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on agrochemicals, which have caused considerable dam-
age to global ecological security such as acidification and 
hardening, decreasing beneficial soil microorganisms, and 
increasing disease incidence (Chandini et al. 2019; (Meena 
et al. 2020b). Modern agriculture must assess its methods 
by integrating new systems to produce food sustainably. A 
novel and eco-friendly approach to addressing these chal-
lenges involves the development of microalgae-bacteria 
based products such as biofertilizers, biostimulants, and 
biopesticides, which reduce reliance on agrochemicals and 
achieve higher production and sustainable value in modern 
agriculture with minimalised the negative effects on agro-
ecosystem. Microalgae and beneficial bacteria can be used 
alone or in consortiums as an alternative source of chemical 
fertilizers to enhance plant growth, nutrient cycling, plant 
protection, productivity, and soil fertility (Garcia-Gonzalez 
and Sommerfeld 2016; Holajjer et al. 2013; Niu et al. 2020; 
Singh et al. 2011).

The use of microalgae in agriculture is becoming increas-
ingly implementing due to the wide adaptability, includes 

      Introduction

There has been a global tension between ever-growing 
demand for food, water, and energy sources, which calls 
for novel and sustainable approaches to increase agricul-
tural productivity and maintain the environment. It is gen-
erally believed that sustainable agricultural intensification 
should be considered the issues of increasing production 
and reducing environmental damage. However, the current 
crop production system has become strongly dependent 
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Abstract
Agriculture is undergoing a paradigm shift as it moves away from relying only on agrochemicals toward natural-based 
product to enhance plant growth and productivity while sustainably maintaining soil quality and productivity. In this 
sense, microalgae and bacteria offer a unique potential due to the growing use of novel and eco-friendly products such as 
biofertilizers, biostimulants, and biopesticides. Microalgae improve crop growth and health by fixing nitrogen, releasing 
soil trace elements, solubilizing potassium, and phosphorus, producing exopolysaccharides, and converting organic mat-
ter into utilizable nutrients. They also release bioactive substances including, carbohydrates, proteins, enzymes, vitamins, 
and hormones, to promote plant growth, control pests, and mitigate plant stress responses. Even though it has long been 
known that microalgae produce various bioactive and signaling molecules (like phytohormones, polysaccharides, lipids, 
carotenoids, phycobilins, and amino acids) which are effective in crop production, the targeted applications of these 
molecules in plant science are still in the very early stages of development. Microalgae are beneficial to bacteria because 
they produce oxygen and extracellular chemicals, and bacteria, in turn, provide microalgae with carbon dioxide, vitamins, 
and other nutrients in exchange. This review discusses the possible role of microalgae in increasing crop yield, protecting 
crops, and maintaining soil fertility and stability, and it points out that interactions of microalgae and bacteria may have 
a better enhancement of crop production in a sustainable way than using either of them alone.
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capacity for heterotrophic growth, high photosynthetic effi-
ciency, capability of adapting to both industrial and domes-
tic wastewater, and production of biomolecules (Chiaiese 
et al. 2018). The utilization of microalgae biomass can 
be beneficial because it has a highest nitrogenase activity 
(Prasanna et al. 2014, 2016b; Ranjan et al. 2016), carbon 
and nitrogen fixation (Song et al. 2022), enhancing stabil-
ity of soil aggregates and soil ecological health (Nichols 
et al. 2020; Song et al. 2022), prevention of nutrient losses 
(Jimenez et al. 2020), and improving soil fertility (Alvarez 
et al. 2021). Studies in these areas have increased our under-
standing of the positive roles of biomolecules produced by 
microalgae, including carbohydrates, proteins, enzymes, 
fatty acids, organic acids, vitamins, and hormones, which 
improve soil health, aid in plant disease management, and 
mitigate the effects of climatic stresses (Alvarez et al. 2021; 
Nichols et al. 2020; Prasanna et al. 2013). Plant nutrient 
access is dependent on soil microbes, which stimulate plant 
growth and improve crop yield through phosphate solubi-
lization, potassium solubilization, biocontrol activity, exo-
polysaccharide secretion, and organic matter decomposition 
(Naik et al. 2019; Souza et al. 2015).

Microalgae and bacteria can interact with one another in 
a broad variety of ways, ranging from mutualism and com-
mensalism to competition and parasitism ((Fuentes et al. 
2016b). Microalgae improve soil health, root growth, and 
shoot growth, as well as crop productivity by functioning 
independently or in association with beneficial bacteria 
(Kang et al. 2021). It is evident that microalgae and bacteria 
have enormous potential and present a significant chance 
to improve agriculture’s sustainability and resilience when 
considered alongside the rising costs of synthetic fertilizers, 
the effect of climate change, and pesticide resistance. How-
ever, the interaction processes among microalgae and bac-
teria are still poorly understood, especially how to integrate 
this information for agricultural purpose, renewable energy 
production, and other biotechnological fields. We give a 
detailed review highlighting the most recent investigation 
on potential microalgae and their interaction with bacteria 
for sustainable agricultural production.

