and Nostoc

commune PCC 793 were not amplified. Furthermore, the alter-

native N2ase genes nifHDK2 and vnfDGK were amplified in

Anabaena variabilis BTA-1047, Nostoc punctiforme SSP-01, and

Anabaena sp. ZTB-1, indicating that alternative genes play a

role in H2 production.

The gas chromatography data revealed that all strains of

N2-fixing cyanobacteria exhibit N2ase activity in an acetylene
medium. Among the examined species, strain PCC 793 (Ana-

baena) had a comparatively low ethylene concentration

(3.6 mmol ethylene mg�1 Chl a h�1) whereas strain ZTB-1 had a

high ethylene content (21.3 mmol ethylene mg�1 Chl a h�1).

Furthermore, strains Anabaena variabilis BTA-1047 (19.2 mmol

ethylene mg�1 Chl a h�1) and Nostoc punctiforme SSP-01

(20.5 mmol ethylene mg�1 Chl a h�1) also performed well. Tol-

ypothrix tenuis PCP-489 produced 16.3 mmol ethylenemg�1 Chl a

h�1 (Fig. 3).

Thus, a high N2-fixing capacity was found in the strains

Anabaena sp. ZTB-1, Nostoc punctiforme SSP-01, and Anabaena

variabilis BTA-1047. Based on the experiments conducted, it

was found that all isolated cyanobacterial strains able to fix N2

to varying degrees. No gaseous ethylene oxidation was

observed in strain Synechocystis sp. PCC 6803 without hetero-

cyst serving as a control. The research findings correlate with

Lindberg et al. (2004) [34]. Accordingly, a rise in the frequencyof

heterocysts inNostoc punctiformeATCC29133 leads to increased

activity of the enzyme N2ase. It was cautioned, however, that

the rise in heterocysts is not proportionate to the H2 yield.

Although the activity of the N2ase enzymewas low under high

light and dark conditions, medium light had a favourable in-

fluence on ethylene oxidation. Lindberg et al. (2004) [37] and

Ernst et al. (1990) [42] reported a reduction in ethylene yield

after 6 days, however, our findings showedN2ase activity in all

strains in the first 2 days and a decline in subsequent days. It

can be explained by the individual characteristics of the spe-

cies. Stigonema ocellatum ZTB-63 and Tolypothrix tenuis PCP-489

strains produced a high amount of ethylene: 18.7 and

16.3 mmol ethylene mg�1 Chl a h�1, respectively. Our results

coincide with Lindberg et al. (2014) [37] study, which reported

that strains Nostoc Becid 16, Calotrix Becid 19, Nodularia AV33,

and Anabaena sp. PCC 7120 with a scarce H2 yield showed

strong N2ase activity. The lack of uptake H2ase genes in the

studied strains was considered to explain this phenomenon.

Thus, the strains Anabaena variabilis BTA-1047, Anabaena

sp. ZTB-1, Calothrix sp. BUY-14.2, andNostoc punctiforme SSP-01

https://doi.org/10.1016/j.ijhydene.2023.01.163
https://doi.org/10.1016/j.ijhydene.2023.01.163


Fig. 3 e Nitrogenase activity of isolated cyanobacterial strains. Cyanobacterial strains were cultivated under continuous air

supply at 30 mmol (photons) m¡2 s¡1 light. The cells were then centrifuged and transferred to a 20 mL GC vial. All samples

were adjusted to a concentration of 20 mg Chl a mL¡1 using a spectrophotometer. Following bubbling for 30 min in a 10%

acetylene:90% argon mixture, the vials were placed under 30 mmol (photons) m¡2 s¡1 light. The ethylene concentrations

were monitored by GC during the next two days.
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were chosen as active H2 producers for the next stage of

research.

Investigation of nitrogen, oxygen, and carbon dioxide
influence on hydrogen production

N2ase and H2ase are sensitive to inactivation by O2 and

therefore require an anoxic medium [43]. Many filamentous

cyanobacteria, such as Anabaena sp., form differentiated cells

known as heterocysts. Heterocysts account for 5e10% of the

filament cells and provide a microaerobic environment in the

cell that feeds on the photoreduction of neighbouring vege-

tative cells [44]. Thus, when aerobic conditions prevail, the

heterocysts become a site of N2 fixation and H2 production.

According to the findings, cell density and growth duration

have a direct influence on the ultimate yield of H2. Under

anaerobic conditions, cells release O2 molecules via PSII [43].

However, not all of the 8-h strains investigated released O2 via

PSII. The strains investigated were shown to be affected

differently by free space O2 concentrations. The O2 resistance

of four active N2-fixing cyanobacterial strains was studied.

