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ARTICLE INFO ABSTRACT

Keywords: The use of unregulated pesticides and chemical fertilizers can have detrimental effects on biodiversity and
Cyanobacteria human health. This problem is exacerbated by the growing demand for agricultural products. To address these
Microalgae

global challenges and promote food and biological security, a new form of agriculture is needed that aligns with
the principles of sustainable development and the circular economy. This entails developing the biotechnology
Wastewater market and maximizing the use of renewable and eco-friendly resources, including organic fertilizers and bio-
Biofertilizer fertilizers. Phototrophic microorganisms capable of oxygenic photosynthesis and assimilation of molecular ni-
Content trogen play a crucial role in soil microbiota, interacting with diverse microflora. This suggests the potential for
creating artificial consortia based on them. Microbial consortia offer advantages over individual organisms as
they can perform complex functions and adapt to variable conditions, making them a frontier in synthetic
biology. Multifunctional consortia overcome the limitations of monocultures and produce biological products
with a wide range of enzymatic activities. Biofertilizers based on such consortia present a viable alternative to
chemical fertilizers, addressing the issues associated with their usage. The described capabilities of phototrophic
and heterotrophic microbial consortia enable effective and environmentally safe restoration and preservation of
soil properties, fertility of disturbed lands, and promotion of plant growth. Hence, the utilization of algo-cyano-
bacterial consortia biomass can serve as a sustainable and practical substitute for chemical fertilizers, pesticides,
and growth promoters. Furthermore, employing these bio-based organisms is a significant stride towards
enhancing agricultural productivity, which is an essential requirement to meet the escalating food demands of
the growing global population. Utilizing domestic and livestock wastewater, as well as CO; flue gases, for
cultivating this consortium not only helps reduce agricultural waste but also enables the creation of a novel
bioproduct within a closed production cycle.

Plant growth-stimulating bacteria (PGPB)
Synthetic consortium

* Corresponding author. Department of Chemical and Materials Engineering, Tunghai University, Taichung, 407, Taiwan.
** Corresponding author. K.A. Timiryazev Institute of Plant Physiology, Russian Academy of Sciences, Botanicheskaya Street 35, Moscow, 127276, Russia.
E-mail addresses: changjs@mail.ncku.edu.tw, changjs@thu.edu.tw (J.-S. Chang), suleyman.allakhverdiev@gmail.com (S.I. Allakhverdiev).

https://doi.org/10.1016/j.envres.2023.116418
Received 16 April 2023; Received in revised form 28 May 2023; Accepted 12 June 2023

Available online 14 June 2023
0013-9351/© 2023 Elsevier Inc. All rights reserved.


mailto:changjs@mail.ncku.edu.tw
mailto:changjs@thu.edu.tw
mailto:suleyman.allakhverdiev@gmail.com
www.sciencedirect.com/science/journal/00139351
https://www.elsevier.com/locate/envres
https://doi.org/10.1016/j.envres.2023.116418
https://doi.org/10.1016/j.envres.2023.116418
https://doi.org/10.1016/j.envres.2023.116418
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envres.2023.116418&domain=pdf

A.K. Sadvakasova et al.

1. Introduction

Currently, in many countries of the world, there is a significant
degradation of agricultural land (Hossain et al., 2020), soil pollution
with various pesticides and a decrease in the natural fertility of soils,
which entails a decrease in the quality of crop production (Zhu et al.,
2019), significant harm to health human, consequently leading to a huge
economic and environmental crisis (Maximillian et al., 2019; Nunes
et al., 2020). Currently, it is observed that up to 10 million hectares of
productive soils are lost from the global agricultural turnover each year
on average (Landa-Acuna et al., 2022), and in some cases, even up to 20
million hectares (Sklenicka et al., 2019). Most agricultural land has been
substantially disturbed, valuable fodder grasses have disappeared, the
soils have been significantly depleted, and there has been a 25-30% loss
of humus in them. In addition, a sizable portion of the land is prone to
salinization and wind erosion, and some modifications have proven
irreversible, meaning that self-healing is impossible or necessitates
considerable investments and a long-term conservation strategy. The use
of chemical fertilizers (nitrogen, phosphorus, potassium) is undoubtedly
a guarantee of a high yield (Umesha et al., 2019); however, their irra-
tional use has a number of adverse effects on the environment and
human health, including chemical saturation of food plants, pollution of
groundwater (Samtiya et al., 2020) and the atmosphere due to the
accumulation of compounds atypical for the natural environment in the
soil, changes in the natural microbiome of the soil (Ukaogo et al., 2020),
and greenhouse gas emissions (D. Kumar et al., 2022).

An effective solution to the current agricultural crisis is the revival of
organic farming, the essence of which is to use the potential of natural
living systems, in particular microorganisms. Organic farming relies on
biofertilizers, natural pathogens, and pest control (Parewa et al., 2021)
in place of synthetic or chemical fertilizers and pesticides, contributing
to sustainable agriculture in the long run (Gomiero, 2021).

In addition to improving the quality of agricultural products and
improving the health of the nation, improving soil conditions is crucial
to increasing resilience to climate change. To reduce carbon dioxide
emissions into the atmosphere, healthy soil can act as a carbon sink
(Sadvakasova et al., 2023; Paustian et al., 2019).

Undoubtedly, it is impossible to completely replace chemical fertil-
izers with biofertilizers. However, there is a significant amount of data
suggesting that biofertilizers can partially replace chemical fertilizers,
typically in the range of 10-25% (Wang et al., 2021; Wang et al., 2023).
This indicates that biofertilizers can serve as a viable alternative to ag-
rochemicals. According to some studies, combining bio-fertilizers with a
25% reduction in chemical fertilizers can enhance the growth of oil palm
seedlings, increase chlorophyll content, improve nutrient absorption by
seedlings, and enhance the nutritional status of the soil (Ajeng et al.,
2020). A review of worldwide scientific research conducted over the
past two decades in the field of organic farming reveals the significant
potential of microorganisms in enhancing soil fertility (Chan et al.,
2022). While heterotrophic microorganisms play a crucial role in
increasing soil fertility, the inclusion of various trophic levels in bio-
fertilizers, including photosynthetic organisms such as eukaryotic algae
and cyanobacteria, expands their range of functions and ensures their
multifunctionality in agrobiotechnology.

In recent years, synthetic biology has been paying great attention to
beneficial microorganisms. Its main goal is to identify and introduce
new, environmentally beneficial lines of microorganisms, including
plant growth-stimulating microorganisms (PGPM) (Greeshma et al.,
2022; Dasgupta et al., 2021; Gautam et al., 2021). At the same time, the
development of synthetic biology makes it possible to create and
manage various microbial consortia by regulating the expression of the
necessary genes (Liang et al., 2022). Compared to the introduction of a
gene into a separate organism, in which the correct expression of the
introduced genes depends on the regulatory and metabolic network of
the organism, the development of a microbial consortium is easier and
achievable due to new tools of synthetic biology, such as metabolic
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profiling and functional genomics (Rose, 2019). The creation of syn-
thetic microbial consortia is aimed at solving the problem of metabolic
load, which can lead to a significant decrease in cell productivity (Cao
et al., 2023; Das et al., 2022). To minimize such limitations, an alter-
native strategy of synthetic biology is a well-known approach called
division of labor (DoL) using artificially created consortia (Roell et al.,
2019). Synthetic consortia consisting of heterotrophic and phototrophic
components can be particularly promising from the point of view of soil
enrichment since the circulation of organic and inorganic carbon and
oxygen between them creates the desired synergistic effect of stimu-
lating plant growth. In such artificially created consortia, phototrophic
microorganisms produce oxygen, which is then used by heterotrophic
bacteria both for the decomposition of substances and for the production
of valuable metabolites (Naduthodi et al., 2021).

Both heterotrophic bacteria (Didovich et al., 2020) and phototrophic
microorganisms, which are capable of photosynthesis, nitrogen fixation,
and the synthesis of a variety of biologically active and
growth-activating substances and, as a result, have a favorable impact
on soil fertility and the activity of soil biota, have a great deal of po-
tential (Frouz, 2020; Show et al., 2022).