Potential of microalgae in crop production

Algae are photosynthetic organisms that can be found in a 
different variety of water and soil environments. Algae are 
generally classified as macroalgae and microalgae, with 
macroalgae being referred to as seaweeds, which are multi-
cellular large-size algae that can grow up to 65 m. However, 
microalgae are microscopic, single-celled organisms with 
small size, from 1 to 900  μm. Microalgae are composed 
of eukaryotic organisms and prokaryotic cyanobacteria 

(blue-green algae) that have found widespread application 
as a biological source across a variety of industries, includ-
ing the agriculture, food, pharmaceutical, and biofuel (Khan 
et al. 2018; Kusvuran and Kusvuran 2019; Renuka et al. 
2018). In recent years, microalgae have become a sustain-
able agricultural product due to increasing the availability 
of nutrients, enhancing plant growth and crop yields, and 
maintaining the organic carbon and fertility of soil by boost-
ing microbial activity in the soil. The ability of the photo-
autotrophic microalgae to produce high-value compounds 
(like pigments, polyunsaturated fatty acids, and vitamins), 
alternative energy sources and natural processes for envi-
ronmental protection (such as CO2 mitigation, biofuel 
production, and wastewater treatment) has led to a large 
market demand (Prasanna et al. 2016a; Renuka et al. 2018; 
Touloupakis et al. 2021). Microalgae are potential compo-
nents of products that are biologically active metabolites 
such as biofertilizers, biostimulants, and biopesticides, 
which can be used in crop production, protection, and soil 
improvement (Gonçalves 2021; Marks et al. 2019; Pathak 
et al. 2018; Plaza et al. 2018). The most common species of 
algae include Spirulina, Chlorella, Nostoc spp., Dunaliella, 
Scenedesmus, Isochrysis, Tetraselmis, Skeletonema, Pav-
lova, Chaetoceros, Phaeodactylum, Nitzschia, and Thalas-
siosira (Beal et al. 2018; Han et al. 2019).

Mechanisms of microalga to promote plant 
growth and development

Several studies demonstrate that microalgae containing 
products can stimulate plant growth and yield either in a 
single (Table  1) or a consortium with bacteria (Table  2); 
and have the potential to reduce synthetic fertilizer and 
can defend against plant pathogens. These are due to a 
large variety of bioactive compounds producing excellent 
sources of chemicals such as phytohormones, carotenoids, 
phycobilins and amino acids. Microalgae enhance crop pro-
ductivity by promoting plant growth, nutrient availability, 
and pathogens biocontrol (Michalak and Chojnacka 2015b; 
Stirk et al. 2013). These products have diverse functional 
characteristics in crop production that promote an improve-
ment in soil quality, nutrient uptake, enhancing crop perfor-
mance, tolerance to biotic and abiotic stress conditions, and 
plant growth stimulation (Gonçalves 2021; Kusvuran and 
Kusvuran 2019; Renuka et al. 2018). This section describes 
the details of the potential development of the effect of bio-
fertilizers, biostimulants, and biopesticides on agricultural 
production.
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Biofertilizers

Biofertilizers are environmentally friendly containing living 
microbes or natural materials that improve soil fertility, crop 
development, and productivity by colonizing the plant’s rhi-
zosphere and increasing the plant ability to absorb nitrogen, 
phosphorus, potassium, and minerals when applied to soil, 
plant, or seed (Mahanty et al. 2017; Ronga et al. 2019). 
Considerable research studies on biofertilizers have dem-
onstrated their ability to supply the required nutrients to the 
crop in enough amounts that result in the improvement of 
crop growth and yield. Biofertilizers are living microbes that 
increase crop productivity by mobilizing or increasing nutri-
ent availability in soil, in an economically feasible and envi-
ronmentally friendly manner (Singh et al. 2011), and they 
are an substitute to chemical fertilizers. Biofertilizers are 
cost-effective; they minimize the side effect of environmen-
tal stress to a great extent and enhances soil fertility (Singh 
et al. 2011). It was testified that the application of biofertil-
izers improve crop yield by about 10–40% by increasing 
the contents of amino acids, proteins, nitrogen fixation, and 
vitamins (Bhardwaj et al. 2014; Prasanna et al. 2017). When 
microalgae were utilized as a source of biofertilizer, several 
research found a correlation between increased crop yields, 
increased nutrient uptake, and increased biomass accumula-
tion (Hajnal-Jafari et al. 2020; Ronga et al. 2019; Shaaban 
2001).

Nitrogen fixation

Soil serves as a medium for plant growth and is a crucial 
resource that must be continually resupplied with nutrients. 
Among the different features of biofertilizers, formulations 
based on oxygenic photosynthesis, including cyanobacte-
ria and eukaryotic microalgae, are of increasing benefit in 
nutrient cycling, crop productivity, soil fertility and reduc-
ing chemical fertilizer application (G et al., 2016; Li et al. 
2017). Certain cyanobacteria (free-living blue-green algae) 
can efficiently transform atmospheric nitrogen (N2) into 
organic nitrogen forms, which is one of the vital nutrients for 
plant growth (Dey et al. 2017; Gonçalves 2021; Renuka et 
al. 2018). Cyanobacteria has specialized cells known as het-
erocysts, that can fix atmospheric nitrogen and, as a result, 
are able to meet the needs of soil macro and micro fauna as 
well as flora and plants (Babu et al. 2015; Karthikeyan et al. 