The investigations discovered two distinct manifestations: 1)

Anabaena variabilis BTA-1047 and Nostoc punctiforme SSP-01

strains were discovered to promote H2 production at con-

centrations lower than 6% O2, whereas concentrations higher

than 6% O2 were found to inhibit it; 2) Anabaena sp. ZTB-1 and

Calothrix sp. BUY-14.2 strains displayed limited H2 production

activity in oxygenic environments. A concentration of 8% O2

had a deleterious effect on Calothrix sp. BUY-14.2, resulting in

a 90% drop in H2 yield.

It was discovered that even 1% O2 negatively affected the

H2 production of the heterocyst-free, non-N2-fixing Synecho-

cystis sp. PCC 6803 used as a control (data not shown). It should

be emphasised, however, that H2 production for 48 h was not
observed at high O2 concentrations (4e8%). In the initial

hours, N2ase is activated in heterocyst cells and rapidly de-

pletes the stored glycogen reserves, while H2 catalysis by the

H2ase enzyme situated in the vegetative cell is hampered by

high O2 concentrations [45].

As shown in Fig. 1, the enzyme N2ase, which is found in

heterocyst cells with a thick protective O2 layer generated by

photosynthetic activity, produces H2 at a high rate [46]. Inac-

tivation of N2ase did not occur in the Anabaena variabilis BTA-

1047 and Nostoc punctiforme SSP-01 strains due to a thick het-

erocyst layer, even though the heterocyst cells cannot tolerate

high (8%) O2 concentrations (3.74 mmol H2 mg�1 Chl a h�1)

(Fig. 4). However, low O2 concentrations are required for

proper heterocyst operation, ATP molecules that activate

N2ase are generated in strictly anaerobic conditions in small

quantities, and the essential carbohydrates from vegetative

cells are not transported to heterocyst cells [47]. This explains

why there were strong peaks of H2 activity at concentrations

of more than 6% O2 in free space. Furthermore, changes in the

H2:O2 ratio have an immediate impact on the activity of H2

enzymes (N2ase and uptake H2ase) in the heterocyst. How-

ever, at high O2 concentrations, H2ase is completely inacti-

vated in a vegetative cell [48]. The essential energy from the

vegetative cells enables the enzyme N2ase to actively catalyse

H2 in the first view of the investigation (Anabaena variabilis

BTA-1047 and Nostoc punctiforme SSP-01). As a result, at 2% O2,

the H2 yield in strain BTA-1047 increased by 89% (10 mmol H2

mg�1 Chl a h�1) compared to the control (0% O2). The resulting

results are consistent with Yeager et al. (2011) [36] investiga-

tion on favourable H2-producing O2 concentrations for Nostoc

commune MFG-1 and Fischerella muscicola 7414 strains, which

were less than 5%.

Leino et al. (2014) [27] investigated the effects of long-term

CO2 exposure on the immobilized strain Calothrix 336/3 in
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Fig. 4 e Influence of different O2 concentrations on cyanobacterial H2 production. Cultures were grown under continuous air

supply at 30 mmol (photons) m¡2 s¡1 light. The cells were then collected by centrifugation and transferred to a 20 mL GC vial.

The biomass in the GC vials was adjusted to 1.5 OD at 730 nm, then the cells were incubated under an argon atmosphere

with an initial O2 headspace concentration of 0.
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alginate gel. 1 and 6% O2 concentrations increased H2 pro-

duction for up to 40 h, whereas 6% O2 concentrations

increased production for 84e120 h. Tsygankov et al. (1998) [49]

discovered that the A. variabilis strain had a low H2 production

rate at 50 mmol L�1 of O2 dissolved in H2O. Furthermore, it was

revealed that the uptake H2ase enzyme catalysed the forma-

tion of H2 molecules at this O2 concentration. Furthermore, A.

variabilis possesses bi-H2ases in vegetative cells [50]. Unlike

N2ase, however, these enzymes are onlyweakly shielded from

O2, and their activity is impaired at low O2 concentrations [51].

It has been discovered that in heterocyst cyanobacteria,

there is an intricate link between H2 yield and O2 generation,

and that understanding their interaction is required to ach-

ieve consistent H2 production. Numerous studies have found

that producing H2 simply creates an anaerobic environment.

While this method is suitable for studying species with

vegetative cells, low O2 levels in N2-fixing species may pro-

mote normal H2 production. However, research indicates that

O2 resistance varies between species, so screening for O2

resistance is the first step.