Among phototrophic microorganisms, green microalgae (Chlorella
vulgaris, Chlorella sp., Scenedesmus obliquus, Scenedesmus acutus, Scene-
desmus quadricauda, Scenedesmus spinosa) and nitrogen-fixing cyano-
bacteria (family Nostocaceae) are used for this purpose (Didovich et al.,
2020; Rajaneesh et al., 2020; Sadvakasova et al., 2022). Seaweed ex-
tracts also have a stimulating effect on plant growth (Khan et al., 2019).
Interactions between microalgae and bacteria and a wide variety of
phototrophic and heterotrophic microorganisms allow them to form
complementary associations. Symbiotic interactions between micro-
algae and bacteria are provided by the exchange of nutrients between
symbionts, intercellular communication, and growth stimulation by
various chemical compounds (Yao et al., 2019).

The advancement of organic farming opens up new perspectives in
agriculture and the creation of a cyclical economy through the devel-
opment of artificial stable algo-cyano-rhizobacterial consortiums based
on the autotrophic algo-component (microalgae, nitrogen-fixing cya-
nobacteria) in conjunction with plant growth-stimulating bacteria
(PGPB=PGP bacteria). Furthermore, the complementarity between the
multifunctional photo- and heterotrophic components of soil microflora
in environmental management deserves closer attention as a strategy to
stimulate plant growth, improve soil health and maximize environ-
mental sustainability.

Although there is ample literature discussing the positive impact of
soil microorganisms on soil condition and plant growth, a comprehen-
sive review that encompasses the various aspects of algocyanobacterial
associations in agrobiotechnology has been lacking. Previous studies
have assessed the efficacy of bacterial and microalgal consortia in
wastewater treatment (Shi et al., 2022; Chan et al., 2022). Considering
the fragmented nature of information in this field, this review article
aims to partially bridge this gap. This review summarizes recent
research in the field of biotechnology of soil microorganisms and the
contribution of the integration of phototrophic and heterotrophic com-
ponents in the development of organic farming. The symbiotic re-
lationships between microalgae, cyanobacteria and bacteria and the
possibility of forming a synthetic consortium imitating a natural
ecosystem on their basis are discussed. While the interaction of consortia
of microalgae bacteria has previously been evaluated in terms of the
effectiveness of wastewater treatment, this review aims to investigate
the effectiveness of a consortium of microalgae, cyanobacteria, and PGP
bacteria in agriculture. The possibilities of co-cultivation of the
microalgae-PGPB consortium in wastewater and the possibilities of CO»
utilization are discussed further to determine its role in the circular
economy. At the end of the review, the main problems and prospects of
this direction are discussed. This review holds significant importance for
both society and the industry, as it addresses the need for biotechno-
logical knowledge in agriculture. Such knowledge is essential for
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developing science-based systems that effectively utilize biofertilizers.
The practical implementation of programs to enhance soil fertility and
agricultural productivity, while ensuring the rational and environmen-
tally safe application of biofertilizers in crop cultivation using modern
technologies, relies on this crucial information.

2. Uniqueness of soil microorganisms as microbiological objects
in agrobiotechnology

Soil microbial communities are becoming a subject of great interest
in sustainable crop production and biosecurity program. Inoculation of a
soil ecosystem with beneficial microorganisms improves soil physico-
chemical properties, soil microbial biodiversity, soil health, plant
growth and development, and crop productivity (Kyinli, 2022). Lant
growth-promoting rhizobacteria, No-fixing cyanobacteria, microalgae,
mycorrhiza, plant disease-suppressing bacteria, stress-tolerant endo-
phytes, and microorganism-destructing microorganisms are just a few
examples of the diverse microbial species that make up agriculturally
useful microbial populations (D. Singh et al., 2019). PGPBs are classified
into extracellular and intracellular rhizobacteria that promote plant
growth. Several reviews have been devoted to plant intracellular rhi-
zobacteria (endophytes) (Vasileva et al., 2019). The main mechanism of
their action is that, by entering into a closer relationship with the plant,
they are able to improve the supply of nutrients to the plant, modulate
the level of hormones, produce vitamins, and thereby increase the
resistance of the plant to stress and contribute to greater productivity of
plant organisms (Singh and Singh, 2021).

Of the entire range of PGPBs, extracellular rhizobacteria are the
focus of our interest. In this section, we will focus on heterotrophic free-
living, growth-stimulating bacteria, phototrophic growth-stimulating
bacteria (cyanobacteria), and microalgae as the foundation for the cre-
ation of complex biofertilizers (consortiums), which are an additional
element to organic soil fertility adjustment, restoration, and
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maintenance (Raj et al., 2020).

2.1. Heterotrophic PGPB

Plant productivity depends on the rhizosphere microflora, which can
contain up to 10! microbial cells per gram of root (Cardarelli et al.,
2020) and more than 30,000 species of microorganisms (Minut et al.,
2023; Diaconu et al., 2020). The collective genome of the rhizosphere
microbial community that envelops plant roots is very heterogeneous,
much larger than the plant genome, and is called the microbiome (Ates
and Kivan, 2021). This is a large group of heterotrophic microorganisms
found both in the rhizosphere and in the soil and on the aboveground
parts of plants (Balakrishnan et al., 2020). Thus, the most studied genera
are Acetobacter, Acinetobacter, Alcaligenes, Arthrobacter, Azospirillum,
Azotobacter, Bacillus, Beijerinka, Bradyrhizobium, Burkholderia, Entero-
bacter, Gluconacetobacter, Klebsiella, Methylobacterium, Ochrobactrum,
Paenibacillus, Pantoea, Pseudomonas, Rhodopseudomonas and Rhizobium
(Phour et al., 2020; Sindhu and Sharma, 2019; Orozco-Mosqueda et al.,
2019). Summarizing the literature data, heterotrophic rhizobacteria
primarily serve the following purposes for plants: decomposition of
organic matter, absorption of water, delivery and promotion of nutrient
absorption, protection of the plant from biotic and abiotic stress, and
reduction of plant disease or death (Bhat et al., 2022; Mekonnen and
Kibret, 2021). The primary mechanisms that carry out these func-
tions—which may be further broken down into direct and indirect
ones—are linked to their cells’ enzymatic activity and capacity to pro-
duce and release a range of organic chemicals (Table 1).

Direct mechanisms include nitrogen fixation, solubilization of
macro- and microelements from the soil, and production and regulation
of phytohormones. Suppression of phytopathogens and increased sys-
temic plant resistance to a wide range of phytopathogens are examples
of indirect processes (Sutar et al., 2022).

The literature has amassed a significant amount of information about

Table 1

Main mechanisms of plant growth stimulation by heterotrophic PGPBs.
Types of microorganisms Function Mechanism of action Literature
1 2 3 4

Azotobacter, Bradyrhizobium, Azospirillum, Bacillus, Clostridium,
Klebsiella, Sinorhizobium melilotii, Mesorhizobium loti, Frankia,
Azoarcus, Herbaspirillum, Rhodobacter, Pseudomonas aeruginosa,
Burkholderia vietnamiensis, Paenibacillus kribbensis, Microbacterium
binotii, M. trichotecenolyticum, Paenibacillus sp., Enterobacter sp.,
Gluconacetobacter diazotrophicus, Bacillus sp. (13B41), Advenella
incenata (22A67), Pantoea diversa (22B45) u Rhizobium pusense,
P.fluorescent, P. aeruginosa, P.mendocina, P.putida, P.corrugata, P.
fuscovaginae, Citrobacter amlonaticus, Serretia marcescen ss
marcescens, Flavobacterium mizutai

P.fluorescens, P.aeruginosa, P.putida biotype B, P.corrugata, P.tolaasii,
E.Cloacae ss dissolvens, V.sediminis, C.amlonaticus, S.marcescens s

marcescens, F.mizutani, C.gleum, and B.cereus/pseudontycoides growth

Agrobacterium, Arthrobacter, Azospiralis, Bacillus, Pseudomonas,
Rhizobium, Serracia, F.terium

Clostridium, B.firmus/lentus, B.cereus, Rhizobium, P.yuorescens, P.
syringae, P.putida, S.marcescens, P.syringae, P.maltophila, P.gladioli,
F.oryzihabitans, B.pumilus, B.thuringiensis, B.cereus, P.cepacian, P.
chitinolytica, P.putida, P.fluorescencs, B.thurengensis, B.subtilis, B.
pumilus, Rhizobium, Arthrobacter, Azotobacter, A.
brevibacteriumbrevibacterium, Lysinibacillus

diseases

Providing plant nutrients

Control and regulation of
various phases of plant

Detoxification and
Migration of Heavy Metals

Plant protectionagainst

— Nitrogen fixation by the enzyme nitrogenase Tsegaye et al.