Table 1  Application of microalgae impact on crop production
Microalgae 
isolates

Tested plant Effect on crop 
performance and soil 
fertility

Refer-
ence

Monoraphid-
ium sp.

Tomato (Solanum 
lycopersicum)

Enhance plant 
biomass by 32% and 
12% higher content 
in chlorophyll a

(Jimenez 
et al. 
2020)

Nostoc 
piscinale

Maize (Zea mays) Faster vegetative 
growth and higher 
chlorophyll content, 
higher grain yield

(Ördög 
et al. 
2021)

Anabaena 
spp.

Wheat (Triticum 
aestivum L), 
tomato

Enhanced viability 
and N fixing poten-
tial; enhance growth 
and nutrient uptake, 
increase yield and 
fruit quality; exhib-
ited 10–15% lower 
disease severity

(Chaud-
hary et 
al. 2012; 
Prasanna 
et al. 
2013; 
Swarnal-
akshmi 
et al. 
2013)

Chlorella vul. 
and Spirulina 
platensis

Maize (Zea mays) Increase plant height, 
improve yield char-
acter, and enhance 
seed germination

(Dinesh-
kumar et 
al. 2017)

Table 2  Microalga-bacteria interaction effects on crop production
Microalgae Bacteria Tested 

crop
Effect on 
crop perfor-
mance and 
soil fertility

References

Anabaena 
cylindrica

Azospi-
rillum 
brasilense

Maize 
(Zea mays)

Increase 
the initial 
growth, 
higher root 
growth, dry 
biomass, and 
yield

(Gavilanes 
et al. 
2020; 
Matsuo et 
al. 2022)

Chlo-
rella spp.

Bacillus 
megate-
rium, Pseu-
domonas 
fluorescens

Maize 
(Zea mays)

Improvement 
of both the 
micro- and 
macro-scale 
stabil-
ity of soil 
aggregates, 
increased 
organic 
carbon in the 
soil

(Yilmaz 
and 
Sönmez 
2017)

Anabaena 
cylindrica

Rhizo-
bium + Azo-
spirillum 
brasilence

Common 
bean

Enhanced 
plant growth, 
yield and 
yield 
component

(Horácio 
et al. 
2020)

Nostocaceae 
family

Pseudo-
monas and 
Pantoea 
cypripedii

Tomato 
(Solanum 
lycopersi-
cum)

Microbial 
consortia can 
have definite 
synergistic 
effects on 
plant growth 
and seedling

(Toribio et 
al. 2022)

Anabaena 
spp.

Brevun-
dimonas sp.

Rice 
(Oryza 
sativa)

Enhanced 
growth, yield, 
and improve 
soil organic 
carbon and 
soil health

(Prasanna 
et al. 
2012)
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In desert and semiarid soils, which are often highly com-
pacted, low in fertility, saline or sodic, poorly aerated, and 
retain less water, microalgae make physio-chemical contri-
butions to the health of the soil by supporting to form and 
stabilize soil aggregates, which increase pore space and 
continuity (Nichols et al. 2020). This enhances aeration, 
nutrient cycling, seed germination, water holding capacity, 
and water infiltration. Following the application of cyano-
bacteria (Nostoc and Anabaena) to a loam, silty clay loam, 
and sandy loam, there was an increase in soil aggregation 
of 85%, 130%, and 160%, respectively (Kaushik 2014). 
Hence, using algal biomass as a biofertilizer could improve 
the soil’s structure, water-holding capacity, and soil aeration.

Biostimulants

Plant biostimulants are derived from microorganisms or 
organic substances, when applied to the plant in a small 
quantity, they increase nutrient use efficiency, promotes 
plant growth, resistance to abiotic and biotic stress, and 
quality traits, regardless of their essential nutrient content 
for plant (García-Sánchez et al. 2022). Algae, both macroal-
gae (seaweeds) and microalgae, have long been viewed as a 
potentially profitable commercial prospect in the field agron-
omy and agro-industries due to their high concentrations of 
plant biostimulants (Kapoore et al. 2021). Hence, microal-
gal extracts are becoming promising natural resources for 
plant biostimulation (Romanenko et al. 2016). It is essential 
to keep in mind that biostimulants are not the same thing as 
biofertilizers because they do not directly supply the crops 
with the nutrients that they require; rather, they enhance the 
uptake of the nutrient by altering the rhizosphere and the 
metabolic processes of the plant (Drobek et al. 2019).