N2ase, the primary enzyme in filamentous cyanobacteria

responsible for H2 production, catalyses the reduction of N2 to

ammonia (NH3) as part of the Hþ to H2 reduction pathway [38].

It should be noted that decreasing the N2 content in the me-

dium has no effect N2ase activity, and the H2 production

mechanism of N2ase enzyme continues in anaerobic and N2-

free conditions [52]. An uptake [NiFe]-H2ase enzyme functions

in the heterocyst of some cyanobacterial strains to recapture

the H2 produced by the N2ase enzyme [38]. In addition, the

enzyme bi-H2ase has been discovered in certain heterocyst

cells. However, whereas the function of this enzyme in vege-

tative cells has been thoroughly studied, its role in heterocyst

cells remains unclear [53].

The influence of varying N2 gas concentrations on the H2

production activity of N2-fixing cyanobacterial species was
then examined. N2 concentrations of 2% were found to have a

deleterious effect on H2 production. However, when H2 pro-

ductionwas tracked over time, the yield of time-dependent H2

rose somewhat in all strains. This behaviour could be

explained by N2ase not having enough Hþ to cleave H2 [54].

Because of the enhanced activity of N2 fixation in an envi-

ronment with high N2 content, the N2ase enzyme's indirect

function is to catalyse H2, reducing the flow of ATP molecules

and Hþ [55].

The studyused concentrations of 0, 5, 10, and 20%N2 gas, as

shown in Fig. 5, to determine the time-dependent H2 yield. In

each of the cyanobacterial strains studied, the effect of N2 gas

caused a rapid and concentration-dependent decrease in H2

production rate (see Fig. 3). The H2 production rate was high in

all species (Anabaena variabilis BTA-1047, Anabaena sp. ZTB-1,

Calothrix sp. BUY-14.2, and Nostoc punctiforme SSP-01), with

Anabaena sp. ZTB-1 producing themost at thehour 6 (2.56 mmol

H2 mg�1 Chl a h�1). While Anabaena variabilis BTA-1047 and

Calothrix sp. BUY-14.2 strains were found to have low rates of

H2 production at 8% N2, Anabaena sp. ZTB-1 and Nostoc puncti-

forme SSP-01 were not assigned any H2 production at all.

The strong N2ase activity of Anabaena sp. ZTB-1 and Nostoc

punctiforme SSP-01 strains might explain the results, as shown

in Fig. 3. N2ase competes for ATP molecules from vegetative

cells by oxidising gaseousN2 to NH3, resulting in a reduction of

H2 yield in free space [56]. It should be noted that while Ana-

baena variabilis BTA-1047 demonstrated relative resistance to a

5% N2 gas concentration, the H2 yield at this concentration is

10% higher in Anabaena sp. ZTB-1, 250% higher in Nostoc

commune MFG-1, and 70% higher in Fischerella muscicola 7414.

Meanwhile, the impact of a 10% N2 gas concentration had the

same negative effect on H2 production in all strains, and no H2

production was observed in Nostoc punctiforme SSP-01 since

the first hours. At this concentration, the maximal H2 pro-

duction of three strains was 0.32 mmol H2 mg�1 Chl a h�1.
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Fig. 5 e H2 production profiles of four cyanobacterial species, immediately (0e7 h) after N2 injection. The vials headspace

was composed of argon with N2 at concentrations of 1, 10, 20, and 40%. The experiment lasted for 7 h.
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The following concepts were developed based on the

research findings.

1) all N2 concentrations have a detrimental influence on H2

production;

2) the yield of H2 produced by N2-fixing cyanobacteria rises

over time.

This time-dependent increase in H2 production rate might

be attributed to the depletion of cellular energy reserves

required for N2ase operation (16 ATP molecules must be

hydrolysed for N2 fixation; Fig. 1) [57].

The influence of CO2 on H2 production by isolated cyano-

bacterial species was then studied. Through air-water inter-

action, increased atmospheric CO2 levels can raise dissolved

CO2 levels in freshwater systems, promoting primary pro-

duction in water bodies and watersheds. Although elevated

CO2 promotes cyanobacterial growth and biomass, the con-

sequences on their internal physiological processes may be

more complicated. Phosphorylation and N2 fixation in cya-

nobacteria are intimately tied to CO2 levels in the air. A 20-fold

increase in biomass yield was reported when the strain

Microcystis HUB5-2-4 was cultivated in air containing 2.8% CO2

[58], but highly intensive development of Trichodesmium

erythraeum was detected at a concentration of 0.9% CO2 [59].