— Solubilization of minerals is carried out by the synthesis (2019); Puri
of organic acids that dissolve minerals through anion et al. (2018)
exchange.

— Synthesis of phytohormones, activating or repressing Pirog (2018)

various target genes responsible for the synthesis of
certain enzymes, changes in the activity of which lead to
the switching on or off of the metabolic program
controlled by the phytohormone.

— Synthesis of enzymes provides a change in the valency
of heavy metal ions and mitigation of their toxic effects
on plants.

— Production of siderophores for Fe chelation.

— Biosurfactants

— Biomethylation

— Redox processes

— Synthesis of organic acids

— Synthesis of antibiotics that act on microorganisms by
disrupting cell wall synthesis, membrane functions,
protein synthesis and inhibiting respiratory enzymes.

— Synthesis of hydrolytic enzymes that destroy cells of
pathogenic fungi and pathogen effectors.

— Synthesis of siderophores and binding of iron in
competition with phytopathogens, leading to the
restriction of growth of phytopathogens and
improvement of plant growth.

Van Oosten et al.
(2017)

Beneduzi et al.,
(2012); Bhat
et al. (2020)
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the impact of heterotrophic rhizobacteria on the development and
productivity of higher plants. At the same time, it was found that the
same growth-stimulating bacterium can be endowed with phytopositive
properties of a different nature. The most well-known of them are rep-
resentatives of the genera Azotobacter and Azospirillum, which play an
important role in the nitrogen cycle in nature and form the basis of
biofertilizers currently on the market (Das, 2019; Sumbul et al., 2020).
These bacteria providing “biological nitrogen fixation through highly
sensitive bacterial enzymatic conversion of atmospheric Ny to ammonia
are being actively studied and applied as an environmentally acceptable
addition to mineral nitrogen and phosphorus fertilizers (Aasfar et al.,
2021). Representatives of the genus Azotobacter, such as A. chroococcum,
A. vinelandii, A. beijerinckii, A. nigricans, A. armeniacus and A. paspali
enhance seed germination, improve root structure, increase plant
height, number of leaves, stem diameter is widely used as biofertilizers
for food crops such as wheat, oats, barley, rice, sunflower, corn, sor-
ghum, sugar beets, tea, coffee and coconuts (Saritha and Tollamadugu,
2019). A similar growth-stimulating effect on plants is also observed
under the influence of various species of the genus Azospirillum, such as
A. lipoferum, A. brasilense, A. amazonense, A. halopraeferens, and A. ira-
kense (Bertrand et al., 2021). In addition to nitrogen-fixing bacteria of
the genus Agzospirillum, Azotobacter, representatives of other genera,
including Pseudomonas, Bacillus, Paenibacillus, and Enterobacter, have
nitrogenase activity. At the same time, the ability to fix atmospheric
nitrogen in some strains, such as P. ehimensis IB 739 and Ps. Koreensis
IB-4, is comparable to the nitrogenase activity of bacteria of the genus
Azotobacter (Sumbul et al., 2020; Kyaw et al., 2019).

Many nitrogen-fixing strains also promote plant growth through
other mechanisms such as plant hormone production, phosphate disso-
lution, and the acquisition of other nutrients such as Calcium, Potas-
sium, Iron, Copper, Magnesium, and Zinc (Aasfar et al., 2021). These
mechanisms can further increase nitrogen availability to plants by
increasing root growth and eliminating nutrient deficiencies. So many of
them are able to hydrolyze organic and inorganic compounds of the
second most important macronutrient for plants - phosphorus from
insoluble compounds. The most efficient strains of the bacterial genera
Bacillus, Pseudomonas and Rhizobium (Opeyemi et al., 2019; Thakur
et al., 2014) in the mineralization of organic phosphate increase the
availability of phosphorus by producing various organic acids. Soil
inoculation with bacteria such as Micrococcus, Flavobacterium, Achro-
mobacter, Erwinia, and Agrobacterium has also been reported to increase
the solubilization of fixed phosphorus, resulting in high yields (Kalayu,
2019; Chaikovskaya and Ovsienko, 2021). The ability to dissolve
phosphates is possessed by gluconic acid and 2-ketogluconic acids, as
well as such organic acids as citric, lactic, oxalic, acetic, malic, fumaric,
succinic, and tartaric acids (Nagpal et al., 2021; Bhattacharjya et al.,
2021). Phosphate-solubilizing bacteria of the genus Pseudomonas,
Erwinia, and Burkholderia actively produce gluconic acid (Suleman et al.,
2019). Bacillus licheniformis and Bacillus amyloliquefaciens are charac-
terized by the production of a mixture of lactic, isovaleric, isobutyric,
and acetic acids (Kalayu, 2019). The production of these organic acids
also contributes to the extracellular displacement of K* from minerals,
which is another important macronutrient required in large quantities
for adequate plant growth and development (Zewide and Reta, 2021;
Van Oosten et al., 2017). PGPBs also increase the availability of Iron,
Manganese, Zinc and Copper to plants. Almost all known PGPBs secrete
siderophores that bind and dissolve Iron from the surface of minerals,
thereby facilitating the availability and uptake of Iron by plants. It is
reported that the production of siderophores by PGPB strains increased
nutrient uptake by increasing the number of lateral roots and thus
increasing the root surface area. All this improves the water status of
plants, which ensures the delivery of nutrients to various parts of plants
(Mishra et al., 2021; Arora et al., 2020). Also, PGPB can enhance the
secretion of root exudates, which form soluble complexes with micro-
nutrients, making them available for plant uptake. The ability to pro-
duce phytohormones by cells of Azotobacter, Azospirillum strains has a
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stimulating or inhibitory effect on some physiological and biochemical
processes of plants and microorganisms in the rhizosphere (Ansari and
Mahmood, 2019a; Ansari and Mahmood, 2019b). The synthesis of
phytohormones such as indoleacetic acid, gibberellins and cytokinins is
considered an important mechanism by which they promote plant
growth and productivity. Moreover, in addition to the root application
of PGP bacteria, there is evidence of a significant improvement in plant
growth, the physicochemical properties of the crop, and the accumula-
tion of nitrates in vegetable crops during the foliar treatment of plants.
The effect of Azotobacter foliar spraying on growth parameters, antiox-
idant enzyme activity, and macronutrient content in hydroponically
grown lettuce has been shown (Razmjooei et al., 2022). Foliar applica-
tion of Azotobacter, providing nitrogen fixation on the leaf surface and
the production of phytohormones, contributes to an increase in the
number of leaves, leaf area, fresh and dry weight of the head (Aasfar
et al.,, 2021). The production of phytohormones by PGPB cells helps
mitigate the negative effects of abiotic and biotic stress on plants by
influencing the processes associated with their response to stress
(Schirawski and Perlin, 2019; M. Singh et al., 2019; Poria et al., 2021)
Thus, salt stress leads to an increase in the production of phytohormones
in PGPB, such as abscisic acid, salicylic acid and ethylene, which are
responsible for activating the signaling cascade of various genes
involved in increasing the salt tolerance of plants (Ramakrishna et al.,
2020). Soil treatment with Bacillus aryabhattai H19-1 and B. mesonae
H30-5 strains has been reported to increase the activity of antioxidant
enzymes, abscisic acid, and proline under saline conditions (Yoo et al.,
2019). Also, the synthesis of ACC-deaminase in bacteria, an enzyme that
metabolizes the hormone ethylene, contributes to plant resistance to
salinity. In addition, PGPBs mitigate the effect of heavy metals (HMs) on
plants (Sorour et al., 2022; Wang et al., 2022). PGPB inoculation also
enhances the plant’s antioxidant response, which appears to enhance
drought tolerance (Ma et al., 2022; Tiepo et al., 2020).