The biostimulatory effect of microalgae-based bios-
timulants under normal and stress situation can modulate 
microbial community inhabiting in the phyllosphere and 
rhizosphere areas of plants (Ranjan et al. 2016; Renuka et 
al. 2018). Recent experimental studies of biostimulatory 
microalga extracts have been shown to improve vegetative 
growth, absorption and distribution of nutrients, biomass 
and yield, resilience to biotic and abiotic stress, and water 
uptake in many crops under open and greenhouse settings 
(El Arroussi et al. 2018; Garcia-Gonzalez and Sommerfeld 
2016; García-Sánchez et al. 2022; Prasanna et al. 2017). 
Biostimulants can also alter root formation, which influ-
ences plant health, nutritional composition, and growth by 
improving water and nutrient uptake (Garcia-Gonzalez and 
Sommerfeld 2016). The biostimulant activity of cyanobac-
teria, Arthrospira platensis, root and foliar applications on 
papaya has been tested. After integrating the findings into 
a surface model for plant height, stem diameter, leaf num-
ber, and leaf area, it was determined that a root treatment of 

2007). Several researchers have investigated that inocula-
tion with cyanobacteria proved to boost the yield and micro-
bial activity by 5-25%, enhance plant growth, and seed 
germination in a wide variety of cereal and vegetable crops 
(Dey et al. 2017; (Prasanna et al. 2016b, 2017); can contrib-
ute to savings of 25-50% on chemical nitrogen fertilizers (G 
et al., 2016; Nain et al. 2010; Prasanna et al. 2016a). Due to 
their abundance in soil and their ability to fix atmospheric 
N, cyanobacteria like Nostoc and Anabaena strains are fre-
quently used as biofertilizers (Renuka et al. 2018).

Leaching of biologically fixed N may be an environ-
mental hazard, but the extent may be minimal compared to 
leaching caused by synthetic fertilizers. Research reports 
revealed that only 7% of total nitrogen is leached away 
when microalgae are applied to soil, whereas 50% of total 
nitrogen is leached when synthetic fertilizer is applied 
(Jimenez et al. 2020). Exopolysaccharide-producing cyano-
bacteria generate biological soil crusts and are also said to 
immobilize access to nitrogen (Mager and Thomas 2011), 
which inhabit nitrogen from leaching out of the soil. Gener-
ally, cyanobacteria inoculation improves the yield, micro-
bial activity by 5-25%, and provides 25-40 kg N/ha, which 
results in substantial fertilizer cost savings and reduces 
environmental pollution load by preventing nitrogen leach-
ing from the soil. Microalgae fertilization increased plant 
growth rate (shoot + root) by 32% in tomato plants, paral-
leling an increase in chlorophyll-a content (Jimenez et al. 
2020); and it may also enhanced yield and microbial activity 
by 12–25% (Prasanna et al. 2014).

Improve soil structure

As a result of intensive agricultural methods, agricultural 
land is continuously degraded. Soil erosion, tilling and 
using heavy equipment too often can affects the soil’s struc-
ture, water holding capacity, fertility, nutrients movement, 
and productivity of agricultural soil. For agriculture to be 
sustainable, it is important to keep the soil’s organic matter 
and structure at the appropriate levels. Numerous varieties 
of green algae and cyanobacteria that are capable of pro-
ducing extracellular polymeric substances (EPS) and releas-
ing them into the environment (Xiao and Zheng 2016). The 
extracellular polymeric substances (EPS) have adhesive 
properties that contribute to enhancing soil organic carbon, 
aggregation of soil particles, enhancing soil structure, and 
preventing soil erosion to a large degree (Weiss et al. 2012; 
Xiao and Zheng 2016). The study found that inoculating 
cyanobacteria in soil resulted in the formation of organo-
mineral soil aggregates composed of filaments and EPS, 
which increased aggregate stability six weeks after inocula-
tion compared to the uninoculated control (Malam Issa et 
al. 2007).
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that uses prospective phytohormone-excreting cyanobacte-
rial strains as a biostimulant would be an environmentally 
acceptable way to stimulate plant development. However, 
research on the evaluation of algal hormone application at 
a field scale is limited, so this area needs further research.

Amino acids and protein hydrolysates

Amino acids and protein hydrolysates (PHs), together 
constitute a significant portion of the category within the 
broader field of plant biostimulants and find widespread 
application within environmentally responsible agriculture 
practices (Bulgari et al. 2019). Amino acids contain a minor 
amount of lipids, phytohormones, polysaccharides, and ele-
ments that are both macro and micronutrients, as well as 
protein hydrolysates, which may also consist primarily of 
short peptides (polypeptides and oligopeptides) (Calvo et 
al. 2014; Kapoore et al. 2021). The overall concentration of 
free amino acid and peptides (including arginine, alanine, 
proline, glycine, glutamate, valine, leucine and glutamine, 
among others) can range from 2 to 18% (w/w) to 1 to 85% 
(w/w), respectively (Calvo et al. 2014). Glycine betaine 
and proline are known to help to the mobility and uptake 
of micronutrients, as well as mitigation of environmental 
stress and antioxidant activity including heat, cold, drought, 
salinity, oxidative, and heavy metals through chelating 
actions (du Jardin 2015; Paul et al. 2019). Bioactive pep-
tides, on the other hand, function in plants similarly to auxin 
and gibberellin, which improves overall plant growth and 
productivity (Colla et al. 2017). Certain microalgal strains 
contain more than 40% dry weight amino acid, including 
C. saccharophila, Chlorella sp., A. maxima, and A. platen-
sis, and which contains 42.4%, 44.3%, 44.9%, and 46.8% 
respectively (Hempel et al. 2012), making them appropriate 
for biostimulants products.