However, some cyanobacteria can thrive at low CO2 levels:

Crocosphaera watsonii e 0.38% [60]; Nostoc punctiforme e 0.43%

[61]; Trichodesmium e 0.8% [62]; Dolichospermum circinale e

0.33% [63]. Despite numerous studies on the effects of CO2 on

cyanobacterial biomass accumulation [64], phosphorylation

metabolism [65,66], and light absorption mechanisms [67,68],
there has been relatively little study of the influences on H2

production. The response of cyanobacterial cultures to

different CO2 concentrations varied. At a CO2 concentration of

2%, all species produced a higher yield of H2 when compared

to the control and other experimental options. 2% CO2

enhanced the H2 production of strains Anabaena variabilis

BTA-1047, Anabaena sp. ZTB-1, Calothrix sp. BUY-14.2, and

Nostoc punctiforme SSP-01 by 25, 24, 36, and 46%, respectively,

as compared to the control. However, in the other experi-

mental options, the production of H2 decreased linearly due to

an increase in CO2 concentrations (4%). The 8% CO2 concen-

tration, as predicted, had a detrimental influence on H2 yield,

with the lowest values obtained in this option.

According to the results, a 2% CO2 concentration stimu-

lates H2 production. It should be mentioned that at CO2 con-

centrations of 2 and 4%, cell growth was vigorous, and the

cells did not enter the lethal phase for 4 weeks. Meanwhile, at

6% CO2, the number of cells decreased and foams began to

develop on the surface of the culture medium on the day 13,

indicating that high CO2 concentrations inhibit cyanobacterial

cell proliferation [69]. The results demonstrated that 2% CO2

had a favourable influence on the H2 production activity of

isolated strains (Fig. 6). The obtained results are consistent

with the findings of Yeager et al. (2011) [36], who found that at

4% CO2, six strains had high H2 yields, with Anabaena cylindrica

B629 having the highest value (55 mmol mg�1 Chl a h�1). In the

case of Calothrix 336/3 immobilisation, Leino et al. (2014) [27]

observed that CO2 concentrations favourable for H2 produc-

tion range in the 2e10% diapason, with a beneficial effect of

6% CO2 on long-term (130 days) H2 production. Furthermore,

Touloupakis et al. (2016) [69] discovered that low CO2
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Fig. 6 e H2 production profiles of four cyanobacterial species, immediately (0e7 h) after CO2 injection. The vials headspace

was composed of argon with CO2 at 2, 4, 6, and 8%. The maximum yield of H2 produced by strains at different time points is

shown.
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concentrations increase the H2 production of immobilized

cyanobacterial strains.

The rate of photosynthesis and N2 fixation in cyanobacte-

rial cells increases as carbon levels rise. Enhanced N2 fixation

increases the yield of H2molecules produced indirectly [50,70].

It should be highlighted, however, that the link between N2

fixation and H2 production, which should occur via N2ase, is

extremely intricate and warrants additional exploration. It is

critical to note that once a strain has reached its maximumH2

yield, it gradually decreases. This reduction is most likely

related to a shortage of nutrition and N2. After this alleged H2

production experiment and the addition of a new growth

medium to keep the cells growing, H2 production will resume.

It can be concluded that a relatively low CO2 concentration

(2%) supplies or recovers the energy source required for H2

production. PSII pigments serve as the primary energy donor

in heterocyst cyanobacteria. The strain Anabaena variabilis

BTA-1047 has high H2 production and can effectively dispose

of electrons gained during photosynthesis. The active strain

Anabaena variabilis BTA-1047 was chosen for further research

as an active H2-producer with a high yield.

Influence of O2:CO2 ratio on hydrogen production

The primary goal of this study was to conduct optimisation to

enhance H2 production in N2-fixing cyanobacteria. The effects

of O2, N2, and CO2 on H2 production by cyanobacterial strains

were studied in this context. The N2-fixing cyanobacteria

examined were extremely efficient at producing H2 in the

presence of O2, and a 2% O2 concentration encouraged normal

H2 production. In N2-fixing cyanobacteria, there is a dynamic

link between O2 concentration and H2 production rate, hence,

the influence of the O2:H2 ratio on H2 production may alter

between strains [70].

Another study looked at the effect of O2 and CO2 on H2

productivity in the strain Anabaena variabilis BTA-1047, which

produced a high H2 yield when stimulated with the gases O2

and CO2. N2 gaswas not employed in subsequent studies since
its low concentration reduced H2 productivity. The influence

of varying concentrations of O2 and CO2 gases on H2 produc-

tion was investigated, as shown in Fig. 7.