Thus, PGPBs are viable alternatives for inorganic Nitrogen, Phos-
phate, and Potassium fertilizers to meet the needs of plants in these
macronutrients, increasing yields in sustainable agriculture. Their use
represents a prudent financial and environmental approach.

2.2. Phototrophic PGP bacteria — cyanobacteria

Cyanobacteria are the most complexly organized and morphologi-
cally diverse group of oxygenic phototrophic bacteria with unique
physiology and morphology, wide ecological valence and plasticity
(Shukla et al., 2023). Possessing a huge adaptive potential, they are
distributed in all ecosystems of the world, occurring in water, soil and
other terrestrial habitats, where they play an important role in the cycle
of elements (Kariyazono et al., 2022). The metabolic properties of cya-
nobacteria equip them with the ability to thrive in extreme environ-
ments, such as low and high temperatures, high salt concentrations, and
resistance to drought, radiation, and intense sunlight (Pathak et al.,
2019). The adaptability of cyanobacteria to environmental conditions is
due to the presence of a number of physiological features: the ability to
carry out oxygenic photosynthesis, fix molecular nitrogen and form the
primary production of organic matter (Nandagopal et al., 2021). Some
cyanobacteria can switch to bacterial anoxygenic photosynthesis using
sulfide as an electron donor (Hamilton et al., 2019; Bertilsson and
Mehrshad, 2022); Trichormus variabilis, Anabaena cylindrica can oxidize
sulfur compounds (Hatha et al., 2023). Many species of soil cyanobac-
teria are mixotrophs, which means they can easily switch from one type
of food to another when environmental conditions change. There are
also species capable of photoreduction and chemotrophy (Hakkoum
et al., 2021). Cyanobacteria can assimilate carbon in various ways, from
obligate autotrophy to heterotrophy. They can also synthesize side-
rophores, substances that bind Iron ions and make them available to
other bacteria (Albelda-Berenguer, 2019); surfactants - surface-active
compounds; substances with bactericidal, fungicidal and herbicidal ac-
tivity; toxins, etc. (Zhou, 2020). (Wieczorek et al., 2014; Castro et al.,
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2013; Bailey, 2011). Due to the aforementioned abilities, cyanobacteria
are both inhabitants of formed soils and pioneers of naturally lifeless
substrates and anthropogenically disturbed territories (Hakkoum et al.,
2021). The main functions of cyanobacteria in the soil ecosystem,
similar to heterotrophic PGPBs, are represented by the ability to produce
organic matter, fix atmospheric nitrogen, increase the availability of
phosphorus and other elements, release phytohormones and toxins, and
provide anti-erosion activity due to the release of mucous substances
and filamentous thalli (Table 2) (Tadesse, 2022).

As phototrophic organisms, cyanobacteria are a factor in the addi-
tional assimilation of solar energy and a source of additional biomass in
the soil ecosystem. They contribute to soil formation and alter its me-
chanical composition, hydrological regime, physical and chemical
qualities, and organic matter production (Veaudor et al., 2020). Mucous
sheaths of cyanobacteria contribute to soil structuring (Chamizo et al.,
2019). By absorbing various salts, soil cyanobacteria participate in the
cycle of substances. And unlike heterotrophic PGPBs, by releasing oxy-
gen, they improve soil aeration and have a beneficial effect on aerobic
microorganisms, alkalinizing the environment due to CO assimilation.
They affect the acid-base balance of soils. Different strains of cyano-
bacteria can fix 20-60 kg/ha nitrogen (Chittora et al., 2020; Hamad
et al., 2022), making them agronomically and economically important
as biofertilizers.

Regarding their prolific growth in soil and subsequent soil contam-
ination with biomass, it should be noted that while cyanobacteria are
widely distributed in soil and can inhabit infertile substrates such as
sand, rocks, and deserts, their most suitable habitat remains aquatic
ecosystems. Consequently, the phenomenon of eutrophication is more

Table 2
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commonly associated with aquatic ecosystems rather than soil envi-
ronments. In soil, limiting factors such as light intensity, temperature,
pH, and excessive nutrient enrichment, particularly phosphorus and
nitrogen, influence the formation and persistence of cyanobacterial
blooms, thereby restricting their extensive proliferation.

More than 200 genera of nitrogen-fixing heterocytic filamentous
cyanobacteria are known, some of which have been proven to be effi-
cient nitrogen fixers, including Nostoc, Anabaena, Nodularia, Scytonema,
Cylindrospermum, Mastigocladus, Calothrix, Anabaenopsis, Aulosira, Toly-
pothrix, Haplosiphon, Camptylonema, Stigonema, Fischerella, Gloeotrichia,
Chlorogloeopsis, Rivularia, Nostochopsis, Westiglopsis, Chlorogloo, Wollea
and Schytonematopsis. Among unicellular and colonial forms, Aphano-
thece, Chroococcidiopsis, Cyanothece, Dermocarpa, Gloeothece, Myx-
osarcina, Xenococcus are able to fix nitrogen. The ability to fix nitrogen
was also noted in cyanobacteria that do not form heterocytes, for
example, in some representatives of the genera Oscillatoria, Pseudana-
baena, Lyngbya and others (Brocke et al., 2019).

The species diversity of cyanobacteria in rice fields was best studied,
suggesting that their diversity, ecophysiology, and potential activity in
nitrogen fixation are important for soil stability and rice cultivation.
Numerous facts of stimulation of rice growth by cultures of cyanobac-
teria Nostoc punctiforme, Nostoc muscorum and Anabaena fertilissima,
Tolypothrix tenuis were noted (Atnoorkar, 2021; Singh et al., 2021;
Hamad et al., 2022). A positive effect on the growth of rice by replacing
up to 25-50% of nitrogen fertilizers on the biomass of cyanobacteria was
noted. All this shows that the use of cyanobacteria is a promising
strategy for increasing rice yields and reducing the use of chemical
fertilizers. In addition to rice crops, cyanobacterial biomass is also

The main functions of cyanobacteria in the soil ecosystem and the mechanisms of the stimulating effect of cyanobacteria on plant growth.

Types of microorganisms Function

Mechanism of action Literature

1 2

Anabaeana vaginicola, A. torulosa BF1, Providing plant nutrients
N. spongiaeforme EMCCN 3074, Nostoc mucorum
EMCCN 3075 u N. commune EMCCN 3076, Nostoc
sp., Anabaena sp., Tolypothrix sp., Leptolyngbya sp.,
Arthrospira sp.

Anabaeana vaginicola 1SB42, Nostoc spongiaeforme
ISB65, A.torulosa BF1, A.vaginicola ISB42, N..
spongiaeforme var. Tenue ISB63, 64 and 65,
Cylindrospermum mikhaylovskoye 1S B45

Control and regulation of
various phases of plant growth

Spirulina platensis
Phormidium sp
Anabaeana sp
Arthrospirasp

Detoxification and Migration of
Heavy Metals

Anabaeana vaginicola Nostoc spongiaeforme Protecting plants from biotic

stress

Nostoc calcicola, Anabaena variabilis, N.linkia,
Arthrospira platensis, A.torulosa BF1

Protecting plants from abiotic
stress

Nostoc carneum ISB88, N.punctiforme ISB90, Wollea PGPB Growth Stimulation
vaginicola ISB89, N.calcicola, N.linkia, A.variabilis,
Arthrospira platensis, Spirulina platensis, Phormidium
sp., Anabaeana sp

Nostoc carneum 1SB88, N.punctiforme ISB90, Wollea

vaginicola ISB89

Affect soil formation (aeration,
soil structuring, hydrological
regime anti-erosion activities)

3 4

— Nitrogen fixation due to the enzyme nitrogenase Hamed et al. (2022);
— Solubilization of minerals due to the synthesis of Santini et al., (2021)
organic acids that dissolve minerals through anion
exchange.