Polysaccharides

The polysaccharides found in microalgae have the poten-
tial to be used as a bioresource in agriculture, both for the 
protection and improvement of crops. Polysaccharides are 
involved in many plants’ metabolic pathways and can act 
as biostimulants to increase crop quality and protect against 
biotic and abiotic challenges (Rachidi et al. 2020).

The highest concentration of polysaccharides found 
in the microalgae (Porphyridium cruentum and Chaetoc-
eros gracilis species) and Dunaliella salina at the range of 
40–57% and 199.8%, respectively (Kapoore et al. 2021). 
Studies shows that application of 1 mg/mL microalgae poly-
saccharides from D. Salina, Porphorydium sp., and A. pla-
tensis on tomato plants significantly improved the shoot dry 
weight, shoot length, and nodes number, shoot dry weight, 

1.08% (w/v) was ideal for papaya seedling biomass produc-
tion, whereas foliar spraying had no effect (Guedes et al. 
2018). When the cyanobacteria (Nostoc calcicole or Ana-
baena vaginicola) were sprayed on the leaves of tomato, 
squash, and cucumber plants, compared to the controls, 
there were substantial increases in fresh weigh, dry weight, 
hight, root length, and leaf number (Shariatmadari et al. 
2013). Therefore, algal biomass can be applied directly to 
plant leaves or roots to boost plant growth and yield. The 
identified potential algal biostimulant metabolites include 
phytohormones, humic substance, polysaccharides, amino 
acid, vitamins etc.

Phytohormones

The growth and development of plants are influenced to 
a significant level by phytohormones. In agriculture, the 
practice of exogenously supplementing plants with plant 
hormones (either natural or synthetic) has been a common 
method for increasing crop production and productivity 
(Aliyu et al. 2011). Extract of microalgal may contain phy-
tohormones like auxin, cytokinins, ethylene, abscisic acid 
(ABA), and gibberellins, which can be used as biostimulant 
in agriculture (Stirk et al. 2002; Tarakhovskaya et al. 2007). 
New evidence reveals that phytohormones in microalgae 
have similar regulatory actions to those found in higher 
plants, but their precise role in these organisms remains 
unclear (Lu and Xu 2015). The two dominant kinds of auxin 
such as indole-3-acetic acid (IAA) and indole-3-butyric acid 
(IBA) are regulating growth and development including cell 
division and expansion (Hashtroudi et al. 2012). Cytokinins 
influences many traits of plant growth and physiology such 
as seed germination, shoot, and root development, and leaf 
senescence (Ha et al. 2012). While gibberellins play an 
important role mostly involves in elongation and expansion 
of the cell (Salazar-Cerezo et al. 2018). Ethylene is a gas-
eous phytohormone that plays an important role in physi-
ological activities of plant, like growth and development, 
as well as resistance to biotic and abiotic stressor (Pierik et 
al. 2006). Abscisic acid is important in regulating several 
biological processes such as stomatal closure, seed matura-
tion and improves resistance to temperature stress (Sagar 
and Singh 2019).

The phytohormones (such as auxin and gibberellins) are 
found in Chlorella kessleriwhen extact, when applied to 
Vicia faba, it increased leaf area, seedling growth param-
eters, germination, pigment content, and sodium and potas-
sium accumulation in roots and shoots (El-Naggar et al. 
2005). (Hussain and Hasnain 2011) investigated the efficacy 
of hormone-secreting cyanobacterial strains (cytokinin and 
auxin) in boosting growth both in axenic and natural envi-
ronments. As a result, an approach to agronomic techniques 
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demonstrated antagonistic effects against many plant patho-
gens, like nematodes, fungi, and bacteria, mainly due to the 
produce hydrolytic enzymes and biocidal compounds, like 
benzoic acid and majusculonic acid (Chaudhary et al. 2012; 
Gupta et al. 2013; Renuka et al. 2018). These antimicrobial 
substances can suppress microorganisms by either disrupt-
ing the cytoplasmic membrane or inhibiting protein synthe-
sis (Swain et al. 2017).