It was found that the ratio of O2 to CO2 has a different in-

fluence on H2 production. At an O2:CO2 ratio of 1%:2%, high H2

production was obtained (110% of the control). However,

remarkable results were obtained at O2:CO2 ratios of 1
%:1% and

2%:1%. High CO2 (1
%:8%) and O2 (8

%:1%) concentrations resulted

in very low H2 production (15 and 58% of the control, respec-

tively). It should be emphasised that at high CO2 concentra-

tions (1%:8%), the O2 volumewas 16.2% higher than at baseline.

At the same time, at lowCO2 concentrations (8
%:1%), O2 volume

increased by 4.3% compared to baseline. This phenomenon

occurs when the cells grow vigorously at high CO2 levels and

the activity of the PSII complex increases, resulting in the

intense release of O2 molecules into free space. The data we

obtained were pooled with those of other researchers. Yeager

et al. (2011) [36] found that low concentrations of O2 and CO2

(1%:3%) positively affect H2 production. At high CO2 concen-

trations (8%), Bandyopadhyay et al. (2010) [16] discovered that

strain Cyanothece 51142 produced extremely high H2 yields

(230 mmol H2 mg�1 Chl a h�1). The authors attributed the strain

tolerance to high-dose releasedO2 concentrations to the use of

the circadian rhythm. It has been found that adding glycerol to

the culture medium as a supplementary carbon source

increasedH2 yield in the 12/12-h light/dark cycle. Furthermore,

Touloupakis et al. (2016) [69] reported that an O2:CO2 ratio of

1%:3% positively influenced H2 production by the strain Syn-

echocystis sp. PCC 6803.The H2 production activity of the strain

Anabaena variabilisBTA-1047has been reported to be enhanced

at low concentrations of O2 andCO2. Thehigh concentration of

CO2 enhances the photosynthetic activity and releases a large

number of O2 molecules into the environment, inhibiting

N2ase and H2ase activity. The optimal H2 production environ-

ment for the N2-fixing strain Anabaena variabilis BTA-1047 was

discovered to have an O2:CO2 ratio of 1%:2%.

Decades of research have brought numerous principles of

bio-H2 production to light. However, increasing bio-H2
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Fig. 7 e Influence of O2:CO2 gas ratios on hydrogen production. The vial headspace consisted of argon with different O2:CO2

gas ratios. A vacuum excited with 100% argon was used as a control, and the H2 yield in control was 5.3 mmol H2 mg¡1 Chl a

h¡1 (100%). The share (%) of O2 was estimated at the peak of H2 production.
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production significantly has proven to be a considerable

obstacle. Compared to the respective wild strains, genetic

modifications of the H2 production pathways led to higher

production rates. However, since the yield of H2 produced by

these wild strains is low, even a 20-fold increase in the yield of

the mutant strains is not enough to attain industrial-scale

production. Our discovery of cyanobacterial strains that

exhibit high H2 production rates under aerobic conditions of-

fers newavenues for photobiological studies onH2 production.

The 11 cyanobacterial strains discovered, four of which are

active H2 producers, can potentially be considered model or-

ganisms for future genetic engineering studies. The thorough

investigation of this phenomenon in Anabaena variabilis BTA-

1047 will disclose previously undiscovered cellular compo-

nents and regulatory systems that control this process,

allowing them to be improved to produce even more H2 as an

energy carrier.
Conclusions

Governments, industries, and many countries throughout the

world continue to prioritise the use of fossil fuels over human

health. Environmental issues caused by the uncontrolled use

of conventional energy sources have enhanced the relevance

of alternative energy development initiatives. 11 strains of N2-

fixing cyanobacteria were isolated from natural sources for

the current study, and four strains were identified as active H2

producers. During the H2 yield optimisation, it was discovered

that the strains Anabaena variabilis BTA-1047 and Nostoc

punctiforme SSP-01 have a beneficial influence on H2 produc-

tion at a 2% O2 concentration. All investigated concentrations

of N2 gas in free space (2e8%) were shown to have a detri-

mental influence on theH2 yield of all four strains.Meanwhile,

2% CO2 favorably influenced the long-term production of H2

for all strains examined, although high CO2 concentrations

reducedH2 yield due to an increase in O2 content in free space.

The strain Anabaena variabilis BTA-1047, selected as the most

active H2 producer based on optimisation studies, was
positively affected by the presence of an O2:CO2 gas ratio of

1%:2%, i.e., H2 yield increased twofold. According to the results,

H2 production by N2-fixing cyanobacterial strains requires a

micro-anaerobic environment, and low CO2 concentrations

(2%) allow for long-term H2 production and cell viability.
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