— Production of organic matter

Synthesis of phytohormones, activating or repressing
various target genes responsible for the synthesis of
certain enzymes, changes in the activity of which lead to
the switching on or off of the metabolic program
controlled by the phytohormone.

Synthesis of vitamins

Zarezadeh et al. (2020);
Bharti et al., (2021)

- Synthesis of enzymes provides a change in the valence
of heavy metal ions and mitigation of their toxic effects
on plants.

— Siderophore production for Fe chelation.

- Biosurfactants

— Redox processes

— Synthesis organic acids

- Synthesis of exopolysaccharides

— Synthesis of toxins with antibiotic, fungicidal, algicidal
and antiviral effects

- Synthesis of siderophores and binding of iron in
competition with phytopathogens leading to limitation
of growth of phytopathogens and improvement of plant
growth.

— Synthesis of exopolysaccharides (EPS) that bind
sodium ions from the salt environment, thereby
alleviating salt stress for germinating seeds.

— Synthesis of phytohormones in the form of auxins,
gibberellins, cytokinins, abscisic acid, L-amino acids and
polyamines, in particular spermidine.

— Release of 02 during photosynthesis

— Solubilization of minerals by the synthesis of organic
acids that dissolve minerals through anion exchange.

— Production of organic matter

— Photosynthesis

— Secretion of mucous substances and formation of
filiform thalli

— Production of organic matter

Sorour et al. (2022);
Subashchandrabose et al.
(2011)

Hashtroudi et al. (2013);
Beneduzi et al. (2012)

Bharti et al., (2021)

Cho et al., (2014);
Zarezadeh et al. (2020)

Prasanna et al. (2013a);
Zarezadeh et al. (2020)
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productively used in wheat cultivation (Hamed et al., 2022). Nitrogen
fixation cyanobacteria also contribute to the mobilization of inorganic
phosphates by releasing organic acids and extracellular phosphatases
(Bustos-Diaz et al., 2019). The humus content formed after the death
and decomposition of cyanobacteria creates strong reducing conditions
in the soil that improve its structure and fertility (Pathak et al., 2019).
Various strains of cyanobacteria are known to produce plant growth
hormones and siderophores, affecting the development and production
of crops (Mtnera-Porras et al., 2020). Exopolysaccharides released by
cyanobacteria cause soil particles to aggregate, which improves soil
structure and fertility by increasing organic content accumulation and
water storage. Cyanobacteria also synthesize phytohormones, organic
substances that act as a regulator of growth and development. It has
been established that cyanobacteria synthesize the phytohormone
indole-3-acetic acid (IAA) (Titlyanov et al., 2017; Tiwari et al., 2020)
when the process of symbiosis between cyanobacteria and higher plants
is established.

Cyanobacteria synthesizing phytohormones include the genera
Nostoc, Fischerella, Plectonema, Symploca, Gloeothece, Calothrix, Scyto-
nema, Synechocystis (Tan et al., 2021; Lastochkina et al., 2022). Cyano-
bacteria of the genus Spirulina, Anabaena, Nostoc, Phormidium,
Oscillatoria, Chroococcus are known for containing a large number of
vitamins such as thiamine, riboflavin, cyanocobalamin, pantothenic
acid, ascorbic acid, nicotinic acid, folic acid. Formidium contains a large
amount of one of the most important vitamins B12, which is a cofactor
for many key enzymes of the central metabolism (Bito and Koseki,
2022). The amino acid composition of cyanobacteria is very rich. Nostoc
muscorum contains Thr, Glu, Pro, Val, Gly, Asp, Ser, Arg. Hapalosiphon
fontinalis contains Cys, Arg, Ser, Asp, Gly, Ile, His, Lys. Calothrix mus-
cicola contains Cys, Tur, and Phe, which are associated with the stimu-
lation of rice growth (Atnoorkar, 2021). These results collectively
confirm the importance of cyanobacteria as biofertilizers, and methods
have been developed for their cultivation and use in fertilizer production
(Kuraganti et al., 2020).

In addition, secondary metabolites produced by cyanobacteria, such
as phenols, alkaloids, antibiotics and toxins, being biologically active
compounds, are of great importance and are used in many biotechno-
logical industries, including agrobiotechnology (Zymarczyk-Duda et al.,
2022). Thus, cyanobacterial toxins exhibit various antibacterial action
spectra, from algo- and bacteriostatic to algi- and bactericidal, and
inhibit the action of many microorganisms (Shukla et al., 2023). It has
been reported that the biomass of cyanobacteria Anabaena sp., Fischer-
ella sp., Nostoc sp. Inhibits the growth of the mold Aspergillus due to the
production of alcohols and esters (Righini et al., 2019). Studies have
shown the inhibitory effect of Nostoc endophytum and Nostoc muscurum
against phytopathogenic fungi, in particular against the soybean root rot
pathogen Rhizoctonia solani, which makes it possible to obtain a high and
healthy yield of legumes (Osman et al., 2011). The cyanobacterium
Nostoc muscorum synthesizes an antibacterial substance of a phenolic
nature that exhibits antagonistic activity against bacteria E. coli, B.
subtilis, B. cereus, S. aureus and fungi Aspergillus niger, Fusarium micro-
sporium (Righini et al., 2022).

Currently, cyanobacteria are becoming increasingly attractive
cellular factories for the production of various chemicals due to their
relatively simple genetic basis for genetic manipulation. Advances in
synthetic biology and our understanding of the regulation of the syn-
thesis of biologically active substances in cyanobacteria will allow us to
improve the level of their expression in cells to make cyanobacteria
commercially profitable (Treece et al., 2022). At present, synthetic
biology tools are most readily available for such strains of cyanobacteria
Anabaena sp. PCC 7120, Nostoc sp. PCC 7120, Synechocystis sp. PCC
6803, Synechococcus sp. PC 7002, Synechococcus elongatus PCC 7942,
and Synechococcus elongatus UTEX 2973, which genome sequences have
been fully investigated and are available (Ng et al., 2020). Their
genome-scale models concerning autotrophic growth as well as photo-
autotrophic metabolism were reconstructed. A strain of cyanobacteria
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Anabaena sp. PCC 7120 is a model object in the study of the regulation of
the synthesis of nitrogen-fixing enzymes and mechanisms of regulation
of resistance to various factors, such as high light intensity and drying
(Videau and Cozy, 2019).

2.3. Microalgae

In addition to cyanobacteria, microalgae are used to stimulate plant
growth and development (Gongcalves et al., 2021). There are up to 30,
000 species of photosynthetic microorganisms widely distributed in all
ecosystems (Crouzet et al., 2019). The great practical potential of
microalgae in agricultural biotechnology is associated primarily with
their biochemical composition. Due to the high content of nutrients such
as proteins, carbohydrates and lipids in the cells, they are able to enrich
and improve the soil. In addition to enriching soil nutrients, microalgae,
as well as cyanobacteria, contain plant growth hormones, poly-
saccharides, and antimicrobial compounds to stimulate the growth of
the plants themselves (Alam et al., 2020).

It is reported that the biomass of microalgae rich in essential macro-
and microelements, lipids, carbohydrates, proteins and biologically
active compounds, being an active biostimulator in plant cultivation, is
used as a biofertilizer in the cultivation of various crops (Alvarez et al.,
2021).

Recent experimental studies using microalgae as biofertilizers have
shown that they stimulate the growth of many crops, such as tomato,
lettuce, wheat, and sugar beet (S. Kumar et al., 2022). The efficiency of
using microalgal biomass as a biofertilizer can be envisaged, given those
biostimulants used for plant growth and development, even in modest
concentrations, might lower the cost of their cultivation. Thus, it is re-
ported that the growth of tomato plants is stimulated by the biomass of
microalgae Chlamydomonas reinhardtii and Chlorella, which form phy-
tohormones auxins and exopolysaccharides (Chiaiese et al., 2018). At
the same time, they have rapid flowering, an increase in the mass of
fruits, and an increase in pigments in the leaves (Gitau et al., 2022). Data
on the positive effect of the microalgae Chlorella vulgaris and Scene-
desmus quadricanda on the phenotypic and genotypic characteristics of
sugar beet under hydroponic conditions are given (Barone et al., 2019).
Their influence on the plant root system and the influence on the
expression of many important genes responsible for the synthesis and
transport of biologically active substances are noted (Barone et al.,
2019; Sido et al., 2022) investigated the effect of the microalgae Chla-
mydomonas applanata M9V and Chlorella vulgaris S3 on the growth of soft
wheat Triticum aestivum L. The wheat was treated with extracts of both
live and dead strains: as well as urea and control without fertilizer. The
live extract of the Chlamydomonas applanata M9V strain showed the best
effect in stimulating the growth of wheat and, more precisely, in
increasing the mass of shoots and roots, the length of leaves and roots.
Also, in addition to morphological characteristics, microalgae treatment
increased soil fertility by increasing soil organic matter, total carbon,
and carbon-to-nitrogen ratio compared to control and urea treatments
(Sido et al., 2022).