Roles in crop stress tolerance

Crops are stationary organisms that are constantly stressed 
by biotic and abiotic causes. The influence of abiotic fac-
tors such as low and/or high temperatures, salinity, drought, 
alkalinity, and other factors, can lead to low productivity 
and yield quality because of the reductions in respiration, 
photosynthesis, and protein synthesis (Dwivedi et al. 2015; 
Sharma et al. 2012). The biotic factors caused by pathogenic 
bacteria, viruses, fungi, weeds, etc., affect the plant’s host 
cell and modify the plant’s genetic code, which takes to 
leads to the death of the plant (Suzuki et al. 2014). Research 
reports showed that around 30% of world’s crop produc-
tion is lost because of abiotic stress (Goswami et al. 2016). 
One possible way to reducing the effects of abiotic stress is 
the application of microalga which can play a substantial 
role in minimizing this loss by induced systemic tolerance 
(IST), which is stimulating various types of biochemical 
and physiological tolerance systems in plants (Sharma et 
al. 2012). Microbial biostimulants have been used in a sus-
tainable approach for enhancing plant growth, productivity, 
and nutrition, even in the climate-stress situation (Fadiji et 
al. 2022). Some bacteria species (Azospirillum brasilense, 
Pseudomonas sp., and Bacillus lentus) have been used alone 
or in microbial associations that could minimize drought 
stress impact in crops (Sangiorgio et al. 2020).

One of the promising example observed for mitigating 
salt stress during seed germination process of bell pepper is 
application of microalgea extracts from Phaeodactylum spp 
and Dunaliella spp (Guzmán-Murillo et al. 2013). Accord-
ing to (Abd El-Baky et al. 2010), it has been advised that the 
addition of microalgal extracts to wheat (Triticum aestivum 
L.) that are irrigated with seawater could be beneficial in 
increasing wheat’s resistance to salty environments. Simi-
larly, Chlorella spp. and Spirulina spp. boosted the antioxi-
dant capacity and protein content of whole grains, as well 
as improved wheat’s resistance to salinity (Abd El-Baky et 
al. 2010).

and shoot length by 46.6%, 25.26%, and 75%, respectively, 
compared to control (Rachidi et al. 2020). Further exam-
ple, foliar application of microalgae polysaccharide extract 
from A. platensis at concentration of 3 g/L (w/v) increased 
plant growth and development of leaf area size by 57% and 
100%, size of nodes by 33% and 57%, and root weight by 
67% and 230%, for pepper and tomato plants, respectively 
(Elarroussia et al. 2016).

Humic substances

Humic compounds are generally included in categories 
of biostimulants; but their algal origin has not been well 
studied (Kapoore et al. 2021). Humic substances are natu-
rally occurring components that make up around 60% of 
the organic matter in the soil. They can be produced either 
by breaking down microbial, animal, and plant residues 
or through the metabolism of soil microbes that use these 
materials (du Jardin 2015). Humic substance are divided 
into humic acids, fulvic acids, and humins according to their 
molecular weights and solubilities (du Jardin 2015). When 
applied to crops, humic material in digestate may bind to 
algal cells and act as a biostimulant. On the other hand, the 
biostimulant effect of humic compounds isolated from agro-
industrial waste on S. quadricauda and C. vulgaris showed 
that there was a significant increase in chlorophyll, lipids, 
carbohydrate content and biomass (Puglisi et al. 2018).

Biopesticides

Utilizing chemical pesticides for the control of pests and 
pathogens in agricultural activities poses a threat to the 
sustainability of agroecosystems. Sustainable crop protec-
tion against pests and pathogens by using modern technolo-
gies allows to keep plants healthy and achieve stable high 
yield. Biopesticides are naturally known substances that are 
obtained from microorganisms, plants, or animals, primar-
ily for insect and plant disease control. These substances 
or materials, including antioxidant, antimicrobial, antifun-
gal, or antiviral properties, help crop growth by defending 
plants against harmful effect of pathogens. Some bacteria 
and fungi are among the most often discovered organisms 
that can be used for biocontrol (Spadaro and Gullino 2005). 
Microalgae, particularly cyanobacteria, have gained atten-
tion in recent decades as possible biocontrol agents against 
pests and diseases (Hernández-Carlos and Gamboa-Angulo 
2011).

Phytohormones are essential for the controlling a growth 
and development of plants as well as its defense against 
biotic and abiotic stress via interacting among them (Checker 
et al. 2018). Many investigations were carried out to evalu-
ate microalgae, as potential biocontrol substances that have 
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much more efficient than a sole application (Spadaro and 
Gullino 2005). This is due to the microbes in the consor-
tia/combination system having the capability to improve 
plant growth and development and/or control pathogens 
by different mechanisms. (Trivedi et al. 2017) reported that 
the beneficial microbiome could form relations with other 
microbiomes, reproduce highly structured systems in the 
rhizosphere soils, and may have a greater likelihood to assis-
tances the host than a single culture. One of the promising 
examples showed that the combined application of the cya-
nobacterial (Nostoc muscorum and Anabaena flos-aquae) 
and bacterial suspensions (Azotobacter brasilense and Azo-
tobacter chroococcum) was substantially improved germi-
nation rate of Lupinus termis seeds by 53.13%, 211.48%, 
129.04%, and 104.1%, respectively, when compared to con-
trol (Tantawy and Atef 2010).