Thus, microalgae biomass containing carbohydrates, lipids, proteins,
and various active molecules can enhance soil fertility, promote the
stability of soil aggregates, and improve nutrient and water retention
(Sudharsanam et al., 2019). All this contributes to the direct stimulation
of plant growth and primarily increases their tolerance to various stress
factors (Colla and Rouphael, 2020).

Climate deterioration contributes to the emergence of various abiotic
stresses in plant crops, such as drought, salinization, temperature
changes, exposure to heavy metals, and xenobiotics (Sanchez-Bermiidez
etal., 2022). Abiotic stressors such as these can hinder plant growth and
development, leading to crop losses and economic decline in agriculture
(Kumar, 2020). The tolerance of plants to stress factors when treated
with biomass of phototrophic microorganisms is ensured by the ability
of microalgae to synthesize exopolysaccharides. Exocellular poly-
saccharides in microalgae Chlamydomonas reinhardtii, Dunaliella
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tertiolecta, Spirulina sp., Dunaliella salina and others have been reported,
which are involved in protecting the plant from biotic and abiotic stress
and contribute to the improvement of crop yields in agriculture. Similar
to cyanobacteria, microalgae can grow in various stressful conditions,
such as arid, semi-arid and wetland ecosystems, due to their physio-
logical and biochemical characteristics, primarily the synthesis of a large
number of bioactive compounds and polysaccharides (Chowdhury et al.,
2023).

The study by Arroussi et al. (2018) shows the potential of Dunaliella
salina microalgae exopolysaccharides to increase the salt tolerance of
Solanum lycopersicum tomatoes and the possibility of their use as bio-
stimulants under abiotic stress conditions (EL Arroussi et al., 2018).
Thus, it was found that D. Salina contains sulfated exopolysaccharides,
which weaken the abiotic salt stress on tomato plants by stopping the
decrease in the length and dry weight of the shoots and roots of the
plant, as well as weakening the activity of proline, phenolic compounds,
Na™ ions and antioxidant enzymes. In a similar experimental study, the
use of microalgae Arthrospira sp. And Chlorella sp. Reduces stress from
high salinity in the cultivation of common wheat Triticum aestivum L
(Sukhikh et al., 2022). It has been shown that treatment of plants with
microalgae biomass under salt stress conditions increases the content of
carotenoids, phenols, proteins and tocopherol in wheat grains,
contributing to an increase in the antioxidant activity of wheat exposed
to salt stress significantly increased in response to treatment with
microalgae. The results indicate that the use of microalgae extracts
improves salt stress tolerance in wheat plants (Sukhikh et al., 2022).

Thus, microalgae, similar to cyanobacteria, due to the content of a
large amount of biologically active substances, are currently considered
by a wide audience of researchers as potential objects in agro-
biotechnology for the production of biostimulants and biofertilizers
(Sudharsanam et al., 2019). Herewith, microalgae bioengineering can
help overcome the inherent limitation of metabolic capacity for a higher
accumulation of desired biomolecules, thereby ultimately improving the
economic feasibility of the production process. The huge biological di-
versity of algae can also be used for genetic manipulation. Synthetic
biology applied to microalgae combines this new approach with the
advantages of a photosynthetic microbial host to create new production
strains adapted to future environmental challenges. The tools of syn-
thetic microalgae biology are developing rapidly due to the increased
availability of sequenced genomes of several microalgae lines. In gen-
eral, today, there are several large projects for sequencing microalgae
genomes, which will create a huge genetic resource for algae species that
have remained unused due to the lack of information about their
metabolic pathways, regulatory networks and genetic potentials (Kumar
et al., 2020). Sequencing of microalgae genomes contributed to the
development of a genetic tool in the green microalgae Chlamydomonas
reinhardtii (Fabris et al., 2020), Phaeodactylum tricornutum (Hallmann,
2020) and Nannochloropsis gaditana (Poliner et al., 2017). Methods of
genetic transformation in microalgae are optimized for many of their
species and include such operations as natural transformation, electro-
poration, and biolistic transformation (Fabris et al., 2020). In the field of
agrobiotechnology, microalgae genes encoding enzymes functioning at
various stages of auxin biosynthesis, such as flavin-dependent mono-
oxygenases, tryptophan aminotransferase, various cytochromes P450,
tryptophandecarboxylase, are being intensively studied. In the future,
bioengineering approaches can help overcome the inherent limitation of
the metabolic ability of high phytohormone accumulation, thereby ul-
timately contributing to the improvement of the economic feasibility of
the production process (Kumar et al., 2020).

3. Formation and cultivation of a synthetic algocyanobacterial
consortium for agricultural use

3.1. Interaction between bacteria, cyanobacteria and microalgae

The concept of sustainable development in agrobiotechnology
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involves a systematic approach and the development of organic farming,
which involves the use of an association of microorganisms based on the
integration of communities of microorganisms that mimic the natural
ecosystem, thus ensuring sustainable greening of agriculture. A deep
understanding of the interactions of microorganisms in natural micro-
bial ecosystems is important for creating synthetic consortia and pro-
gramming their behavior in such an artificial association (Li et al.,
2022). Considering that in nature, cyanobacteria and microalgae are
never found in the form of monocultures, having amazing abilities for
symbiotrophic relationships, they are found in communities, and at the
same time, being edificators of microbial communities, they can influ-
ence the microbial composition (Subashchandrabose et al., 2011; Perera
et al., 2022). All this makes it possible to construct artificial micro-
consortia based on these organisms, which is especially relevant at the
present time when there is a paradigm shift from approaches based on
individual species to the use of various consortia. The interaction of
cyanobacteria and microalgae with other aerobic microorganisms may
cover the whole range of symbiotic relationships that are considered
possible (Perera et al., 2022). It can be both symbiosis and antagonism
(Hentschke et al., 2022; Mutalipassi et al., 2022. A consortium is based
on mutualistic relationships between consorts. Cyanobacteria are able to
enter into symbiosis with many groups of living organisms, including
microalgae and non-photosynthetic bacteria. One of the main factors
that ensure the formation of strong symbiotic bonds is the presence of a
mucous layer of cyanobacteria and microalgae (Yao et al., 2019). The
ability of algae to form gelatinous colonies, slime cell membranes and to
form mucous sheaths favors the development of bacteria in them.
Colonial mucus and mucous sheaths of algae are abundantly populated
by bacteria, among which nitrogen-fixing species, which in turn supply
algal cells with an available form of nitrogen, attracted the special
attention of researchers (Kannojia et al., 2019). Exopolysaccharides
secreted by cyanobacteria and microalgae provide nutrition to the
bacteria, protect them from drying out, improve the adhesion of also
bacterial mats, provide a surface and substrate for consortium growth,
and aid detoxification by binding to potential toxins and heavy metals
(Kumar et al., 2018; Gupta and Pandey, 2021). Heterotrophic bacteria
can be closely associated with the cell wall of cyanobacteria and
microalgae, be located in their mucous polysaccharide sheath, or be in
the area called the “phycosphere” and use the organic substances syn-
thesized by them for their life activity (Hoke et al., 2021). The phyco-
sphere, which is a zone around a microalgal or cyanobacterial cell rich in
high concentrations of organic substances, is a characteristic habitat for
bacteria. At the same time, it should be noted that the community
inhabiting this zone is bacteria with high metabolic activity, able to
survive in this microscopic but rich in organic matter area and, in turn,
stimulate the growth of microalgae, representing a classic case of
mutualism (Van Oosten et al., 2017; Sun et al., 2019). It should be noted
that the preservation of axenic cyanobacterial strains in the collection is
a very complex process; in such a pure form, they are characterized by a
low growth rate, impaired cell morphology, and cell death (Gao et al.,
2020). An obligate symbiosis between the cyanobacterium Coleofasci-
culus chthonoplastes and the bacterium Pseudomonas nautica is reported,
which contributed to the neutralization of photosynthesis by-products
and thus promoted the active growth of cyanobacteria (Jha et al.,
2022). In such a symbiotic association, consorts are interconnected so
that the end products of one species can serve as a resource for another
species. Thus, the organic substances of microalgae that enhance the
growth of bacteria in a symbiotic relationship are represented by organic
carbon, calcium carbonate and 2,3-dihydroxy propane-1-sulfonate
(DHPS) (Yao et al., 2019; Severo et al., 2019). In addition, they pro-
vide bacteria with photosynthetic oxygen, which is used as an electron
acceptor during the bacterial decomposition of organic matter. Bacteria
provide microalgae cells with micronutrients such as B vitamins, which
act as cofactors for enzyme activity in central cellular metabolism (Kang
et al., 2021). Also, due to the activity of their extracellular enzymes,
bacteria provide microalgae and cyanobacteria with nutrients, including
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inorganic nitrogen, carbon, phosphorus and sulfate obtained from the
decomposition of organic substances (Kang et al., 2021). They also have
a growth-stimulating effect on algae by synthesizing growth factors such
as indole-3-acetic acid (Peng et al., 2020; Lebrazi et al., 2020). The most
constant companions of phototrophic microorganisms are spore-free
gram-negative bacteria of the genera Chromobacterium and Pseudo-
monas; bacteria from the genera Mycobacterium, Micrococcus, Sarcina,
Bacillus are less common (Didovich et al., 2020). It is reported that when
microalgae and bacteria are co-cultivated, there is an increase in the
productivity of microalgae in the production of useful substances, such
as total lipids, carbohydrates and chlorophylls (Kang et al., 2021). Thus,
two strains of PGPB, Agzospirillum brasilense Cd and B. pumilus ES4,
stimulated the growth of green microalgae Chlorella sorokiniana UTEX
2714 due to CO and volatile compounds, increasing the growth rate of
microalgae up to six times and induced an increase in the total amount of
lipids, carbohydrates and chlorophyll a in microalgae cells.