In interaction systems, microalgae and bacteria can be 
symbiotic to competition (mutualism to antagonism). The 
relationships between microalgal and bacterial communities 
are based on signal transduction, gene transfer, and nutri-
ent exchange (Aditya et al. 2022). Microalgae and bacte-
ria engage in a dynamic exchange of carbon, energy, and 
essential molecules, which is seen in Fig. 1. In a synergetic 
association, microalgae stimulate bacteria grow by supply-
ing oxygen (through photosynthesis) and dissolved organic 
matter, such as calcium carbonate and organic carbon, that 
become accessible to bacteria (Cooper and Smith 2015). 
On the other side, the bacteria produce carbon dioxide 
(CO2) and remineralize nitrogen, phosphorus, and sulphur 

Impact of microalga-bacteria interaction on 
crop production

In nature, not only plant-microbe interactions, but also 
microbe-microbe associations are vital assemblages affect-
ing plant growth, development, health, and productivity. In 
natural ecosystems or industrial processes, microalgae and 
bacteria live together, demonstrating both beneficial and 
harmful relationships (Unnithan et al. 2014). Under industry 
settings, bacteria are considered pollutants in algae research, 
but most recent investigation have demonstrated that most 
algal symbionts not only stimulate algal growth but also 
extend benefits in downstream processing (Lian et al. 2018). 
There have been several studies that have brought attention 
to the potential of bacteria include nitrogen fixation (Azo-
tobacter vinelandii, Azospirillum brasilens, Rhizobium etli, 
and Mesorhizobium loti), phosphate solubilization (Azo-
spirillum spp., Pseudomonas spp., Arbuscular mycorrhizal 
fungi, and Bacillus spp.), cellulolytic activity (Bacillus spp, 
Aspergillus spp., Penicillium spp., and Trichoderma spp.), 
and the production of siderophores are recognized as plant 
growth promoting rhizobacteria (PGPR) (Bhattacharyya 
and Jha 2012; (Meena et al. 2020a; Woo and Pepe 2018). 
Plant growth promoting bacteria (PGPB) are soil bacteria 
that can promote plant growth, suppress pathogens, promote 
nutrient availability to plants, and increase abiotic stress 
resistance mechanisms (Kumar et al. 2017).

A combined application of the microalgae-bacteria can 
improve plant growth and control plant disease, which is 

Fig. 1  Mechanism of a possible 
symbiotic interaction of microal-
gae and bacteria and their poten-
tial role in the agricultural pro-
duction. In normal interactions, 
microalgae exude oxygen (O2), 
organic carbon, and calcium car-
bonate (CaCO3), which bacteria 
can use. In exchange, the bacte-
ria remineralize nitrogen (N) and 
phosphorus (P), growth promoter 
and produces carbon dioxide 
(CO2) to assist the growth of the 
microalgae. In specialized inter-
actions, the bacteria supply B 
vitamins as organic cofactors or 
create siderophores to bind iron, 
making it bioavailable to the 
microalgae. The interaction of 
microalgae and bacteria offers a 
unique potential for eco-friendly 
products such as biofertilizers, 
biostimulants, biopesticides, and 
soil conditioners, which reduce 
reliance on agrochemicals and 
sustainably increase crop produc-
tion and productivity
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it can reduce the risk of pathogen infection (Fuentes et al. 
2016a; (Michalak and Chojnacka 2015a).

Challenges of microalgae-bacteria interactions

The field of microbial consortia is still in its initial stages, 
and there are still a lot of problems to solve when it comes 
to how cells communicate to each other and how to make 
systems that are stable and easy to control. The main chal-
lenge of the association of microbes, soil, and climate in an 
agricultural setting is to understand their specific structural 
function activities on plants. A lot of study has demonstrated 
a promising result in the greenhouse trials, but it fails to 
confirm in field trials. The microalgae-bacteria interac-
tion can also be affected by environmental factors like pH, 
temperature, and light intensity (Quijano et al. 2017). It is 
difficult to depict their ecosystem-wide processes such as 
metabolic pathways and nutrient cycling because the major-
ity of heterotrophic bacteria and photosynthetic microalgae 
have not yet been cultured (Zhang et al. 2020). Furthermore, 
the amount of nutrient present in the growing media has a 
major impact on the dynamic between microalgae and bac-
teria (Liu et al. 2012).

The growth phase is another significant aspect that plays 
a role in the interactions that take place between microalgae 
and bacteria. Expensive harvesting of biomass, insufficient 
biomass production, and extraction technologies that need 
a lot of energy are also main constraints that are preventing 
their large-scale development. Subsequently, it is challeng-
ing to distinguish the individual metabolites that microalgae 
and bacteria produce in a consortium due to the complexity 
of their interactions, which are either naturally occurring or 
artificially engineered for a specific goal (Zhang et al. 2020). 
The result of microalgae-bacteria interactions is often var-
ied in different studies under different climatic, or soil con-
ditions, which is the main problem in the implementation of 
the technology. Species and environmental circumstances 
are the primary variables detrimental to the microalgae-
bacteria relationship (Lauritano et al. 2020; Mujtaba and 
Lee 2016). Which highlighted the importance of choosing 
a suitable combination of microalgae strains versus bacteria 
strains for the efficient application in the agricultural pro-
duction. To overcome these restrictions, researchers have 
focused on enhancing microalgal-bacterial consortia, which 
offer several economic, energy, and environmental benefits 
due to their mutual interactions.

to maintain further microalgae growth (Yao et al. 2019). 
Moreover, bacteria supply vitamin B as organic cofactors 
(Yao et al. 2019), amino acids (Palacios et al. 2016), and 
hormones (De-Bashan et al. 2008), which become bioavail-
able for microalgae.

In a pot experiment with rice varieties, the combined 
treatment of cyanobacteria strains (Anabaena sp., Anabaena 
oscillarioides, and Anabaena laxa) and bacteria strains 
(Brevundimonas sp., Ochrobactrum sp., and Providencia 
sp.,) was examined. In this trial, the authors evaluated that a 
significantly increase in the growth, grain yield by 19.02%, 
nitrogen fixing potential of rice, and improving soil fertility 
by nitrogen savings of 40-80 kg/ha, especially with Ochro-
bacterium and Anabaena species (Prasanna et al. 2012).

During the spring and summer, the combined biostimu-
lant properties of freshwater algae (Chlorella vulgaris) and 
bacteria (Azospirillum sp., Azotobacter sp., Herbaspirillum 
sp., Bacillus licheniformis, and Bacillus megatherium) sig-
nificantly influenced the weight of the romaine and leaf let-
tuce crops (Kopta et al. 2018). Moreover, the research also 
suggested that the photosynthetic substances produced by 
algae, like carotenoids, could boost the quality and pro-
ductivity of crops and give support during times of stress. 
Similarly, the positive result was observed by combined 
application of algae and bacteria to crops promoted growth, 
productivity, and quality in common bean, maize, and onion 
(Gavilanes et al. 2020; Geries and Elsadany 2021; Horá-
cio et al. 2020). This consortium reduces synthetic pesti-
cide use, making it essential to sustainable agriculture and 
food safety (Niu et al. 2020). A suitable microalgae-bacteria 
consortium is necessary to boost the potential of strains to 
enhance growth and development and to inhibit pathogen 
attack (Yanti et al., 2021). Considering these factors, it is 
feasible to assume that microalgae-bacteria consortium can 
be successful at increasing soil microbial activities, crop 
productivity, and plant disease resistance. However, more 
investigation needs on the molecular mechanisms under-
laying the influence of microalgae and bacteria association 
to help plants development and disease prevention, so that 
they can be used in agriculture in a safer and more wide-
spread way.

Table  2 highlighted valuable practical reports on the 
microalgae–bacteria combined treatments in different 
crop cultivation. Some studies revealed a promise of the 
microalgae-bacteria association, examined in the field and 
greenhouse conditions that can promote seedling growth, 
germination, and biomass in plants (Kang et al. 2021). An 
association between microalgae and bacteria can increase 
plant growth and development by the production of phyto-
hormones (like auxin, cytokinin, and so on) and polysac-
charides; it can also stimulate nutrient uptake by regulating 
a variety of biochemical and physiological processes; and 
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Conclusion and future perspectives

As eco-friendly tools for sustainable agriculture, microalgae 
and bacteria have drawn a lot of attention as biofertilizers, 
biostimulants, and biopesticides. Numerous investigations 
have indicated that microalgae and bacteria association syn-
ergistically impact each other’s metabolism and physiology. 
Combinations of microalgae and bacteria that have been 
carefully engineered are anticipated to significantly improve 
crop productivity, efficiency, and agricultural sustainability. 
Different combinations/association of microalgae and bac-
teria will probably exhibit district activities, so it is neces-
sary to selecting the optimal consortia and investigating all 
relevant factors is crucial for maximizing the benefits of 
algae-bacterial interactions. Generally, based on different 
studies there is an agreement on the potential advantages 
of the microalgae-bacteria association on the crop, but still, 
there is insufficient scientific evidence to support this inter-
action in a wide range of crop species and environments. To 
overcome such limitations, researchers should focus on the 
basic effects of microalgae–bacteria co-culture/combina-
tion on different variety of crop species and environmental 
conditions to understand the biofertilizer, biogeochemi-
cal cycling, biostimulant, and biopesticides effects, which 
are potentially used for sustainable agriculture practices. 
Hence, researchers should focus on the following area to 
understand their associations: (i) sorting out the different 
compatible strains of microalgae-bacteria to select ideal 
combinations; (ii) application methods (e.g., timing, soil, 
inoculation, or foliar) and rate of application; (iii) identi-
fying potentially synergistic microalgal-bacterial interac-
tion providing supportive traits, like the nitrogen fixation, 
production of phytohormones, and biocontrol; and iv) refine 
and characterize plant genotype-environment-microbiome-
management relationships. Meeting these aims should 
speed up our ability to design and build successful associa-
tions of microalgae-bacteria with specific biofertilizers, bio-
stimulants, and biopesticides properties, which will benefit 
both consumers and food producers.
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