However, there is information about the selective effect of bacteria
on the growth and reproduction of individual microalgae. So it is re-
ported that Muricauda sp. Promoted the growth of Tetraselmischuii and
Cylindrotheca fusiformis, but sharply inhibited the growth of Nanno-
chloropsis gaditana microalgae (Kumaresan et al., 2020). In addition,
information is provided that the stimulating effect of bacteria on the
growth of algae can, under certain conditions, be replaced in an extreme
opposite direction. So Segev et al. showed that the symbiosis between
bacteria of the genus Roseobacter and microalgae Emiliania huxleyi at a
certain stage of the algae life cycle turns into parasitism, which in its
own way contributes to the regulation of the number of microalgae in
the consortium. Thus, the initial mutualistic relationship, when the
algae supply bacteria with polysaccharides and the bacteria produce
growth hormones for algae, becomes parasitic when the algae grow old
and secrete p-coumaric acid, which in turn induces the synthesis of
roseobacticides in bacteria, which are toxins for algae (Segev et al.,
2016). In addition, data are presented that during parasitism, some
heterotrophic bacteria secrete chitinases, glucosidases, cellulases, and
other enzymes for the degradation of algae within the consortium and
further lysis their cells and the use of intracellular compounds as nu-
trients by bacterial cells (Yan and Fong, 2015) (Fig. 1).

Microalgae, in turn, can also inhibit bacterial activity by releasing
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antibacterial metabolites and increasing the pH of the medium, chang-
ing the concentration of dissolved oxygen and the temperature of the
culture medium (Bumandalai et al.,, 2019; Chanda et al.,, 2019;
Dineshkumar et al., 2020).

In nature, in natural communities, the coexistence of algae with
bacteria helps them cope with various stress factors such as high salinity,
low availability of free water, low temperature, low light and strong
ultraviolet (UV) radiation. The synthesis of exopolysaccharides and
specific glycoproteins by algae plays a crucial role in enhancing the
resistance of bacteria to extreme environmental conditions. These
compounds alter the physicochemical environment of the surrounding
area, thereby contributing to the bacteria’s ability to withstand harsh
conditions. Thus, although algae, cyanobacteria, and bacteria have
different mechanisms of stress resistance and exhibit significant resis-
tance to a wide range of stress factors, mutualistic relationships in the
consortium as a viable survival strategy make it much easier for them to
endure adverse environmental conditions.

3.2. The effect of the consortium on plant growth

The use of consortiums of cyanobacteria, microalgae and bacteria for
the restoration of soil ecosystems in agriculture is an important direc-
tion. As already stated above, both microalgae and cyanobacteria and
PGPB have the ability to stimulate plant growth by producing various
polysaccharides and phytohormones, such as auxin and cytokinin. As a
result of their beneficial mutual influence, using a consortium consid-
erably boosts the effectiveness of the impact of consorts.

Algocyanobacterial consortia promote the formation of water-
resistant soil aggregates, improve soil texture, promote soil loosening,
increase nutrient availability and organic matter content, and thus
ensure the restoration of its biodiversity.

The phototrophic component of the consortium is produced by
exopolysaccharides, which aid in the aggregation of soil particles and
the formation of biological crusts, and thus provide soil stabilization
(Naorem et al., 2021). These cyanobacterial soil crusts, in turn, increase
the carbon and nitrogen content of the soil and thus provide essential
nutrients to the plants. Such consortiums can also be useful for miti-
gating climate change, stabilizing soil from wind and water erosion, and
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fertilizing arid soils (Subashchandrabose et al., 2011).

Natural communities of microalgae, cyanobacteria and bacteria
present in the soils of arid regions play an important role in biogeo-
chemistry and are rich sources of thermostable enzymes (Perera et al.,
2022). These enzymes help in the decomposition of organic matter and
increase the uptake of nutrients by plants (Fig. 2).

Cyanobacteria and microalgae are desirable materials for building
multi-component artificial consortia on account of their metabolic
characteristics, capacity for nitrogen fixation and biostimulation, and
tolerance to shifting soil conditions (Borowitzka, 2019). To do this, at
the first stage, pure cultures are screened - consorts, which can be the
most productive strains characterized by high nitrogenase and bio-
stimulating activities. This is followed by the introduction of the
necessary PGPB bacteria into the mucous membranes of phototrophic
microorganisms. It should be noted that such algocyanobacterial con-
sortia can persist for a long time due to mutualistic interactions between
consorts (Fallahi et al., 2021). Undoubtedly, the design and use of
artificial algocyanobacterial consortia with programmed microflora are
more effective than natural consortia (Duncker et al., 2021). The phy-
tostimulatory activity of cyanobacterial consortia has been reported for
rice crops (Prasanna et al., 2013a,b ; Singh et al., 2021), wheat (Hamed
et al., 2022; Prasanna et al., 2013a,b), tomato (Garlapati et al., 2019),
and legumes (Didovich, 2021). Microbial consortia have been developed
to enhance rice plant productivity by incorporating bacteria from the
genera Pseudomonas and Azospirillum, as well as cyanobacteria, such as
Anabaena sp. CR1, Calothrix sp. CR2, and Anabaena sp. CR3. These
consortia have demonstrated the ability to improve rice growth by
enhancing the uptake of micro- and macro-nutrients by the plants. As a
result, they have effectively increased both the growth and grain yield of
rice, while also promoting soil health. Importantly, these consortia
enable a reduction in the application of inorganic nitrogen fertilizers by
40-80 kg/ha without compromising the grain yield (Doni et al., 2022).

Long-term experiments have established that the use of cyano-
bacterial consortia contributed to the maximum realization of the po-
tential of plant-microbial interaction in agrocenoses, increasing
biological activity in the soil, the yield of leguminous crops, and
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improving grain quality (Chittora et al., 2020). Also, consortia based on
microalgae and cyanobacteria are used to treat soil and seeds against
phytopathogenic fungi that cause root diseases (Kholssi et al., 2022).
They can prevent plant diseases by stimulating defense systems and
secreting antifungal enzymes and antibiotics (Righini and Roberti,
2019).

3.3. Possibilities of using wastewater and CO3 for the cultivation of
algocyanobacterial consortium

The concept of a circular economy involves reducing waste and using
it to create a new product (Chew et al., 2019). In this context, the use of
domestic and agricultural wastewater for the cultivation of the algo-
cyanobacterial consortium is very attractive and recommended to ach-
ieve a long-term and efficient cycle of natural resource use (Nguyen
et al., 2022). Domestic wastewater rich in nutrients can be used as a
freely available source for cultivating both microalgae and bacteria (Li
etal., 2019). At the same time, microalgae, consuming nutrients (mainly
nitrogen and phosphorus) available in wastewater, carry out its biore-
mediation in parallel (Akmukhanova et al., 2018; Zayadan et al., 2020;
Bauenova et al., 2021). Definitely, any wastewater could be used for the
cultivation of this consortium since these microorganisms have wide
metabolic capabilities, including resistance and accumulation of various
xenobiotics (Gururani et al., 2022; Saleh et al., 2020; Chuah et al.,
2022). However, due to the use of the obtained biomass of the con-
sortium in the fields as a fertilizer, it is advisable to use domestic
wastewater as a nutrient medium, as well as wastewater from livestock
farms and other agricultural industries. This integration of microalgae
and bacteria consortium cultivation in wastewater, promoting the
development of a green circular economy, offers many advantages over
conventional algobacterial consortium cultivation. So, in addition to
obtaining the main target product - the biomass of the consortium, pu-
rified water can be reused in irrigation fields. This approach certainly
allows for the elimination of the bottlenecks of the commercial culti-
vation of the consortium by reducing the cost of its cultivation. At the
same time, the need for the phototrophic component of the consortium
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in CO5 can also be solved by supplying carbon dioxide from flue gases,
simultaneously contributing to carbon sequestration and thus contrib-
uting to ecological balance (Lopez Pacheco et al., 2021; Silva et al.,
2022). It is reported that 1 kg of dry biomass of algae requires about
1.83 kg of CO, (Chisti, 2007) and the rate of CO, uptake in microalgae
and cyanobacteria is about 10-50 times higher than in terrestrial plants,
so the use of these biological agents is considered one of the effective
approaches to sequestration. CO». In the algocyanobacterial consortium,
the mutual dependence on such substrates as CO2 and oxygen will
contribute to enhanced mutually beneficial fixation.

Moreover, culturing three (cyanobacteria, microalgae and bacteria)
or more component synthetic consortia offers many advantages, such as
greater tolerance during environmental fluctuations, exchange of spe-
cific metabolites between members of the consortium, and resistance to
invasion by unwanted species (Yao et al., 2019). The energy bonding of
this symbiotic combination is an important strategy because the
microalgae use the CO, produced by the bacteria during respiration as a
carbon source, and the bacteria, in turn, obtain their energy from the O,
produced by the microalgae during photosynthesis.

The consortium cultivation system in wastewater provides the pos-
sibility of obtaining biofertilizers at wastewater treatment plants
(Gururani et al., 2022; Song et al., 2022). Biswas et al. (2021) demon-
strated that when cultivating a consortium of microalgae and bacteria in
wastewater from dairy plants, biomass productivity was increased by
67%, with a lipid content of 42%, carbohydrates of 55% and protein of
18.6%. This process may have been associated with symbiotic biodeg-
radation by bacteria due to an increase in the amount of oxygen released
by microalgae during the photosynthetic process (Biswas, et al., 2021).

When the bacterial communities of the phycosphere, especially
PGPB, were destroyed, the growth rate of microalgae under photo-
trophic conditions turned out to be very low (Zarezadeh et al., 2020;
SundarRajan et al., 2019). These co-cultivation studies of algae with
growth-enhancing bacteria have shown that the bacteria increase the
growth rate of algae by at least 10% and, in some cases, by up to 70%.
Therefore, in the mass cultivation of microalgae cultures with PGPB, it
will be very useful to increase the growth rate, which will lead to
increased productivity. Subsequently, regular monitoring of both the
algae and the bacterial community will be required, as it is critical to
have the desired bacterial community associated with microalgae in
mass cultivation to achieve higher growth rates (Zarezadeh et al., 2020).
However, it is also believed that in algal systems using wastewater as
nutrients, the incoming microbial diversity should also be monitored
and controlled in order to maintain the desired algal-bacterial commu-
nity (Zarezadeh et al., 2020; Ahiahonu et al., 2022).

In the wastewater culture process, the consortium of microalgae and
bacteria offers certain advantages, such as minimizing greenhouse gas
emissions, efficiently removing contaminants and economical aeration.

4. Main problems and prospects

Solving the problem of the agro-industrial complex should be the
central link of state policy since its state determines the fate of all
mankind. Therefore, the world community should be interested in the
development of agricultural biotechnologies. Despite the great potential
of bioresources and the significant improvements currently available in
the field of biofertilizers, there are still certain limitations, some of
which are solvable, and some require serious research and development.

One of the main reasons is the possible genotypic changes in the
microorganisms used on the basis of the consortium, as well as their
suppression by the antagonistic activity of the local microflora. So, in the
production of biofertilizers, the interaction of organisms in a consortium
with each other, or when using this consortium, in the interaction of
consorts with other organisms, it is possible to change the basic prop-
erties of organisms - consorts. In addition, during cultivation, strains can
undergo mutations, leading to a change in cell viability and, accord-
ingly, to a decrease in the efficiency of biofertilizer, which in turn can
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lead to economic losses, as well as the possible instability of consorts in
relation to local microorganisms, in particular, the difficulty in the
ability to resist their antagonistic activity. The second equally important
issue is the scaling of the process, which needs to be addressed through
extensive field research. The system of large-scale cultivation of the
algal-cyano-bacterial consortium and the infrastructure for obtaining,
storing and using biofertilizers based on them have not been established.

The main strategies for overcoming these limitations are identifying
and characterizing potential microorganisms, the genotypic study of
strains and their molecular characterization, new soil bacteria, and
conserving beneficial species for future use. Despite many ongoing
biofertilizer development projects, technology still needs to be given due
attention to producing results at the field level. Studies are needed to
determine the local microflora before using biofertilizers. All these
strategies for the development of organic farming based on the use of
biofertilizers primarily require state support and subsidies for scientific
research and further implementation of the results of scientific research.

5. Conclusion

In soil, microalgae and cyanobacteria, as well as heterotrophic
PGPBS, play an equally important ecological role as nitrogen fixers,
organic matter accumulators and biostimulators, forming impressive
symbiotrophic partnerships with bacteria that can be used to enrich and
improve soil characteristics. Advanced technological developments,
such as synthetic biology, can use the promising possibilities of photo-
trophic and heterotrophic microorganisms that already exist in nature.
However, there are currently a relatively small number of algae and
cyanobacteria species used commercially to increase yields, and these
are mainly natural isolates with minimal selection and selection. It is
necessary to expand fundamental and applied research on the use of
phototrophic microorganisms in agrobiotechnology, increase the num-
ber of annotated genomes, as well as new synthetic toolsets and precise
tools for editing their genome. All this will allow it to be more competent
in designing these organisms with a better ability to produce the
necessary biocomponents. The presence of numerous exchangeable
metabolites, chemical signals, and carriers involved in complex in-
teractions between cyanobacteria, microalgae, and bacteria ensures the
successful production of their synthetic consortium. This efficient tool
contributes to the development of organic farming. Ongoing progress in
the study of genomic data, transcriptional information and the creation
of a genetic platform for microalgae and cyanobacteria will expand the
possibilities of industrial biotechnology in the field of agriculture.
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